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Abstract 
 
 
The reduced regenerative capacity of the brain represents a challenge when restoring 

neuronal circuits after a damage or in neurodegenerative diseases. During the last years, 

several studies aimed at trying to generate de novo neurons in the damaged regions of the 

brain in order to replace the affected ones. One of the most promising strategies is based 

on the conversion of resident glial cells, such as astrocytes, into neurons in vivo by the 

overexpression of neurogenic transcription factors. However, considering the vast 

neuronal heterogeneity in the brain, it is essential that those converted astrocytes acquire 

their appropriate neuronal identity when reprogrammed so that they properly replace the 

damaged neurons. In this thesis I demonstrate that astrocytes from different brain regions 

share transcriptional and molecular properties with neurons of the same territory. 

Moreover, this region-specific molecular signatures between astrocytes and neurons seem 

to emerge from their common origin, as our clonal analysis demonstrates that astrocytes 

and neurons that populate discrete brain regions such as thalamic sensory nuclei are 

generated from the same group of progenitors, that seem to transmit positional 

information to both cell types. Finally, we show that these transcriptional and epigenetic 

signatures conserved in both cell types are able to direct the reprogramming of astrocytes 

into neurons with regional specificity. Overall, the data presented in this thesis will 

represent an important advance for understanding how brain cell heterogeneity is 

achieved and to design future strategies for restoring specific neuronal circuits. 
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Resumen 
 

La reducida capacidad regenerativa del cerebro representa un importante desafío a la hora 

de tratar de regenerar circuitos neuronales afectados tras un daño cerebral o en 

enfermedades neurodegenerativas. En los últimos años, diferentes estudios se han 

centrado en intentar generar neuronas de novo en zonas dañadas del cerebro que 

reemplacen a las que se han perdido. Una de las estrategias más prometedoras en la 

actualidad se basa en la conversión de células gliales residentes del cerebro, como los 

astrocitos, en neuronas in vivo gracias a la sobreexpresión de factores de transcripción 

neurogénicos en dichos astrocitos. Sin embargo, teniendo en cuenta la gran 

heterogeneidad neuronal del cerebro, es esencial que estos astrocitos convertidos en 

neuronas adquieran la identidad del subtipo específico de neurona que se quiere 

reemplazar. En esta tesis, demostramos que los astrocitos de diferentes regiones del 

cerebro comparten propiedades transcripcionales y moleculares con las neuronas del 

mismo territorio. Además, estas marcas moleculares específicas de región compartidas 

parecen provenir de su origen común, puesto que nuestros experimentos de análisis 

clonal demuestran que los astrocitos y las neuronas que residen en una misma región 

cerebral, como los núcleos sensoriales talámicos, están generados por el mismo grupo de 

progenitores, que parecen ser los responsables de transmitir a ambos tipos celulares 

información posicional. Finalmente, demostramos que estas marcas transcripcionales y 

epigenéticas conservadas en ambos tipos celulares son capaces de dirigir la 

reprogramación de astrocitos a neuronas específicas de la misma región. En conclusión, 

los datos presentados en esta tesis representan un importante avance para entender el 

origen de la heterogeneidad celular del cerebro, y para diseñar futuras estrategias para la 

restauración de circuitos neuronales específicos. 
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Introduction 
 

The mammalian brain is considered as one of the most complex organs due to its 

extraordinary cellular diversity and circuit organization. This complexity emerges since 

early stages of the development, through the tight control of sequential processes 

involving regionalization, neurogenesis, astrogenesis, cell migration, axon projection and 

synapse formation. Notably, such complex organization remains fixed during the entire 

life, with reduced possibilities for changes, thus hindering any possible restoration after a 

brain damage in the adult.  

 One of the most challenging questions for the neuroscience field is to find 

strategies for repairing the brain after disease or strokes. In addition to the 

aforementioned brain complexity that is restrictedly acquired during the development, 

the fact that neurons do not have the capacity for regenerating or self-renewing is a 

considerable challenge. Neurogenesis is almost entirely restricted to early developmental 

timepoints, and only few neurogenic niches remain active in the adulthood, albeit with 

low capacity for producing neurons (Bergmann et al., 2015; Gonçalves et al., 2016; Lim 

and Alvarez-Buylla, 2016). For that reason, during the last years several studies have 

focused on designing strategies aimed at replacing the damaged or dead neurons to keep 

their corresponding circuit and its associated functions working. Particularly, the 

majority of those strategies are based in a relatively new concept that claims that contrary 

to the classical dogma, a differentiated cell can be returned to a pluripotent state, or 

directly converted into a different cell type. Some of the already tested potential uses of 

this paradigm are: (I) the stimulation of adult neurogenesis in disease models, (II) the 

injection in vivo of induced neurons or pluripotent stem cells produced in vitro in the 

damaged area and (III) the conversion of endogenous no-neuronal cells into neurons in 

the affected area. This last scenario results particularly interesting and has been widely 

studied in the recent years, and currently it is feasible to reprogram cells like astrocytes, 

fibroblasts or pericytes into neurons in vitro and even in vivo in the case of astrocytes 

(reviewed in (Gascón et al., 2017; Götz and Bocchi, 2021)). However, these strategies, 

while promising, still have many challenges to face, such as the necessity of generating 

specific neurons in specific places, as it is essential to assure their proper integration into 

the circuit. 
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The aim of this Thesis work is to explore the potential of astrocytes to be converted 

into subtype specific neurons both in vitro and in vivo, especially in the thalamus and 

cortex, as a step forward in the design of strategies for neuronal circuit restoration. 

  

1. Brain regionalization 
 

1.1 Early CNS formation. Gastrulation and neurulation. 

 

The mammalian brain is composed by several substructures that become specialized in 

particular functions thanks to their specific cellular populations and connectivity. In 

order to understand how the brain acquires this fine-tuned architecture that is essential 

for its correct function, it is crucial to understand its development and the processes that 

contribute to its compartmentalization. The formation and differentiation of these 

functional structures is a direct consequence of the processes of regionalization that take 

place at very early stages of the embryonic development (Metzis et al., 2018). The cells 

that will generate the nervous system (neuroepithelial cells in the neuroectoderm) become 

specialized during the process of gastrulation, concurrent with the midline and the basic 

body axes: anterior-posterior and medial-lateral. For the axes establishment, it is essential 

the graded influence of extracellular signals transmitted between neighboring cells, such 

as members of the bone morphogenetic protein (BMP) family, fibroblast growth factors 

(FGF) or Hox genes (Hooiveld et al., 1999; Linker et al., 2009; Pearson et al., 2005; Stern, 

2006; Waddington, 1936; Wittler and Kessel, 2004). Those molecules will instruct the 

formation of the neural plate in the central area of the embryo from the neuroectoderm, 

which gives rise to the entire nervous system in a process called neurulation (Figure 1A). 

 Parallel to this process, the neural plate exhibits a thickening of the rostral part 

generating a progressive infolding and creating a neural groove that will close by fusing 

the endings of the lateral plates and thus forming the neural tube, in a process called 

neurulation. The aforementioned axes are also represented in the neural tube, but the 

medial-lateral axis is transformed into dorsal-ventral axis. The midline dorsal part derives 

from the fused cells that constituted before the lateral neural plate and is now called the 

roofplate. Meanwhile, the ventral midline of the neural tube, the cells immediately above 

the notochord, will be named the floorplate. Both structures (plates) contribute to the 
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specification of the different dorsal (alar plate) and ventral (basal plate) derivatives and 

territories of the nervous system by providing molecular cues that define structures along 

the dorso-ventral axis. For that reason, both populations (roofplate and floorplate) are 

called local organizers and the molecules that they secrete, morphogenes. Particularly, 

during for the dorso-ventral patterning of the brain, roofplate cells secrete BMPs and 

Wnts (wingless proteins) as dorsalizing factors, that will contribute to the specification of 

alar regions of the neural tube. On the other hand, the floorplate cells, together with the 

notochord, produce Shh (Sonic hedgehog) as ventralizing factor that will influence the 

basal plate regions (for review see (Jessell and Sanes, 2000)).  

In addition to the dorso-ventral axis, the antero-posterior patterning in the neural 

tube will lead to the generation of the distinct transverse domains at different axial 

positions. This patterning begins during the gastrulation and starts with the induction of 

an anterior neural fate through the protein Cerberus and the transcription factors Lim1 

and Otx2. Then, graded second signals (retinoic acid, bFGF and Hox genes) posteriorize 

the neural plate regions that will become the hindbrain and the spinal cord (for review 

see (Stern, 2006; Vieira et al., 2010); Figure 1A). 

Overall, the intersecting combination of those signals along the entire neural plate 

and neural tube are sufficient to induce specific gene expression profiles in the 

progenitors placed at different positions, thus drawing a grid-like Cartesian protomap of 

the future major brain substructures (Aroca and Puelles, 2005; Echevarria et al., 2003; 

Martínez, 2001) (Figure 1B). Traditionally, two different models have been used to 

interpret this regionalization, the columnar and the prosomeric models. However, it is 

the prosomeric model the most consistent with this protomap and the emergent 

regionalization of the neural tube, specially of the most rostral part, which will derive in 

the three main vesicles in which the early brain is initially divided: the forebrain (or 

prosencephalon), the midbrain (or mesencephalon) and the hindbrain (or 

rhombencephalon). This is particularly relevant for understanding the regionalization of 

the forebrain, as this model hypothesizes that it is subdivided in six prosomeres that will 

be divided later in the diencephalon (prosomeres 1-3) and the secondary prosencephalon 

(prosomeres 4-6). The basal plate of the secondary prosencephalon consists of the 

hypothalamus, and the telencephalic vesicles constitute the alar domain, from which the 

basal ganglia and striatum (ventral telencephalon) and the cortex (dorsal telencephalon) 
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develop. The diencephalon in turn, contains in their alar regions: the pretectum (p1), the 

thalamus plus the habenula or epithalamus (p2), and the prethalamus plus the eminentia 

thalamica (p3) ((Puelles et al., 2013); Figure 1C). 

 

Figure 1. Early brain regionalization. (A) Schema of the early processes of regionalization that 

occur during gastrulation and neurulation processes, that induce the formation of dorso-ventral 

and medio-lateral axis in the neural plate and tube. (B) Cartesian protomap of the main brain 

subdivisions at early stages of development based on the combinatorial expression of different 

transcription factors in each region. (C) Formation of the main brain vesicles. (D) Schematic 

diagram of the sagittal brain from an E10.5 embryonic mouse brain following the prosomeric 

model. Main structures can be distinguished, together with the secondary organizers and their 

secreted morphogenes. Schemas adapted from (Purves et al., 1985; Vieira et al., 2010). 

 

The appearance of the secondary organizers is crucial for the refining of the 

distinct territories and substructures. Those secondary organizers are specialized regions 

along the neural tube that secrete molecules that, in a graded fashion, influence the 

identity and polarity of their surrounding neuroepithelial regions. There are three 

secondary organizers, the anterior neural ridge (ANR), the zona limitans intrathalamica 
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(ZLI) and the isthmic organizer (IsO), which are placed at different positions along the 

antero-posterior axis of the neural tube.  

The ANR cells, placed at the anterior end of the neural plate/tube express genes 

such as Fgf8, Fgf15 or Shh, that regulate the expression of important genes for defining 

the telencephalic identity in the surrounding cells like Foxg1, Gli3 and Nkx2.1. The ZLI, 

a narrow strip of cells that separates the thalamus and the prethalamus, functions as a 

local organizer of thalamic development, thanks to the diffusion of Shh. Finally, the IsO 

is localized at the mid-hindbrain transition and regulates midbrain and anterior 

hindbrain regionalization through the expression and secretion of Fgf8 (for review see 

(Echevarria et al., 2003)).  

For the purpose of this Thesis, I will focus on the formation and regionalization of the 

cerebral cortex and the thalamus (Figure 1D). 

 

1.2 The formation of the cerebral cortex 

 

The cerebral cortex is considered as the largest and most complex component of the 

mammalian brain, and more so than any other brain structure has been affected by 

evolutionary process. It emerges from the dorsal telencephalon (pallium) and is divided 

in archicortex (including entorhinal cortex, retrosplenial, subiculum, and hippocampus), 

paleocortex (olfactory piriform cortex), and neocortex, that is the largest region (Figure 

2D). The neocortex (hereon referred to as “cortex”) is the responsible for the evolution of 

cognitive abilities in higher mammals, such as the human mental capacities. This 

structure possesses a very well-defined organization both at the radial and tangential 

levels (Rakic, 1995; Rakic et al., 2009) that is crucial for its correct function. Regarding the 

radial dimension, the neurons of the neocortex are distributed in six radially organized 

layers, each containing a heterogeneous population of neurons that are morphologically, 

connectionally, and functionally distinct from those of other layers. In its tangential 

dimension, it is functionally organized in areas, that were first described by Brodmann 

early in the 1900s. In general, we can find four primary areas: visual, auditory, 

somatosensory and motor. Those areas are functionally unique subdivisions 

distinguished from one another by differences in patterns of gene expression, 
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cytoarchitecture and chemoarchitecture, and input and output connections (O'Leary and 

Nakagawa, 2002; Rash and Grove, 2006; Sur and Rubenstein, 2005). These primary areas 

receive sensory inputs from the periphery and control motor output. Then, they connect 

to other areas specialized as integrating or processing centers called high or secondary 

order areas. Finally, those integrating areas transmit the information to multimodal 

associative cortical regions where is processed, combined, and integrated.  

The unique architecture and connections specific for each area determine, in large 

part, the functional specializations that characterize areas in the adult and that are critical 

for processing all the information and producing a conscious thinking. Thus, it is essential 

to understand how these regions emerge and specialize during the development. 

 

1.2.1 Arealization of the embryonic cerebral cortex 
 

The differentiation of those areas is a consequence of the combination of mechanisms 

intrinsic and extrinsic to the cortex. Among the extrinsic mechanisms, it is of special 

relevance the influence of the thalamocortical axons (TCAs). Those axons are the main 

source of the sensory information to the cortex (excepting the olfactory information), and 

several studies have demonstrated their importance for the specification and refinement 

of the sensory cortical areas (Antón-Bolaños et al., 2019; Chou et al., 2013; Martini et al., 

2018; O'Leary, 1989; Rakic, 1988; Vue et al., 2013).  

However, the correct coupling of the TCAs of a sensory modality with its target 

sensory cortical area also depends on intrinsic properties of the cortical plate cells. Indeed, 

it has been shown that both primary sensory thalamic nuclei and their target primary 

sensory areas show matching expression of cell adhesion molecules such as cadherin-6, -

8 and -11, and ephrin ligands and receptors, even prior to TCAs arrival (Korematsu and 

Redies, 1997; Sestan et al., 2001; Suzuki et al., 1997; Vanderhaeghen et al., 2000). In 

experiments where TCAs were disrupted and failed to reach the cortex, it was observed 

that the graded and restricted expression of some of those genes was conserved at least at 

embryonic stages (Miyashita-Lin et al., 1999; Nakagawa et al., 1999). Overall, this suggests 

that even early in the development, progenitors and early born neurons in the cortex 

already possess a regional identity at the transcriptional level that facilitates the proper 

arealization of the cortex.  
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During the last years it has been demonstrated the presence of some patterning 

centers that secrete morphogenes or signaling molecules (such as Fgfs, Bmps, Wnts and 

Shh) which are the responsible of inducing the differential expression of transcription 

factors along the antero-posterior and latero-medial axis of the developing cortex. Among 

those graded expressed transcription factors, we can find COUP-TFI, Emx1, Emx2, Pax6 

or Sp8 (O'Leary et al., 2007; Rakic, 1988), that contribute to the transcriptional 

specification of the progenitors from the different cortical areas together with their 

descendant cells, although these regions are better defined progressively during the 

development (Figure 2A and 2B). 

 

 

Figure 2. Arealization of the cerebral neocortex and neurogenesis. (A) Influence of different 

morphogenes across the main axis of the embryonic telencephalon, and consequential graded 

expression of four important transcription factors in different regions. (B) Genetic regulation of 

the mentioned transcription factors by secreted morphogenes Fgf8, Bmps and Wnts. (C) Schema 

of the main primary cortical areas related to motor (F/M), somatosensory (S1), auditory (A1) and 

visual (V1) functions. (D) Left: Main subdivisions of the dorsal telencephalon. Right: Schema of 

the neurogenic process in the neocortex, showing the generation of neurons from different 

cortical layers (II/III, IV, V and VI). Schemas adapted from (O'Leary et al., 2007; Oberst et al., 

2019). A: Anterior, M: Medial, L: Lateral, P: Posterior. 
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1.2.2 Neurogenesis and neuronal diversity in the neocortex 
 

Excitatory neurons from the neocortex derive from a primitive neuroepithelium 

distributed lining the telencephalic vesicle, which is later transformed into the ventricular 

zone, whose cells (apical progenitors) will divide asymmetrically to produce at earlier 

stages more progenitors (intermediate progenitors) and neurons. These new cells migrate 

along basal radial processes of the progenitors and form a secondary germinal layer, the 

subventricular zone, composed of newly born neurons and basal or intermediate 

progenitors, which continue forming new neurons and progenitors that will populate the 

cortical plate (Borrell and Reillo, 2012; Smart et al., 2002). 

However, cortical neurons are not a homogeneous population, and as previously 

mentioned, there are two levels of organization that rule the neuronal diversity across the 

neocortex. First, the tangential arealization that can be observed even from very early in 

cortical development, seem to be transmitted from the progenitors to their descendant 

neurons as suggested by the columnar model of neuronal generation (Elsen et al., 2013; 

Rakic, 1972; 1988; 1995; Rakic et al., 2009). Following this model, the neocortex is 

subdivided in columnar modules formed by cells that share the same birthplace, which 

follow the same migration pathway and populate the same ontogenetic cortical column. 

This hypothesis has been recently confirmed using viral or genetic tracing of single apical 

progenitors for tracing their progeny at different timepoints of the development (Guo et 

al., 2013; Luskin et al., 1988; Reid et al., 1995; Walsh and Cepko, 1988; Zong et al., 2005). 

Overall, those studies provide evidence for the capacity of radial glial progenitors for 

producing descendant cells that do not disperse across the cortex, thus maintaining the 

positional information (Gao et al., 2014; Llorca et al., 2019) (Figure 2C). 

In addition to the tangential organization previously described, it exists an extra 

level of organization, where excitatory neurons of the neocortex are distributed in 6 

horizontal layers, which are distinguished based on their connectivity, organization, cell 

population, function, and time of generation ((Mountcastle, 1997) and reviewed in 

(Lodato and Arlotta, 2015)).  

As previously mentioned, apical progenitors have the capacity to generate neurons 

for all cortical layers, with rare exceptions that are a matter of controversy (Franco et al., 

2012). However, the heterogeneity of these neurons emerges as early as they are 

generated, as neurons from each layer are born at a specific time point during the 
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embryonic development in an inside-out pattern, where neurons from lower layers are 

born first, and followed by upper layer neurons (Angevine and Sidman, 1961; Greig et al., 

2013). As a result of this diversification, the cortical plate is finally populated by pyramidal 

neurons with different functions and connections which is essential for the proper 

functioning of the cortex. In a general view, neurons from upper layers (2-4) are more 

involved in associative intracortical connections, while lower layer neurons (5-6) consist 

of corticofugal neurons that project away from the neocortex to subcortical targets, such 

as brainstem, thalamus and spinal cord (Greig et al., 2013; Lodato and Arlotta, 2015). 

The correct function and connectivity of every layer is dependent on the specific 

transcriptional programs encoded in their neuronal populations (Molyneaux et al., 2007; 

2015). Indeed, several studies have shown that it is possible to alter the connectivity of 

layer-specific neurons by modifying the expression of key genes (Lodato et al., 2014; 

Molyneaux et al., 2005; Rouaux and Arlotta, 2013). Thus, understanding the mechanisms 

that control the distinct genetic programs acquired by excitatory neurons from each layer 

has been a crucial point for understanding brain development and function. Up to date, 

several studies have demonstrated that the identity of neurons born at a different 

timepoint are a consequence of the combination of extrinsic factors and intrinsic genetic 

programs transmitted from their progenitors (Oberst et al., 2019). 

Among the extrinsic factors, it has been described the importance of the 

membrane potential of the apical progenitors through the regulation of Wnt signaling 

(Vitali et al., 2018), the influence of cerebrospinal fluid and the diffusible proteins that 

contains (Lehtinen et al., 2011), the thalamocortical axons invasion (Monko et al., 2021; 

Ohtaka-Maruyama et al., 2018; Pouchelon et al., 2012; Vue et al., 2013) or feedback cues 

from new-born neurons to apical progenitors (Toma et al., 2014). All these factors are key 

for providing apical progenitors with competence for generating distinct layer specific 

neurons, and to specify the identity of the new-born neurons. However, cell-intrinsic 

factors are also important for providing new-born neurons positional information and 

identity. Indeed, a recent work demonstrates that apical progenitors modify their 

transcriptional and epigenetic information before generating neurons for every layer, and 

that they can transmit such information to their daughter cells in order to instruct their 

positional identity (Telley et al., 2019) (Figure 2D).  
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1.3 The formation of the thalamus 

 

Centrally located in the brain, the thalamus was traditionally considered as a mere relay 

station that transmitted the information from the peripheral receptors towards the cortex 

where it is integrated and processed. However, today we know that it also has other key 

functions such as being involved in processing higher-order information or regulating 

the states of sleep and wakefulness.  

This structure is subdivided in several modality-specific nuclei, whose neurons have 

very specific functions and projection patterns. Although the specificity of every nucleus 

was typically defined by its connectivity, during the last years several studies have 

demonstrated that those nuclei are also diversified by specific transcriptional programs 

that emerge from early in development, even before the onset of sensory experience. This 

genetic patterning seems to be essential for the correct development and specification of 

all the neuronal connections that rely in the thalamus. Thus, for understanding the 

organizational principles behind the thalamic nuclei specification, it is mandatory to 

decipher the mechanisms regulating the emergence of neuronal heterogeneity during the 

early development of the thalamus.  

 

1.3.1 Development and regionalization of the thalamus 
 

Following the prosomeric model, the thalamus emerges from the diencephalic vesicle, 

which is divided in three prosomeres in its alar region: the pretectum (p1), the thalamus 

plus the epithalamus or habenula (p2), and the prethalamus plus the eminentia thalami 

(p3) (Bulfone et al., 1993; Puelles and Rubenstein, 1993; 2003; Puelles et al., 2013). 

Between p2 and p3 there is the zona limitans intrathalamica (ZLI), that serves as a 

boundary between both prosomeres, but also as a secondary organizer important for 

diencephalic histogenesis. Cells placed in that area are characterized by expressing the 

morphogene Shh, which codifies for a diffusible molecule responsible for the 

determination of the transcriptional programs of the recipient cells (Scholpp and 

Lumsden, 2010). In addition, Wnt1 is expressed dorsally and defines the roof plate 

regions, and Fgf8 is expressed rostrally (Echevarria et al., 2003; Vue et al., 2009). Overall, 

those factors contribute to the regionalization of the diencephalon, and particularly of the 
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thalamus, as they induce the expression of important transcription factors that define the 

identity of the thalamic glutamatergic neurons in a graded fashion (Gezelius and López-

Bendito, 2017) (Figure 3A). As a consequence of the graded presence of the 

aforementioned proteins, specially Shh, differential expression programs have been 

detected in the progenitor space, thus revealing the existence of different progenitor 

domains in the thalamus. Olig3 was found to be present in the progenitors along the entire 

thalamus caudal to the ZLI (Vue et al., 2007). However, Olig3+ progenitors can be divided 

in two different domains attending to the expression of key genes, and the type of cells 

that are produced. The rostral domain, called pTH-R, is immediately caudal to the ZLI, 

and their cells express Nkx2.2 and Ascl1 (Mash1). The most caudal domain to the ZLI, 

called pTH-C, contains most of thalamic progenitors and expresses the two bHLH 

transcription factors, Neurog1 and Neurog2, that will give rise to the glutamatergic 

neurons of the thalamus. These regional differences depend directly on the graded 

concentration of Shh, which is more intense in rostral parts, and is progressively reduced 

along the caudal axis. Consequently, higher levels of Gli1 and Ptch, the two major 

downstream targets of Shh signaling, have been detected in the cells placed closer to the 

ZLI, especially the ones of pTH-R, and the most rostral part of pTH-C (Vue et al., 2009) 

(Figure 3B and 3C). Furthermore, in addition to the gradual diffusion of Shh, distinct 

competence to respond to Shh has been detected in the progenitors at different positions 

and seem to be dependent on the Ikaros family transcription factor, Irx3, thus suggesting 

also a possible pre-specification in the diencephalic progenitors (Kiecker and Lumsden, 

2004; Kobayashi et al., 2002). Finally, recent technical advances in the field of single-cell 

RNAseq have allowed to observe at a more accurate transcriptomic level the distinct 

trajectories of the progenitors and early-postmitotic neurons in the diencephalon (Guo 

and Li, 2019), confirming the early specification of those progenitors’ domains. 

 

1.3.2 Thalamic neurogenesis, neuronal diversity and nucleogenesis 
 

The thalamic mantle is composed by several nuclei, that can be grouped in three main 

types: association, rely, and non-specific. Rely nuclei receive sensory and motor inputs 

from the periphery and project to primary sensory cortical areas. Association nuclei 

receive most of their input from primary and secondary cortical areas and project back to 
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the association areas of the cortex where they seem to regulate neural activity. Finally, 

non-specific nuclei project throughout the cerebral cortex, and are involved in general 

functions such as alerting.  

The thalamic relay nuclei can be divided in two types. The first order (FO) nuclei 

receive sensory input from subcortical afferents. In this thesis, I will focus particularly in 

visual, somatosensory, and auditory FO nuclei of the thalamus. The visual thalamus, 

named dorsal lateral geniculate nucleus (dLG), receives direct input from the retina, 

specifically from the retinal ganglion cells (RGCs) (Godement et al., 1984; Reichova and 

Sherman, 2004; Valverde, 1968) and then, dlGN neurons send their axons towards the 

primary visual cortex (V1). The somatosensory thalamus, the ventral posterior medial 

nucleus (VPM), receives input from the trigeminal pathway (Ralston, 1969) and from this 

structure, neurons target the primary somatosensory cortex (S1). The auditory thalamus, 

the ventral medial geniculate nucleus (MGv), receives input from the inferior colliculus 

(IC) (Jones and Rockel, 1971; Lee and Sherman, 2010) and targets the primary auditory 

cortex (A1). These three modality-specific thalamic nuclei send their axons mainly to the 

Layer 4 of their corresponding cortical area (Clark, 1932; Sherman and Guillery, 2002), 

although they can also project to almost all the cortical layers (Frost and Caviness, 1980). 

The higher order (HO) nuclei also show modality-specific segregation of their axons but 

their main driver input is from the cortex instead from the periphery, and complete the 

cortico-thalamo-cortical loop of information (Guillery and Sherman, 2002; Sherman and 

Guillery, 2002) (Figure 3D). 

Although there is an increasing knowledge about transcription factors that specify 

the fate of thalamic projection neurons (Nakagawa and Shimogori, 2012; Song et al., 

2015), the identification of specific genes that influence the emergence of the distinct 

thalamic structures and regions has not been addressed systematically. In a study 

published by our laboratory, we unraveled key transcription factors and networks that 

likely underlie the specification of individual sensory-modality thalamocortical 

connections. In this study, several genes that had a restricted expression pattern in the 

principal thalamic nuclei were identified even prior to the arrival of peripheral 

information suggesting a possible role in specifying thalamocortical topographical 

targeting and organization (Gezelius and López-Bendito, 2017; Gezelius et al., 2017). 
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Overall, this suggests the existence of intrinsic mechanisms in the thalamus that 

contribute to the early nuclei-segregation that takes place even before the complete 

formation of the connectivity of the system. This idea is consistent with the previously 

described influence of diffusible proteins like Shh or Fgfs in the specification of progenitor 

domains early in the development of the thalamus. Thus, as proposed in the cortex (Telley 

et al., 2019), neuronal progenitors might transfer their specific transcriptomic and 

epigenetic profiles to their descendant neurons and might suppose a first step in the nuclei 

specification and generation of the thalamus, although more studies are needed to fully 

address this hypothesis.  

In order to better understand this, it is also important to examine the neurogenic 

process of the thalamus. Neurons are generated in the thalamus between E10.5 and E14.5 

from the progenitors placed in the walls of the third ventricle, that start dividing 

asymmetrically to generate another progenitor and a more differentiated cell, that can be 

a neuron or an intermediate progenitor. Pioneer studies with tritiated thymidine 

injections already demonstrated that neurons from different thalamic nuclei are 

generated at different timepoints following a rostro-caudal and dorso-ventral patterning 

(Altman and Bayer, 1988a; 1988b; 1988c; 1989a; 1989b; 1989c; Angevine, 1970). Although 

the results of such studies were interpreted following the past columnar model of the 

forebrain organization, a recent paper partially replicated those conclusions with EdU 

injections and confirmed the neurogenic gradients in the thalamus, describing also an 

outside-in temporal specification of the thalamic nuclei (Wong et al., 2018). Nevertheless, 

this temporal gradient was not enough to understand whether neurons populating every 

thalamic nucleus are generated from the same already specified progenitor, or if neurons 

are generated and migrate stochastically and are specified later. To shed some light into 

that question, two recent studies (Shi et al., 2017; Wong et al., 2018) took advantage of the 

MADM technique, which allows the labelling of a single progenitor and all its descendant 

cells (Hippenmeyer et al., 2010; Zong et al., 2005). Thus, they were able to follow the 

progeny of individual progenitors until they final position in the different thalamic nuclei 

and analyze the dispersion of those cells. By using different driver transgenic lines, both 

studies concluded that progenitors are partially pre-specified, as they found that most of 

the progeny of a progenitor, populated first-order or high-order nuclei, with very low 

dispersion. Those results are in coincidence with transcriptomic analysis done in the adult 
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thalamus, where an unbiased clustering reflected the distinction of nuclei based on the 

birth dating of their neurons, and also between high-order and first-order nuclei (Phillips 

et al., 2019).  Finally, when targeting intermediate progenitors by using Neurog1-CreER 

driver, they found that their progeny was more restricted towards a single nucleus, 

although there remained some dispersion across nuclei, suggesting a progressive 

temporal specification during the neurogenic period (Wong et al., 2018).  

Overall, those studies propose an early specification of progenitors and newborn 

neurons in the thalamus, that seem to be partially pre-fated to particular territories 

(Nakagawa, 2019), coincident with transcriptomic analysis done at early stages (Gezelius 

et al., 2017; Guo and Li, 2019; Nakagawa and O'Leary, 2001; Suzuki-Hirano et al., 2011), 

that might be fully refined as the embryo develops. However, considering the vast 

diversity of nuclei in the thalamus, there is still a gap in the understanding on how the 

final refinement and distinction between nuclei of the same order or date of birth is 

produced. 

Finally, in addition to the intrinsic properties and genetic patterns of the thalamic 

cells, the afferent inputs have shown to also play a role for the final refinement of the 

nuclei. Bilateral enucleation or infraorbital nerve section in neonatal mice produced a 

partial conversion of the transcriptomic profile of the visual and somatosensory first 

order nuclei (dLG and VPM) into high order nuclei of the same modality, as they started 

to express genes of the LP and Pom respectively (Frangeul et al., 2016). Moreover, bilateral 

enucleation at e14.5, prior to the arrival of retinal axons to the thalamus, also induced 

transcriptomic alterations into the dLG and even VPM neurons (Moreno-Juan et al., 

2017). However, those alterations of the afferent inputs did not trigger a dramatic change 

in the connectivity of the visual or somatosensory circuit, supporting the idea of a 

previous specification of the fate of those neurons, even prior to the influence of the 

peripheral axons. This might be explained because those afferents reach the thalamus 

when the nuclei have been already specified and their axons have arrived at the 

corresponding cortical area. 

In sum, the current proposed hypothesis for the generation of neuronal diversity 

seem to coincide with a mixed model, where a pre-specification exists already in the 

progenitors, that is refined during the development thanks to external cues, as similarly 

proposed for the cortex (Nakagawa, 2019; Telley and Jabaudon, 2018) (Figure 3E).  



Introduction 

 29 

 

Figure 3. Thalamus formation and regionalization. (A) Schema of main secondary organizers and 

morphogenes that promote thalamic specification and regionalization. (B) Different transcription 

factors expressed at distinct progenitor domains in early stages of thalamic development. (C) 

Main transcription factors expressed by early postmitotic neurons in the developing thalamus. 

(D) Schema representing the main thalamic nuclei after nucleogenesis is completed. (E) Three 

proposed models for thalamic nuclei specification from early progenitors. Schemas adapted from 

(Gezelius and López-Bendito, 2017; Nakagawa, 2019).  

 

2. Astrocytes’ diversity in the CNS 
 

Up to this point, the focus of the brain heterogeneity lay on the regionalization of the 

progenitor domains and in their descendant neurons, that inherit and refine this regional 

diversity. However, the processes of early parcellation and neurogenesis are immediately 
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followed by the gliogenic period. During this time, radial glial cells start producing more 

specialized glial cells, which include astrocytes and NG2-glia, also known as 

oligodendrocyte precursor cells (OPCs), although their role, heterogeneity and potential 

capacity for producing also astrocytes is a matter of controversy (see reviews in 

(Bernhardi and Dimou, 2016; Dimou and Gallo, 2015; Viganò and Dimou, 2016; Zhang 

et al.)). Overall, glial cells constitute nearly 50% of the cells in the human brain (Azevedo 

et al., 2009), being the astrocytes the largest population, and playing an essential role for 

the correct function of the brain circuits. For the purpose of this thesis, I will focus on the 

role, generation and heterogeneity only of the astrocytes. 

 

2.1 Roles of astrocytes 

 

Despite that astrocytes have been traditionally considered a type of neural supporting cell 

(Rouach et al., 2008), since recently several investigations have unraveled additional roles 

(Barres, 2008; Verkhratsky and Nedergaard, 2018). Indeed, astrocyte dysfunction have 

been implicated in numerous diseases, including autism, Rett Syndrome and Fragile X 

Syndrome, as well as neurodegenerative disorders including Alzheirmer’s disease, 

multiple sclerosis, Huntington’s Disease, and amyotrophic lateral sclerosis (reviewed in 

(Molofsky et al., 2012)). 

Astrocytes are involved in the regulation of local neuronal circuits as they interact 

and communicate with their surrounding neurons and regulate their firing rates. They do 

so by taking part in the so called “tripartite synapse”, where, contrary to the classical 

bipartite model, astrocytes are also able to interact with the pre- and post-synaptic 

neurons, responding to synaptic activity and modulating their responses (reviewed in 

(Araque et al., 2014; Hamilton and Attwell, 2010; Savtchouk and Volterra, 2018) and 

many others). Astrocytes sense the presence of synaptically-released neurotransmitters 

via G-protein-coupled receptors (GPCR) which trigger different intracellular signaling 

cascades, including calcium mobilization from internal stores and the release of 

gliotransmitters (Bazargani and Attwell, 2016; Dani et al., 1992). In addition, they can also 

uptake and release some of the synaptic-involved neurotransmitters (Bezzi and Volterra, 

2001; Kinney and Spain, 2002). Indeed, distinct manipulations in the astrocytic calcium 
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signaling demonstrated their fundamental role for the correct function of specific 

neuronal circuits such as the thalamocortical, hippocampal or cerebellar circuits, as an 

impairment in their function is enough to induce even behavioral alterations (Haustein 

et al., 2014; Henneberger et al., 2010; Kwak et al., 2020; Paukert et al., 2014; Wang et al., 

2006). In addition, the fact that astrocytes can specifically modulate neuronal circuits of 

brain regions, gives rise to the hypothesis that there exist circuit-specialized astrocytes in 

the brain (Nagai et al., 2021). How those astrocytes become circuit-specific is still a major 

question in neuroscience, and one of the main focuses of this thesis. 

An additional role of astrocytes is their importance for synaptogenesis and 

synaptic plasticity. Establishment of the correct type and number of synapses is crucial 

for the proper development and function of the brain. This process coincides in time with 

gliogenesis, and glial maturation seem to mark the end of the synaptogenic and plastic 

periods (Fields, 2005; Müller and Best, 1989). Consequently, several studies have 

demonstrated that astrocytes can release signals to promote synapse formation and to 

eliminate incorrect synapses to modulate the process of axon pruning (reviewed in 

(Eroglu and Barres, 2010)). Moreover, a recent paper demonstrated that their influence is 

essential for closing the critical period for visual plasticity (Ribot et al., 2021). 

Astrocytes have also important roles in responses to injury and disease, as 

described earlier by morphological analysis by Ramon y Cajal in the early 1900s. First, 

they take part in the formation of the glial scar that follows an injury (firstly observed by 

Del Rio-Hortega and Penfield in 1927, and recently reviewed in (Adams and Gallo, 

2018)). They become activated or reactive as a response to a damage, thanks to 

extracellular signals of damage and to the recruitment mediated by microglia (Buffo et al., 

2008; Liddelow et al., 2017). This activation includes a change in the morphology (first 

observed by Achucarro in 1910), a change in their transcriptome, which includes an 

upregulation of genes like Glial-fibrillary acidic protein (GFAP), vimentin and nestin, 

which are progenitor markers in normal conditions (Sofroniew, 2005; Wu et al., 2017) 

and even the proliferation of some of them (Bardehle et al., 2013; Buffo et al., 2008; 

Escartin et al., 2021; Götz et al., 2015). Those reactive astrocytes populate the region of 

the injury, forming the glial scar in the case of strong and acute injuries, and exert 

functions aimed at restricting inflammation and protecting neurons and 

oligodendrocytes (Sofroniew, 2005). However, there is still controversy related to their 
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beneficial or harmful contribution for neuronal repair and axon regrowth (Anderson et 

al., 2016; Escartin et al., 2019; Liddelow et al., 2017).  

Those reactive astrocytes are an interesting field of study, as additionally to their role 

in the response to an injury, several studies have reported that reactive astrocytes might 

become immature, close to a progenitor-like state or to an adult neural stem cell as the 

ones present in hippocampus or in the subependymal zone. Pioneer in vitro studies 

demonstrated that astrocytes isolated form an injured brain region had a bigger capacity 

to form neurospheres than astrocytes from non-injured brain (Buffo et al., 2008). 

However, in vivo, adult progenitors or adult neural stem cells have bigger proliferative 

capacity than reactive astrocytes, and their lineage is committed to produce neurons, 

while reactive astrocytes are only able to divide once and produce another astrocyte (Sirko 

et al., 2013). Overall, although NSCs and reactive astrocytes share the expression of some 

genes, and even morphological similarities, they still conserve many differences related to 

their origin and functions (see review in (Götz et al., 2015)). Finally, in a recent 

publication it was revealed the transcriptomic and epigenetic modifications that take 

place in glial cells following an injury (in this case Müller cells in the retina). In that study 

the authors demonstrate how those Müller cells are able to produce neurons in zebrafish 

after a retinal injury, and which transcriptional and epigenetic factors prevent this de novo 

neurogenesis in murine Müller cells (Hoang et al., 2020). In sum, this and many other 

studies corroborate that in mice and superior mammals, reactive glia can acquire some 

immature properties, approaching them to a multipotent state, but it is not enough to 

induce spontaneous adult neurogenesis from those astrocytes following an injury. 

 

2.2 Astrocytes’ regional heterogeneity 

 

Despite their wide diversity of functions, and their morphological diversity already 

documented by Ramon y Cajal and his contemporaries, astrocytes have been considered 

as a homogeneous population across the brain during many years. However, recently 

developed technical advances have facilitated a better description and characterization of 

the heterogeneity of astrocytes in the central and peripheral nervous system. In the CNS, 

we can find different types of astrocytes based on their morphology and localization, 
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including fibrous and protoplasmic astrocytes and specialized astrocytes such as radial 

glia, radial astrocytes (like Müller cells of the retina and Bergmann cells of the 

cerebellum), vellate astrocytes or surface-associated astrocytes (reviewed in (Verkhratsky 

and Nedergaard, 2018)). For the scope of this thesis, I will focus on grey matter’s 

protoplasmic astrocytes, as they are present in most brain regions.  

As discussed in the previous section, the implication of astrocytes in different new 

roles, including synapse and circuit regulation, suggests that astrocytes might be different 

depending on their location in the brain and in the neuronal circuits where they are 

integrated. Indeed, recent advances in microscopy, transcriptomic analysis, optogenetics, 

transgenic animals or electrophysiology have widely contributed to study and understand 

the heterogeneity of astrocytes. At the transcriptomic level, RNAseq of astrocytes from 

six different brain regions in the adult mice characterized the different transcriptomic 

profiles of their astrocytic populations and revealed that it exists a dorsoventral axis that 

distinguish the transcriptome of astrocytes form the brain regions analyzed (Morel et al., 

2017) (Figure 4A). Advances in single cell transcriptomics also allowed a more accurate 

study of the regional differences between astrocytes from different brain areas (Gokce et 

al., 2016; Zeisel et al., 2018; 2015). In addition, this regionalization has been also observed 

within sub regions, such as in the cerebral cortex, where two recent studies demonstrated 

the existence of transcriptionally different groups of astrocytes after single cell 

transcriptomic analysis, that are distributed in layers (Batiuk et al., 2020; Bayraktar et al., 

2020) (Figure 4B). Interestingly, although those reported astrocytic layers did not 

coincide with the neuronal layers, a previous paper demonstrated that astrocytes located 

in the six neuronal layers displayed differences between them at the transcriptomic, 

morphologic, and even functional level (Lanjakornsiripan et al., 2018). This suggests that 

additional features must be considered for understanding astrocytes’ regionalization, 

such as their function and interaction with specific neuronal subtypes. Indeed, in other 

publication, hippocampal and striatal astrocytes were compared at molecular, 

morphological, and functional levels, providing a more refined way of classifying 

astrocytes based on the correlation between intrinsic differences and their interaction 

with the surrounding cells (Chai et al., 2017). Among the same line, a different publication 

reported differences in genes associated with synapse formation in astrocytes from 

different brain regions (John Lin et al., 2017). This was important as the same study 
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showed that, when coculturing astrocytes from one region with neurons from distinct 

regions, there were clear differences in the supporting of synapse formation, thus bridging 

the molecular and functional heterogeneity of regional subsets of astrocytes. 

Finally, many more studies have provided extensive detail on the physiology of 

the astrocytes from different brain regions (see recent reviews and references in (Clarke 

et al., 2021; Durkee and Araque, 2019; Khakh and Deneen, 2019; Matias et al., 2019) and 

many others), however, for the scope of this thesis, I will focus on discussing how this 

diversity is achieved. 

  

Figure 4. Astrocytes’ heterogeneity and generation. (A) Schema of the main conclusions observed 

after transcriptomic analysis of astrocytes from different brain regions. (B) Astrocytes are 

organized in layers in the cortex based on their different transcriptomic landmarks, although 

those layers do not correspond with the neuronal layers. (C) Different progenitors and astrocytic 

domains in the developing spinal cord. Astrocytes seem to follow a radial dispersion from their 

progenitors, who seem to provide them with positional information. (D) Schema representing the 

generation of astrocytes from the same progenitors that produce neurons before. Astrocytic 

specification seems to be the consequence of a combination of intrinsic information inherited 

from progenitors and external cues. Schemas in (B) and (C) adapted from (Bayraktar et al., 2020; 

2014).  
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2.3 Generation of astrocytes and emergence of their regional diversity. 

 
The regional specification of astrocytes opens a novel view on astrocyte function and 

heterogeneity. The follow up question is, how is the heterogeneity of astrocytes acquired?  

For answering this question, it is important to determine the origin and lineage of 

astrocytes. Although this has been a field of controversy, recent advances in clonal 

analysis and lineage tracing have allowed to decipher this. Currently it is widely accepted 

that the vast majority of protoplasmic astrocytes in the forebrain emerge from the same 

radial glia that in early stages of the development gave rise to neurons and intermediate 

progenitors, that are also a source of macroglia, including astrocytes. Those progenitors 

switch their fate to stop producing neurons when embryonic neurogenesis has been 

completed and start producing and differentiating into astrocytes and/or OPCs from 

E16.5-E17.5 onwards, although some of them remain present in the adulthood in 

particular niches (Eckler et al., 2015; Gao et al., 2014; Guo et al., 2013; Kriegstein and 

Alvarez-Buylla, 2009; Levison and Goldman, 1993; Magavi et al., 2012; Noctor et al., 2008; 

Zhang et al., 2020). Several studies have focused on unraveling the specific changes that 

take place at the transcriptomic and epigenetic level and the molecular processes that 

induce those changes, where we can find transcriptional changes regarding Nuclear 

Factor I-A, Sox9 or Notch signaling (Deneen et al., 2006; Kang and Hébert, 2011; Stolt et 

al., 2003; Tiwari et al., 2018). Although this is the case for the majority of astrocytes, some 

studies have also reported the existence of clones that contain only glia or neurons, 

suggesting the existence of fate-specific progenitors, although it might also depend on the 

stage at which this progenitor was labelled (Gao et al., 2014; Zhang et al., 2020). Finally, 

contrary to what happens with neurons, newborn astrocytes proliferate locally during the 

first two postnatal weeks to increase their number up to the point that they become the 

main glial population in the brain (Ge et al., 2012).  

Considering the shared origin between astrocytes and neurons, it seems plausible 

that both the gliogenic progenitors and the astrocytes are exposed to the same 

regionalizing cues as the neurons during the neurogenic period. Thus, a similar positional 

information that neural progenitors transmit to their neuronal progeny could be also 

transmitted to their descendant astrocytes to promote their regionalization and 

specification. 
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This patterning was first observed in spinal cord, where clear dorso-ventral 

domains can be identified based on the graded influence of Shh and BMP/Wnt 

motphogenes, giving rise to neuronal regional domains (Jessell, 2000; Ulloa and Briscoe, 

2007). Interestingly the same regionalizing principles were observed for the generation of 

molecularly diverse astrocytes in the spinal cord, where patterning transcription factors 

Pax6 and Nkx2.2 are specifically expressed in subsets of white matter astrocytes, which 

are also defined by the differential expression of Reelin and Slit (Hochstim et al., 2008; 

Molofsky et al., 2014; Tsai et al., 2012) (Figure 4C). Regarding the brain, clonal analysis 

has revealed that in the cortex sibling astrocytes do not disperse or migrate far away after 

their generation and local proliferation, thus maintaining their original positional 

information and the columnar dispersion observed in neurons (Figueres-Oñate et al., 

2016; Gao et al., 2014; García-Marqués and López-Mascaraque, 2013; Magavi et al., 2012; 

Zhang et al., 2020). This modular distribution might be one of the origins of the 

astrocytes’ regionalization, which could explain their specificity for a particular neuronal 

circuit.  

Despite the increasing number of studies about astrocyte heterogeneity in the 

cortex and spinal cord, less is known about this heterogeneity in other brain regions. For 

example, in the thalamus, one of the brain regions studied in this thesis, only the two 

studies with clonal analysis (Shi et al., 2017; Wong et al., 2018), showed data regarding 

the origin and dispersion of thalamic astrocytes. Essentially, they show that, as in the 

cortex, clonally related astrocytes seem to keep close to their sibling neurons, although 

more detail regarding their segregation across specific thalamic nuclei should be 

provided. Finally, although inherited cell-intrinsic signals from early development seem 

to be key for defining regional specificity, cell-extrinsic cues have been also reported that 

could be important for the final refinement of the astrocytes’ regional identity. In the 

developing cortex, interaction of astrocytes and neurons mediated by neuroligins and 

neuronal neurexins is important for regulating astrocytic morphology (Stogsdill et al., 

2017). In addition, in the cerebellum, it was shown that neuron derived Shh regulates 

Bergmann glia identity and function (Farmer et al., 2016).  

Overall, regional identity of astrocytes seems to be developmentally controlled, as it 

emerges very early, although some external cues might contribute to the refinement of 

their heterogeneity and neural circuit specialized functions. However, it remains unclear 
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whether astrocytes, as share developmental origins with their surrounding neurons, and 

are exposed to the same regionalizing cues, might also share some characteristics with 

their neuronal counterparts because of that. Also, more experiments on manipulating the 

environment of astrocytes could reveal if their identity is fixed or plastic (Figure 4D). 

 

3. Central Nervous System regeneration 
 

In the previous sections it has been discussed the extraordinary complexity of the central 

nervous system, based on the heterogeneity of their populating cells, especially neurons 

and glia, and in the intricate connectome that guarantees the correct processing of the 

information in the brain. However, as the correct assembly and function of the brain 

circuits is finely tuned during the development, and refined by the experience, it supposes 

a huge challenge for trying to repair a damaged neural circuit as a consequence of an 

injury or a neurodegenerative disease. It is widely known that postmitotic neurons do not 

regenerate and lack a proliferative capacity, so major efforts have done in trying to 

compensate a neuronal loss by using different strategies that will be discussed in the 

following sections. Moreover, apart from trying to generate new neurons that replace the 

damaged ones, it is important to consider that they should have similar properties that 

allow them to integrate properly in the circuit. 

  

3.1 Adult neurogenesis 

 

The first strategy is based on the existence of adult NSC that retain a proliferative and 

neurogenic capacity, which has been observed in adult mouse brain and even in humans 

mainly in the subventricular zone (SVZ) of the lateral ventricles (Lim and Alvarez-Buylla, 

2016) and the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) 

(Bergmann et al., 2015; Gonçalves et al., 2016). In the murine healthy brain, SVZ produces 

neuroblasts that migrate to the olfactory bulb and integrate in the circuit as new granule 

and periglomerular interneurons, which are important for odor discrimination (Lazarini 

and Lledo, 2011). However, in human, SVZ supplies the striatum with new interneurons 

(Ernst et al., 2014). Regarding the SGZ, it is continuously generating granule neurons of 
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the hippocampal DG, which in rodents are known to be involved in memory, learning 

and pattern separation (Gonçalves et al., 2016). 

Adult neurogenesis is quite restricted in the healthy brain to a couple of neuronal 

circuits, thus, in principle it should be not enough to compensate neuronal loss in other 

circuits. Interestingly, in several animal models and in humans, neuroblasts coming from 

SVZ have been observed in ectopic sites in response to stroke, trauma, epilepsy and 

Huntington’s disease. Furthermore, it has been shown that neuroblast-derived newly 

generated neurons in some cases acquire the adequate identity when they differentiate in 

the place of the lesion (Arvidsson et al., 2002; Curtis et al., 2003; Jin et al., 2005; 2006; 

Kandasamy et al., 2015; Kohl et al., 2010; Kreuzberg et al., 2010; Macas et al., 2006; 

Magnusson et al., 2014; Martí-Fàbregas et al., 2010; Parent et al., 2002; Ramaswamy et al., 

2005; Yamashita et al., 2006), while when they come from the SVZ niche they acquire 

different and not always adequate identities (Liu et al., 2010; Zhang et al., 2011). Anyway, 

even when the newborn neurons have the correct identity, they eventually succumb to 

cell death and fail to achieve long-term replacement of the degenerated neurons 

(Arvidsson et al., 2002; Thored et al., 2006). 

Respect to the hippocampus, different pathologies can induce an increase or a 

reduction in the neurogenesis of the dentate gyrus, but in any of the cases those alterations 

reported any benefit and could even contribute to hyperexcitability of the neuronal 

network and epileptogenesis. Finally, other pathologies such as Alzheimers’ disease or 

Parkinson disease also generate alterations in the neurogenesis of the neurogenic niches, 

but its benefits or effects are still a field of controversy (review on (Grade and Götz, 2017)). 

Apart from the migration from neurogenic niches, some studies have also proposed that 

spontaneous neurogenesis might occur from local progenitors in response to an injury 

(Chen et al., 2004; Magavi et al., 2000; Ohira et al., 2010). However, the origin of those 

new neurons is not clear, and there are studies showing the absence of this phenomenon 

(Diaz et al., 2013). Finally, due to the neural lineage of glial cells, and their plasticity upon 

injury, it has been hypothesized that they could be a potential source for neurogenesis 

after a damage. Indeed, although it is not the case for most injury conditions, it has been 

reported that after hypoxia in the postnatal mouse brain some astrocytes can undergo 

neurogenesis (Bi et al., 2011). Also, striatal astrocytes can undergo neurogenesis after 

ischemic stroke by downregulating Notch signaling (Magnusson et al., 2014), while their 
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connectivity remain to be determined. Those evidence suggest the potential of glia to be 

re differentiated into neurons in vivo by induction of extrinsic or intrinsic factors, which 

will be discussed in a following section. 

Despite several advances in understanding or even trying to improve the responses of 

the adult neurogenesis to injury or disease (Belenguer et al., 2021; Llorens-Bobadilla et al., 

2015; Maimon et al., 2021), there is still a gap as newborn neurons fail to survive for a 

long period, and also there are some concerns about their origin and capacity to integrate 

and recover the normal function of the circuit. Thus, more research among those lines is 

still required for improving and modulating this strategy for brain repair (see perspectives 

in (Grade and Götz, 2017)). 

 

3.2 Cell transplantation 

 

While adult neurogenesis is quite restricted to specific brain regions, exogenous cells or 

neurons can be directly introduced in any damaged brain region, which is especially 

interesting for localized injuries or diseases, as the new neurons could replace the 

damaged ones. This has been recently done in mouse models of cortical damage, where 

notably the transplanted neurons were able to survive and extend their axons even in the 

context of a glial scar (Michelsen et al., 2015; Tornero et al., 2013). However, in non-focal 

diseases like AD, this strategy is not so suitable, and only transplantation of migratory 

cells like interneurons could be promising (Tong et al., 2014). One of the key factors at 

the time of designing this kind of therapies is the choice of the source of cells for the 

transplant. I will briefly describe the three main sources used including some examples 

where they have been applied: 

 

Primary fetal neurons 

 

One option is the use of primary neurons from fetal sources. They have the advantage 

that it is possible to specifically collect neurons from the specific region that wants to be 

repaired, thus the identity of the neurons will be the same. Some studies have used fetal 

midbrain dopaminergic neurons for rennervating the striatum and improving behavior 
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in mice models of PD and even in patients (Barker et al., 2013; Grealish et al., 2010). This 

was also successfully carried on in the adult cortex after injury (Fricker-Gates et al., 2000; 

Hernit-Grant and Macklis, 1996; Shin et al., 2000)), where transplanted neurons were able 

to develop correct connections, which was later validated by team of Gaillard and Jaber 

in separated studies for assessing the connectivity and integration of transplanted neurons 

(Gaillard and Jaber, 2011; Gaillard et al., 2009; 2007). These promising studies highlighted 

the potential of this technique and later studies have confirmed the specificity and 

integrative capacity, such as for example in the visual circuit, where new neurons acquire 

similar properties to the ones of the visual cortex and even integrated properly in the 

visual circuit (Falkner et al., 2016). However, the limited availability of fetal neurons, 

especially from human, supposes an important problem for the use of this strategy, and 

hence efforts have been made towards the use of expandable cell sources. 

 

eNSCs-derived neurons 

 

As an alternative to the use of fetal neurons, it emerged the use of embryonic multipotent 

neural stem cells (eNSCs), that can be amplified and even immortalized for their posterior 

differentiation in specific neuronal types for later transplantation, which is their main 

challenge. As an example, cells from the immortalized C17.2 cell line were directly 

transplanted and successfully differentiated into neurons and glia and showed a 

protective role towards the host degenerating neurons (Ourednik et al., 2002; Park et al., 

2002). In addition, human CNS-stem cells (huCNS-SC) were isolated (Uchida et al., 2000) 

and used for transplantation in rodent models of spinal cord injury, AD or hippocampal 

neuronal loss, where they induced behavioral recovery as assessed in locomotor or 

cognitive tasks (Ager et al., 2015; Cummings et al., 2005; Tamaki et al., 2002), although 

this has been discussed in recent studies (Anderson et al., 2017; Marsh et al., 2017). This 

controversy and the lack of enough evidence for their safety and efficacy promoted the 

search for more secure and controlled alternatives. 
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ESCs-derived and iPSCs-derived neurons 

 

Last, the development of a protocol for the conversion of somatic cells into induced 

pluripotent stem cells (hiPSCs) (Takahashi et al., 2007a; 2007b) supposed a big advance 

for the field, as it allowed to generate pluripotent cells from any somatic cell of a person 

with just a handful of genes. Its importance relied in the possibility of using cells from the 

same patient to generate other cell type, such as neurons, that can be transplanted back in 

the same patient avoiding possible problems of compatibility (Turner et al., 2013).  

This approach allows to generate a pool of pluripotent stem cells that can then be 

redirected to the desired cell type, including distinct neuronal subtypes that match with 

the ones that want to be replaced after transplantation (reviewed on (Steinbeck and 

Studer, 2015)). In addition, other approaches focused on the direct conversion from 

somatic cells like fibroblasts in a neuron of interest, or in neural progenitors, thus 

skipping the pluripotent stem cell intermediate step, which makes this protocol faster and 

avoids the risk of tumor formation after transplantation (Lujan et al., 2012; Pang et al., 

2011; Thier et al., 2012; Vierbuchen et al., 2010). For improving the specificity of those 

protocols, it has been essential the new technical approaches regarding single cell 

transcriptomics, as it is now easier to know the specific molecular patterning of every 

neuronal subtype, and which genes are key for instructing a particular neuronal identity 

(Tiklová et al., 2020). 

Finally, several studies have demonstrated the therapeutic potential of this technique 

(see review in (Götz and Bocchi, 2021; Grade and Götz, 2017)), up to the point that at 

present, phase I/II trials have been initiated in patients with age-related macular 

degeneration and Stargardt macular dystrophy (Schwartz et al., 2012; 2015), and the next 

years will witness clinical translation also to Parkinson disease patients. 

 

3.3 Cellular reprogramming 

 

A neuronal repair strategy that has gained more relevance during the last years is the 

direct conversion of resident non-neuronal cells, especially astrocytes, into neurons in 

vivo. This approach is based on the neural lineage of astroglial cells, and in the possibility 
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of converting them into neurons by overexpressing some neurogenic factors that are 

silent normally in astrocytes or repressing important genes for the maintenance of the 

astroglial identity.  

Pioneer studies from Magdalena Gotz’s laboratory demonstrated that repressing 

Olig2 expression in astrocytes after an injury was sufficient to convert a significant 

number of them in immature neurons (Buffo et al., 2005). Later, it was also observed that 

the overexpression of a single neurogenic transcription factor, like Neurog2 or Ascl1 in 

cultured astrocytes was enough to reprogram them into functional and mature neurons, 

that were all glutamatergic when using Neurog2, while a mixed population of GABAergic 

and glutamatergic was achieved when using Ascl1 (Berninger et al., 2007; Heinrich et al., 

2010; 2011). Since then, two main objectives were established: improving the efficiency of 

the conversion by increasing the number of reprogrammed astrocytes and trying to 

extrapolate those optimized strategies to in vivo. First, in vivo approaches took advantage 

of the use of retrovirus to target specifically proliferating cells, which after an injury are 

mainly glial cells, and avoiding the infection of postmitotic neurons. In (Grande et al., 

2013) authors managed to convert resident cells into new neurons by overexpressing 

Neurog2 and adding a set of growth factors in the striatum and neocortex after a focal 

injury. Later, in (Guo et al., 2014) authors showed that it was possible to efficiently convert 

astrocytes and NG2 glia into glutamatergic or a mixture of glutamatergic and GABAergic 

neurons respectively, just by retrovirus-mediated overexpression of NeuroD1 in the 

cerebral cortex after injury and in an Alzheimer’s Disease mouse model. Interestingly, 

NeuroD1 appeared to be also effective in non-reactive astrocytes (Brulet et al., 2017). 

Despite the promising data from those and other studies, several questions 

remained to be assessed. First, it was important to increase the efficiency and the long-

term survival and integration of the newly generated neurons. It was observed that the 

reprogramming process induced an oxidative-stress in the converting astrocytes, that 

caused ferroptosis-mediated cell death (Gascón et al., 2016). Interestingly, that study also 

showed that avoiding this process of ferroptosis by adding the overexpression of the anti-

apoptotic gene Bcl2 to the reprogramming cocktail highly increased the in vivo 

reprogramming efficiency, which was also improved by feeding animals with antioxidant 

compounds. In addition, other studies revealed the transcriptional changes that modulate 

the glia to neuron conversion, such as the involved transcription factors and checkpoints 
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for acquiring distinct neuronal identities, which opened new avenues for improving the 

efficiency and specificity of these strategies (Karow et al., 2018; Masserdotti et al., 2015; 

Russo et al., 2021; Smith et al., 2016; Treutlein et al., 2016; Xue et al., 2013). Also, adding 

small molecules that contribute to the remodeling of the chromatin in converting 

astrocytes improved the efficiency of the reprogramming and facilitated the neuronal 

maturation, although difficulted the generation of specific neuronal subtypes ((Ma et al., 

2019; Rivetti di Val Cervo et al., 2017; Zhang et al., 2015), reviewed in (Qin et al., 2017)). 

An alternative to the induction of a neurogenic program by overexpressing 

neuronal transcription factors, is the repression of key genes for maintaining the 

astrocytic identity. This strategy emerged during the last years and yielded a high 

efficiency in vivo by depleting the RNA-binding protein PTB, an important repressor for 

neuronal genes, in astrocytes from substantia nigra (Qian et al., 2020) and striatum (Zhou 

et al., 2020). This downregulation was triggered in mouse models of Alzheimer’s disease, 

where converted neurons acquired a dopaminergic fate, and were able to partially 

reinnervate the striatum (Qian et al., 2020) and rescued the deficits in motor behavior in 

both studies. Interestingly, this strategy also worked for converting Müller glia into retinal 

ganglion cells in vivo after a retinal damage, that projected to the dLG in the thalamus and 

to the superior colliculus, also promoting an improvement of the visual responses (Zhou 

et al., 2020) (Figure 5). 

 

Figure 5. Recent advances for in vivo glia-to-neuron conversion. (A) Waddington’s schema for 

illustrating the normal trajectories followed by pluripotent cells towards differentiated cell types. 

Also, new advances that challenge the classical dogma of the immutability of the cell identity, and 

that are the basis for novel therapies for neuronal repair, such as direct glia to neuron 

reprogramming. (B) Examples of the recent studies demonstrating the possibility of converting 

in vivo resident glia into neurons that in some cases can even connect with their brain targets. 
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The fact that in those studies the converted neurons were able to acquire a proper 

identity and to integrate correctly in the neural circuit where their original glia was placed, 

suggested an interesting concept. As in all the cases the targeted gene was the same, but 

the identity of the new neuron different, it proposes two scenarios: 

 

(i) That the neuronal environment influences the specification of the converted 

astrocyte, although in the adult brain the expression of regionalizing 

molecules is quite reduced compared to the developmental stages. However, 

as previously discussed, neurons seem to be able to specify astrocytes by 

secreting important signals like Shh (Farmer et al., 2016).  

(ii) The second scenario implies that astrocytes are different from their origin and 

are somehow regionalized in a similar way than their surrounding neurons. 

This scenario has been also proposed in a recent paper (Mattugini et al., 2019), 

where the same cocktail of transcription factors reprogrammed astrocytes 

towards different neuronal fates in the cortex. When infected astrocytes were 

placed in upper layers, converted neurons expressed markers and displayed 

connectivity typical of upper layer neurons, while similar data was obtained 

for deep layer astrocytes. This was in line with the layer heterogeneity of the 

cortical astrocytes proposed by recent studies (Batiuk et al., 2020; Bayraktar et 

al., 2020; Lanjakornsiripan et al., 2018). However, although their proved 

heterogeneity, a possible paralleling with the identity of their surrounding 

neuronal subtypes has not been proved. 

 

Nevertheless, both scenarios are not mutually exclusives, as both components might 

play important roles for regulating the acquisition of a specific neuronal identity that 

facilitates the integration of reprogrammed astrocytes into a particular neuronal circuit. 

Thus, further research might focus on understanding the molecular mechanisms that 

govern such specification, as it could greatly improve the potential of those strategies for 

brain repair. 

Finally, the strategy for gene activation or repression in astrocytes has also evolved in 

the recent years. The initial experiments took advantage of the use of retroviral vectors 

for targeting only proliferating cells, and thus avoiding the infection of endogenous 
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neurons (Buffo et al., 2005; Gascón et al., 2016; Guo et al., 2014). However, the use of 

AAV emerged as an interesting tool as they do not integrate their genome in the host cell 

and elicit a much less inflammatory and reactive gliosis response (Chen et al., 2020; Liu 

et al., 2020; Mattugini et al., 2019; Qian et al., 2020; Wu et al., 2020; Zhou et al., 2020). 

Notwithstanding, AAV vectors can infect also postmitotic neurons, so they require the 

use of specific promoters for the cell type that wants to be targeted, such as Gfap promoter 

in the case of astrocytes. Notably, aberrant activation of this gene in the infected neurons 

has been reported (Wang et al., 2020), thus highlighting the importance of stringent 

controls for the use of this strategies, as supposedly converted neurons can be confused 

with already present neurons, a concern that has been a matter of discussion in the last 

years. 

Overall, the field of neuronal replacement has approached a very exciting state 

thanks to the recent studies and the existence of different strategies could suppose an 

important advance for adapting treatments for every particular case. Nevertheless, there 

are still concerns and challenges that need to be addressed such as the specific targeting 

of a particular cell type for the conversion, the specification and circuit integration of the 

new neurons, the complete physiological rescue of the damaged function, and hopefully 

the extrapolation of those strategies to human patients. 
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Objectives 
 
 
The main objective of this PhD thesis work was to understand the molecular mechanisms 

that facilitate the direct reprogramming of resident astrocytes into specific neuronal 

subtypes. The specific aims were the following: 

 

• To decipher the region-specific molecular profiles of thalamic and cortical 

astrocytes. 

• To determine if neurons and astrocytes from the same region share regional 

transcriptomes. 

• To directly reprogram astrocytes from specific sensory thalamic nuclei into 

neurons and characterize their final neuronal fate. 

• To unravel the molecular mechanisms that govern the acquisition of a specific 

regional identity of the converted astrocytes. 
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Materials and methods 
 

Mouse strains 

 

All transgenic animals used in this study were maintained on ICR/CD-1, FVB/N-Tg, or 

C57BL/6J genetic backgrounds and genotyped by PCR. The day of the vaginal plug was 

stipulated as E0.5. The Gfap::Gfp line (Nolte et al., 2001) (the Jackson Laboratory, stock 

number 003257) was in an FVB/N-Tg genetic background, the Gad67::Gfp line 

(Tamamaki et al., 2003) was in C57BL/6J, and the R26tdTomato Cre-dependent line (the 

Jackson Laboratory, stock number 007908) and the Gbx2CreERT2/+ mouse line (Chen et al., 

2009) were in an ICR/CD-1 genetic background. Tamoxifen induction of Cre 

recombinase in the double-mutant embryos (Gbx2CreERT2/+::R26tdTomato) was performed as 

previously described (Antón-Bolaños et al., 2019). The Committee on Animal Research 

at the University Miguel Hernández approved all the animal procedures, which were 

carried out in compliance with Spanish and European Union regulations. 

 

Isolation of astrocytes and neurons for RNA-seq 

 

The brains (four brains were pooled for each sample) were extracted in ice-cold KREBS 

solution and cut in the vibratome in 300-μm slices, and cells were dissociated as in a 

previous publication (Gezelius et al., 2017). Thalamic nuclei (dLG, VPM, and MGv) and 

somatosensory cortex (S1) were dissected and pooled in cold dissociation medium [20 

mM glucose, 0.8 mM kynurenic acid, 0.05 mM D,L-2-amino-5-phosphonovaleric acid 

(APV), penicillin (50 U/ml), streptomycin (0.05 mg/ml), 0.09 M Na2SO4, 0.03 M K2SO4, 

and 0.014 M MgCl2]. The tissue was transferred to sterile conditions and enzymatically 

digested in dissociation medium supplied with L-cysteine (0.16 mg/ml) and 70 U papain 

(Sigma-Aldrich) set to pH 7.35, at 37°C for 30 min with repeated shaking. The enzyme 

was then inhibited with dissociation medium containing ovomucoid (0.1 mg/ml) (Sigma-

Aldrich) and bovine serum albumin (BSA) (0.1 mg/ml) set to pH 7.35, at room 

temperature. Tissue was transferred to iced Opti-MEM (Life Technologies) supplied with 

20 mM glucose, 0.4 mM kynurenic acid, and 0.025 mM APV and mechanically 

dissociated until a single-cell suspension was obtained. Cells were concentrated by 
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centrifugation with 850 rpm for 5 min and filtered through a cell strainer (BD Falcon). 

The genetically labeled live cells were separated based on green or red fluorescence 

intensity using fluorescence-activated cell sorting (FACSAria III, BD). FACS-purified 

cells were collected directly in lysis buffer of the RNeasy Micro Kit (Qiagen, no. 74004) 

that was used to recover total RNA according to the manufacturer’s instructions. RNA 

quality for all samples was measured on an Agilent Bioanalyzer 2100 system. All samples 

with RNA Integrity Number (RIN) > 7 were used as input to library construction. 

 

Library preparation and RNA-seq 

 

Library construction and sequencing were performed at the CNAG-CRG (Centro 

Nacional de Análisis Genómico) genomics core facility (Barcelona, Spain). Briefly, cDNA 

multiplex libraries were prepared using SMARTer Ultra Low RNA Kit v4 (Takara, no. 

634894) and NEBNext Ultra DNA Library Prep for Illumina according to the 

manufacturer’s instructions (NEB, no. E7645). Libraries were sequenced together in a 

single flow cell on an Illumina HiSeq 2500 platform using v4 chemistry in 1 × 50 bp (base 

pair) single-end mode. A minimum of 25 million reads were generated from each library. 

 

Bioinformatic analysis of the RNA-seq 

 

RNA-seq analyses were performed as previously described (Scandaglia et al., 2017) with 

minor modifications: Quality control of the raw data was performed with FastQC 

(v0.11.7) and sequenced dataset adapters were trimmed using Cutadapt (v2.3) and Trim 

Galore (v0.6.1). RNA-seq reads were mapped to the mouse genome 

(GRCm.38.p6/mm10) using STAR (v2.7.0d), and SAM/BAM files were further processed 

using SAMtools (v1.9). Aligned reads were counted and assigned to genes using Ensembl 

release 95 gene annotation and FeatureCounts, Subread (v1.6.4) (Liao et al., 2014). 

Normalization of read counts and differential expression analyses were performed using 

DESeq2 (v1.22.2) and Bioconductor (v3.8) in the R statistical computing and graphics 

platform (v3.5.1 “Feather Spray”). 

In the analysis datasets of cortical astrocytes and thalamic astrocytes and neurons 

generated for this study, significantly DEGs were identified using statistical significance 
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threshold [Benjamini-Hochberg (BH)–adjusted P value < 0.1] and absolute log2 fold 

change (log2FC) > 0 using shrunken log2FC using the adaptive t prior Bayesian shrinkage 

estimator “apeglm” (Zhu et al., 2019). To identify the top most differentially enriched 

genes between cortical and thalamic neurons, we used data generated in this study for 

thalamic neurons (P0) and publicly available dataset for cortical neurons (P1) from a 

previously published study (GSE63482) (Molyneaux et al., 2015). Datasets from 

(Molyneaux et al., 2015) consist of RNA-seq profiles of multiple classes of FACS-purified 

cortical neurons from ICR/CD-1 mice: callosal projecting neurons (CPN, n = 2), 

corticothalamic projecting neurons (CThPN, n = 2), and subcerebral projecting neurons 

(ScPN, n = 2). Neuronal datasets from the cortex and thalamus were aligned from the raw 

sequence, and gene counts were generated using the same pipeline as indicated 

previously. Gene counts were normalized using the median of ratios method in DESeq2 

R package, and the ratio between gene counts (regularized logarithm transformation of 

the normalized counts) were used to identify the top 400 most differentially enriched 

genes between cortical and thalamic neurons. Hypergeometric test (one-sided Fisher’s 

exact test) was performed to test independence between lists of enriched or significantly 

DEGs from neurons and astrocytes from different brain regions and to obtain estimated 

odds ratios. RNA-seq coverage tracks for selected genes were generated using Integrative 

Genomics Viewer (IGV) (v2.4.14) and plotted in a 5′ to 3′ direction. Hierarchical 

clustering analysis was performed using “Manhattan” distance and “Ward.2” clustering 

method metrics to visualize significantly up-regulated and down-regulated genes. In the 

functional enrichment analysis of the datasets from astrocytes, a more restrictive filtering 

criterion was used to detect high significantly DEG based on simultaneous threshold of 

BH-adjusted P value < 0.1 and absolute log2FC > 0.322. This analysis revealed 508 versus 

444 DEGs enriched in the thalamus and cortex, respectively. The GO overrepresentation 

analysis and GSEA were performed using clusterProfiler (v3.10.1) (Yu et al., 2012). All 

enriched terms were considered significant at adjusted P values by BH with P value cutoff 

< 0.01 and 0.1, in the GO overrepresentation analysis and GSEA, respectively. The 

reference gene set used to perform the analysis was C5 (GO Biological Process) collection 

from the Molecular Signatures Database (MSigDB) (v6.2). 
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Bioinformatic analysis of the scRNA-seq 

 

We analyzed recent work from scRNA-seq to interrogate thalamic and cortical cellular 

heterogeneity (Zeisel et al., 2018). The sequence data are publicly available at the National 

Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under 

accession SRP135960 (Zeisel et al., 2018). Briefly, scRNA-seq datasets (postfiltered count 

matrices) for the thalamus and cortex were downloaded from the associated wiki and 

processed with Seurat R package (v3.1.4) (Stuart et al., 2019). First, we performed quality 

control analysis that confirmed that the data were of high quality. All cells had more than 

600 detected molecules (UMIs) and the proportion of mitochondrial reads was below 5% 

for the vast majority of cells. Next, data were preprocessed (log normalization and scaling) 

before performing linear dimensional reduction (PCA). Graph-based clustering 

approach using the top 30 principal components was used to identify cell populations 

(resolution was fixed to 0.8). FindAllMarkers function with default parameters was used 

to identify gene markers for each cluster and to assign cell-type identity to clusters). 

Cortical and thalamic scRNA-seq datasets were subsequently integrated as 

previously described (Butler et al., 2018). The UMAP (Uniform Manifold Approximation 

and Projection) algorithm was used to nonlinear dimensionality reduction, visualization, 

and exploratory analysis of the datasets. Differential expression analyses between 

thalamic and cortical neurons and astrocytes were performed using the FindMarkers 

function based on the nonparametric Wilcoxon rank sum test with the following 

parameters (logFC.threshold = 0.1; min.pct = 0). Genes with BH-adjusted P value < 0.1 

were considered significantly differentially expressed. 

 

In utero electroporation of StarTrack vectors 

 

For in utero electroporation, a procedure previously described was followed (Moreno-

Juan et al., 2017). Pregnant females (E11.5) were deeply anesthetized with isoflurane to 

perform laparotomies. The embryos were exposed, and the third ventricles of the 

embryonic brains were visualized through the uterus with an optic fiber light source. The 

combination of the plasmids of the StarTrack method at a final concentration of 2 μg/μl 

was mixed with 0.1% Fast Green (Sigma-Aldrich), as previously described (Figueres-



 

 55 

Oñate et al., 2016; García-Marqués and López-Mascaraque, 2013). The plasmids used 

consisted of the coding sequence of six fluorescent proteins (EGFP, mCherry, mKusabian 

Orange, mTSapphire, mCerulean, and EYFP) subcloned under the regulation of the 

GFAP or UbC promoters for targeting specifically the astrocytes or all the cell types. Each 

reporter gene could be directed to the cytoplasm (PB-GFAP/UbC-XFP) or to the nucleus 

of the cell by fusing it with the H2B histone protein (PB-GFAP/UbC-H2B-XFP). 

Constructs were flanked by PiggyBac sequences to be inserted into the genome of the 

targeted cell by a PiggyBac transposase. The plasmids were injected into the third cerebral 

ventricle by an injector (Nanoliter 2010, WPI). For electroporation, five square electric 

pulses of 45 V and 50 ms were delivered through the uterus at 950-ms intervals using a 

square pulse electroporator (CUY21 Edit, NepaGene Co., Japan). The surgical incision 

was then closed, and embryos were allowed to develop until P8. In the electroporated 

animals with the UbC-StarTrack combination, tamoxifen was administered at P1 as 

previously described (Figueres-Oñate et al., 2016) for removing nonintegrated copies of 

the electroporated plasmids through the Cre recombinase system. 

 

Measurement of thalamic astrocytic clones 

 

Images were acquired with an Olympus FV1000 confocal IX81 microscope/FV10-ASW 

software following previously defined settings (García-Marqués and López-Mascaraque, 

2013). All the pictures were acquired with a 20× oil immersion objective and analyzed 

with ImageJ software. Only electroporated animals with labeled cells in the three first 

order thalamic nuclei (dLG, VPM, and MGv) were used. Then, only clones with at least 

three cells and with the presence of more than one reporter were analyzed. 

First, we assigned a binary code to every cell based on the presence or absence of 

each reporter protein in the cytoplasm and/or the cellular nuclei and the expression of the 

neuronal marker NeuN in order to distinguish neurons from glial cells. Once all the cells 

had been analyzed, they were grouped on the basis of their shared binary code, thereby 

identifying those cells that originated from the same progenitor. Then, we quantified the 

distribution (in %) of cells belonging to the same clone across the thalamic nuclei. 
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Virus production 

 

For the production of the retrovirus, Lenti-X 293T cells (catalog no. 632180, Clontech) 

were plated on 5- to 10-cm dishes. Encapsulation plasmids containing gag-pol and vsv-g 

sequences (provided by V. Borrell) were cotransfected with the plasmid of interest using 

LipoD293 (catalog no. SL100668, SignaGen). The medium was changed after 5 hours, and 

the virus was collected after 72 hours using Lenti-X concentrator (catalog no. 631231, 

Clontech). 

 

In vivo viral and BrdU injections 

 

Pups at P3 were anesthetized on ice and placed in a digital stereotaxic. The virus was 

injected using an injector (Nanoliter 2010, WPI) in the thalamus or cortex through a small 

skull incision. BrdU was injected intraperitoneally at 50 mg/kg immediately after viral 

injections from stock solution (10 mg/ml). 

 

Astrocyte primary cultures 

 

Postnatal astroglia was cultured as previously described (Heinrich et al., 2011). Briefly, 

after removal of the meninges, the cortices (somatosensory and visual) and the thalamus 

from P4 to P6 mice were dissected and dissociated mechanically in cold KREBS 1×. 

Subsequently, cells were centrifuged for 10 min at 1000 rpm, resuspended, and plated in 

a medium consisting of DMEM/F12 (Gibco), 3.5 mM glucose (Sigma-Aldrich), 10% fetal 

calf serum (Gibco), 5% horse serum (Gibco), 1× GlutaMAX (Fisher), and 

antibiotic/antimycotic (100 U/μl) (Fisher) and supplemented with B27 2% (Gibco), 

epidermal growth factor (10 ng/ml) (EGF; Roche), and fibroblast growth factor 2 (10 

ng/ml) (FGF2; Roche). Oligodendrocyte precursor cells were removed by brusquely 

shaking the culture flasks several times when changing the medium after 2 or 3 days. Cells 

were passaged after 1 week using trypsin/EDTA (Gibco) and plated on poly-D-lysine 

(Sigma-Aldrich) glass-coated coverslips at a density of 50,000 to 70,000 cells per coverslip 

(in 24-well plates; BD Biosciences) in the same medium. The vast majority of the cells 

(>90%) were positive for glial fibrillary acidic protein (Gfap). Nuclei-specific thalamic 
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astrocytic cultures were performed similarly but with a few modifications. Brains were 

dissected out and cut in a vibratome in 300μm slices in cold KREBS to dissect the three 

principal sensory thalamic nuclei: dLG nucleus, the somatosensory VPM nucleus, and the 

auditory MGv. Thalamic nuclei were then mechanically dissociated and plated on six-

well plates and passed when confluent. Astrocytes were infected with CAG-GFP-IRES-

GFP, CAG-(Flag)Neurog2-IRES-DsRed, CAG-(Flag)Neurog2-IRES-TauGFP, or CAG-

Gbx2-IRES-DsRed retroviruses. After 24 hours, the medium was changed by a 

differentiation medium containing DMEM/F12 (Gibco), 3.5 mM glucose (Sigma-

Aldrich), 1× GlutaMAX (Fisher), and antibiotic/antimycotic (100 U/μl) (Fisher) and 

supplemented with B27 2% (Gibco). BDNF (Sigma-Aldrich) was added at 20 ng/ml every 

fourth day during the differentiation process. 

 

Histology 

 

For immunofluorescence of reprogrammed neurons in vitro, cultures were fixed with 4% 

paraformaldehyde (PFA) in phosphate-buffered saline (PBS) (0.01 M) for 10 to 15 min at 

room temperature. Cultures were first incubated for 1 hour at room temperature in a 

blocking solution containing 2% BSA (Sigma-Aldrich) and 0.15% Triton X-100 (Sigma-

Aldrich) in 0.01 M PBS. Subsequently, the cells were incubated overnight at 4°C with the 

corresponding primary antibodies. The cells were then rinsed in 0.01 M PBS and 

incubated for 2 hours at room temperature with adequate secondary. Counterstaining 

was performed by the fluorescent nuclear dye 4′,6-diamidino-2-phenylindole (DAPI) 

(Sigma-Aldrich). 

For histology in postnatal brains, mice were perfused transcardially first with 0.01 

M PBS and 4% PFA. Brains were kept on 4% PFA overnight, embedded with 3% agarose 

in 0.01 M PBS, and cut into slices of 80 μm of thickness in a vibratome (Leica). For Tbr1, 

Ctip2, Aldh1l1, Rorα, and Lef1 antibodies, an antigen retrieval step with sodium citrate 

was performed. For BrdU detection, slices were first incubated with 2 N HCl and 0.5% 

Triton X-100 at 37°C for 30 min, followed by an incubation with borax buffer at room 

temperature. Slices were incubated for 1 hour at room temperature in a blocking solution 

containing 1% BSA, 2% donkey serum, 2% goat serum, and 0.4% Triton X-100 in 0.01 M 

PBS and subsequently incubated overnight at 4°C with primary antibodies. Slices were 
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incubated for 2 hours at room temperature with the appropriate secondary antibodies, 

washed, incubated with DAPI, and mounted. Images were acquired with a Leica DFC550 

camera into a Leica DM5000B microscope, with an Olympus FV1000 confocal IX81 

microscope/FV10-ASW software, or with a Zeiss confocal LSM880. 

 

Fluorescence in situ hybridization 

 

Gfap::Gfp brains were cut into slices of 100 μm of thickness in a vibratome (Leica). Slices 

were dehydrated, incubated for 15 min with 2% H2O2 in EtOH at room temperature for 

blocking endogenous peroxidase, and rehydrated. Then, slices were washed first with PBS 

and 0.1% Tween 20 (PBT), then with a detergent mix [1% NP-40, 1% SDS, 0.5% sodium 

deoxycholate, 50 mM tris-HCl (pH 8), 1 mM EDTA, and 150 mM NaCl] three times for 

20 min and postfixed with 4% PFA. After three washes with PBT, slices were incubated 

with prehybridization solution [50% deionized formamide, 5× SSC (pH 5.3), heparin (50 

μg/ml), tRNA (50 μg/ml), single-stranded DNA (50 μg/ml), and 0.1% Tween 20] for 1 

hour at 65°C in a humid chamber and then incubated overnight with the corresponding 

probe in prehybridization solution at 65°C. 

The next day, slices were washed four times with prewarmed washing solution 

[50% formamide, 2× SSC (pH 5.3), and 1% SDS] at 65°C and four times with MABT [100 

mM maleic acid, 150 mM NaCl, 0.19 M NaOH (pH 7.5), and 0.1% Tween 20]. Slices were 

then incubated with blocking solution [2% Blocking Reagent (Sigma-Aldrich, no. 

11096176001) in MABT] for 2 hours and then incubated overnight at 4°C with anti–

digoxigenin-POD (Sigma-Aldrich, no. 11207733910) diluted 1/500 in blocking solution. 

Slices were washed four times with MABT and then revealed with TSA PLUS CYANINE 

3 (Akoya, SKU NEL744001KT) diluted 1/500 in MABT. Once revealed, slices were 

washed with MABT and then immunofluorescence was performed as described above. 

 

Purification of total RNA and quantitative real-time PCR 

 

For specific isolation of reprogrammed astrocytes, a previously published method was 

followed (Molyneaux et al., 2015) but with some modifications for cultured cells. 

Astrocytes from the thalamus, cortex, dLG, VPM, and MGv were cultured and infected 
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with Neurog2 retrovirus, and after 10 days in vitro, they were collected by applying 

trypsin/EDTA (Gibco) to the plate, resuspended with culture medium, and centrifuged. 

Reprogrammed astrocytes were fixed with PFA 1% for 10 min at 4°C, after which the PFA 

was quenched by adding 55 μl of glycine, 1.25 M per 500 μl of PFA solution. 

Immunocytochemistry against Tuj1 and RFP was performed, and cells were separated 

(Tuj1+/RFP+ versus Tuj1−/RFP+) by a flow cytometer (BD FACSAria) based on their 

fluorescence. Once the cells were collected, they were centrifuged and incubated for 3 

hours at 50°C with lysis buffer, their RNA was purified using TRIzol (Fisher), and cells 

were resuspended in RNase-free water. 

cDNA was obtained from 1 μg of total RNA using the specific protocol for first-

strand cDNA synthesis in two-step reverse transcription (RT)–PCR using the High-

Capacity cDNA Reverse Transcription Kit (Fisher) and stored at −20°C. qPCR was 

performed in a StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA, 

USA) using the MicroAmp fast 96-well reaction plate (Applied Biosystems) and the 

Power SYBR Green PCR Master Mix (Applied Biosystems). A master mix was prepared 

for each primer set containing the appropriate volume of SYBR Green, primers, and 

template cDNA. All reactions were performed in triplicate. The amplification efficiency 

for each primer pair and the cycle threshold (Ct) were determined automatically by the 

StepOne Software, v2.2.2 (Applied Biosystems). Transcript levels were represented 

relative to the Gapdh signal, adjusting for the variability in cDNA library preparation. 

 

Patch-clamp recordings of iNs 

 

For the electrophysiological analysis, astrocytes were infected with a retrovirus encoding 

CAG-Neurog2-ires-TauGFP. After 3 weeks, cultures were transferred to the recording 

chamber and were perfused with standard artificial cerebrospinal fluid (aCSF) containing 

the following: 119 mM NaCl, 5 mM KCl, 1.3 mM MgSO4, 2.4 mM CaCl2, 1 mM NaH2PO4, 

26 mM Na2HCO3, and 11 mM glucose. The aCSF was perfused at a rate of 2.7 ml min−1, 

continuously bubbled with a gas mixture of 95% O2 + 5% CO2, and warmed at 30° to 32°C. 

Somatic whole-cell recordings were made under visual control using an upright 

microscope (Leica DM-LFSA) and a water immersion (20 or 40×) objective. The 

intracellular solution contained the following: 130 mM K-gluconate, 5 mM KCl, 5 mM 
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NaCl, 0.2 mM EGTA, 10 mM Hepes, 4 mM Mg-ATP, and 0.4 mM Na-GTP, pH 7.2 

adjusted with KOH; 285 to 295 mOsm. Recordings were obtained in current-clamp 

and/or voltage-clamp mode with a patch-clamp amplifier (MultiClamp 700A, Molecular 

Devices, USA). No correction was made for the pipette junction potential. Voltage and 

current signals were filtered at 2 to 4 kHz and digitized at 20 kHz with a 16-bit resolution 

analog to digital converter (Digidata 1550B, Axon Instruments). The generation and 

acquisition of pulses were controlled by pClamp 10.6 software (Axon Instruments). Patch 

pipettes were made from borosilicate glass [1.5 mm OD (outer diameter), 0.86 mm ID 

(inner diameter), with inner filament] and had a resistance of 4 to 7 megohms when filled. 

Neurons in which series resistance was >30 megohms were discarded. Quantification of 

intrinsic membrane properties and spontaneous neuronal activity was performed on 

Clampfit 10.7 (Axon Instruments). The presence of putative spontaneous excitatory 

postsynaptic currents (sEPSCs) was assessed in voltage clamp recordings at −70 mV. 

 

In silico Neurog2 binding sites determination 

 

In silico analysis was performed to find out Neurog2 binding sites across the whole 

genome using FIMO Motif Scanning from MEME Suite (v5.0.2) (Bailey et al., 2009). 

Neurog2 transcription factor motif (NGN2_MOUSE.H11MO.0.C) from HOCOMOCO 

database (v11) and mouse genome (GRCm38.p6 GenCode M18) were used to carry out 

this analysis. Neurog2 binding sites were annotated to genes using ChIPseeker (v1.18) 

(Yu 2015) and Bioconductor (v3.8) in the R statistical computing and graphics platform 

(v3.5.1 Feather Spray). We retrieved genomic regions and selected binding sites 

[promoters, 5′UTR (5′ untranslated region), first intron and first exon] whose location 

was ±3 kb of GENCODE annotated TSSs (transcription start sites) of protein-coding 

genes. These criteria retrieved 180,611 putative Neurog2 binding sites belonging to 20,478 

protein coding genes. Chromatin immunoprecipitation sequencing (ChIP-seq) coverage 

tracks for selected genes were generated using IGV (v2.4.14) and plotted in a 5′ to 3′ 

direction based on publicly available datasets from forebrain samples of H3K4me3 

(ENCSR258YWW experiment) and H3K27me3 (ENCSR070MOK experiment) histone 

marks at P0 extracted from the ENCODE Project. 
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ChIP for H3K4me3 and H3K27me3 

 

ChIP assays were performed following a previously published protocol (Gillotin and 

Guillemot, 2016). Cultured astrocytes from the thalamus and cortex were collected after 

1 week in vitro when confluence is reached, centrifuged, and resuspended to 

approximately 500,000 cells. Cells were fixed with 1% PFA in PBS for 10 min at room 

temperature and quenched with 55 μl of glycine, 1.25 M per 500 μl of PFA solution with 

orbital shaking. After that, cells were lysed in 300 μl of SDS lysis buffer (0.5% SDS, 10 mM 

EDTA, and 50 mM tris-HCl) supplemented with protease inhibitor cocktail (Roche, 

11836153001), sonicated for 10 min in a Diagenode Bioruptor Pico, precleared with 30 μl 

of washed Dynabeads (Invitrogen, 10003D), and diluted five times in ChIP IP buffer [20 

mM Hepes, 0.2 M NaCl, 2 mM EDTA, 0.1% Na-DOC, 1% Triton X-100, and BSA (5 

mg/ml)]. One percent of each sample was kept as input. Samples were divided into three 

tubes and incubated overnight at 4°C in a rotating wheel with 2.5 μg per tube of the anti-

H3K4me3 (Sigma-Aldrich, 07-473), anti-H3K27me3 (Abcam, ab6002), or control IgG 

antibody. The next day, washed and saturated Dynabeads were added and incubated with 

the samples for 2 hours at 4°C. Dynabeads were washed five times with LiCl buffer (50 

mM Hepes, 1 mM EDTA, 1% NP-40, 1% Na-DOC, and 0.5 M LiCl) and once with TE 

buffer (10 mM Tris-HCl and 1 mM EDTA). Antibody/chromatin complexes together 

with the inputs were eluted by adding 100 μl of elution buffer (50 mM NaHCO3 and 1% 

SDS), 10 μl of NaCl (5 M), and 1 μl of proteinase K (Sigma-Aldrich, 3115836001) to each 

tube and put on a thermomixer, shaking at 1000 rpm at least 2 hours at 60°C. Samples 

and inputs were decross-linked by heating for 15 min at 95°C. Both samples and inputs 

were treated with RNase A (Roche, 10109142001) for 30 min at 65°C, and the DNA was 

purified with phenol/chloroform and ethanol precipitated.  

 

Primer design 

 

For RNA expression analysis, Primer3 and Blast tools from NCBI webpage were used, 

using the accession numbers of the coding sequences of the genes of interest. For ChIP 

experiments, we used the information obtained from the in silico Neurog2 binding sites 

analysis and the open-source information of the ENCODE project. For primers design, 
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regions on the promoters of candidate genes that included a putative binding site 

for Neurog2 and that were enriched in H3K4me3 and H3K27me3 signal were selected. 

 

Quantification and statistical analysis 

 

Statistical analysis was carried out in GraphPad Prism (v.6), Origin (v.8.0), and R (v3.5.1 

Feather Spray) statistical computing and graphics platform. Data are presented as means 

± SEM or with box-and-whisker plots, which give the median, 25th and 75th percentiles, 

and range. Statistical comparison between groups was performed using paired or 

unpaired two-tailed Student’s t test or Mann-Whitney U test nonparametric two-tailed 

test when data failed a Kolmogorov-Smirnov or a Shapiro-Wilk normality test. For 

multiple comparison analysis, a one-way analysis of variance (ANOVA) test with Holm-

Sidak’s multiple comparisons test was used, and Kruskal-Wallis test with Dunn’s multiple 

comparisons test was used when data failed a Kolmogorov-Smirnov or a Shapiro-Wilk 

normality test. Simple effect analysis was performed when interaction was 

significant. P values < 0.05 were considered statistically significant and set as follows: *P < 

0.05, **P < 0.005, and ***P < 0.0005. In the bioinformatical analysis, DEGs were identified 

using a statistical significance threshold (BH-adjusted P value < 0.1) and set as follows: 

*adj. P < 0.1, **adj. P < 0.01, and ***adj. P < 0.001. No statistical methods were used to 

predetermine the sample size, but our sample sizes are considered adequate for the 

experiments and consistent with the literature. The mice were not randomized. The 

investigators were blinded to sample identity. 
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DISCUSIÓN IZQ 
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DISCUSIÓN DERECH 
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Discussion 
 

Designing strategies for brain repair is one of the ultimate challenges in neuroscience. The 

reduced or even absent capacity of the brain for replacing damaged neurons implies that 

new neurons must be induced or grafted in the damaged areas of the brain to try to 

recover the function of the affected neuronal circuits. However, given the vast diversity 

and heterogeneity of brain neurons that makes them specific of brain circuits, supposes 

an important challenge for the design of adequate strategies. In vivo conversion of no-

neuronal resident cells like astrocytes into neurons has emerged as a promising approach 

in the last few years. However, it remains unclear whether those new neurons will acquire 

a specific and adequate neuronal identity that facilitates their integration in the 

corresponding brain circuit, and if so, which molecular mechanisms drive this 

specification. In this Thesis work, it has been demonstrated that using the same 

transcription factor, Neurog2, it is possible to convert thalamic and cortical astrocytes in 

neurons in vitro and in vivo, which acquire a specific identity resembling the ones of the 

region of origin of the astrocytes. Using genome-wide analysis, we found that astrocytes 

of a particular region share the expression of a set of genes with their surrounding 

neurons, that provide both with regional identity. This shared transcriptional identity is 

conserved even at the level of substructures like thalamic sensory nuclei, where clonal 

analysis revealed that astrocytes and neurons of a particular nucleus emerge from a 

particular group of progenitors, that could provide them with the positional and 

transcriptional identity required for populating a sensory-modality specific nucleus. 

Finally, apart from the regional transcriptional information already encoded in 

astrocytes, we also found differences in the epigenetic state of several genes, including 

some of them which only become differentially expressed in converted astrocytes, even 

up to the level of thalamic nuclei. Overall, the work presented here provides a logic for 

understanding the emergence of the regionalization of astrocytes, and how this can be 

extremely useful for the design of future therapies aiming at restoring damaged neuronal 

circuits. 
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Emergence and function of regional identity shared by astrocytes and neurons 

 

The early segmentation and regionalization of the neural plate and tube during 

embryonic development are essential for the formation of the final structures that form 

the brain, which are responsibles of its correct function. These regions emerge as a 

consequence of the effect of morphogenes, which are expressed and diffused from 

primary and secondary organizers, and their graded and combined influence across the 

different axis induce particular identities of the territories placed at different positions in 

the neural tube (Metzis et al., 2018; Molofsky et al., 2014). This identity has been 

traditionally assigned to neuroepithelial cells and their descendant neural progenitors and 

finally to the neurons, which continue to refine their identity as brain development 

continues thanks also to the influence of different extrinsic factors. However, despite their 

common origin with neurons, astrocytes were traditionally considered as a homogeneous 

population independently of their brain region. In the recent years this view has changed 

especially thanks to the technical advances in microscopy and genome-wide analysis. 

Currently we know that astrocytes in spinal cord (Hochstim et al., 2008) and in some 

regions of the brain (Cahoy et al., 2008) can be differentiated based on their 

transcriptional profile. Nevertheless, it remained unclear whether they share some of the 

regional properties that characterize neurons from the same brain regions. In this work 

we show that astrocytes from the neocortex and the thalamus acquire different 

transcriptomic profiles, and that they share a significant percentage of differentially 

expressed genes with their surrounding neurons, that make both populations region-

specific. Moreover, these shared signatures were observed also between neurons and 

astrocytes of the same sensory-modality thalamic nucleus, and when comparing different 

cortical areas along the rostro-caudal axis. These results make sense considering that in 

general, astrocytes are generated from the same progenitors than the neurons, and that 

clonal analysis in the cortex showed that sibling astrocytes also respect the columnar 

dispersion initially observed in clonally related neurons (Figueres-Oñate et al., 2016; 

García-Marqués and López-Mascaraque, 2013; Magavi et al., 2012). Thus, those results 

suggest that regionalizing cues might also influence the regional properties of astrocytes, 

as it has been shown for neurons and neural progenitors, that might provide them with 

positional information. Several studies have confirmed such hypothesis in the spinal cord 
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(Hochstim et al., 2008; Tsai et al., 2012), and future experiments should be done in order 

to decipher whether this is also the case in the brain, and which is the molecular logic 

governing such common specification. Recent studies with single-cell RNA-seq and 

spatial transcriptomics in the neocortex showed that astrocytes are clusterized in layers, 

that do not correspond with the ones observed in neurons (Batiuk et al., 2020; Bayraktar 

et al., 2020). However, regional identity in the neocortex is computed along the 

anteroposterior and mediolateral axes (Tasic et al., 2018), coincident with the results 

presented in this thesis from the reanalysis of (Zeisel et al., 2018) data. Indeed, in one of 

the abovementioned papers about astrocytic layering, authors even acknowledge that the 

clustering between astrocytes varies depending on the cortical region analyzed (Bayraktar 

et al., 2020). In addition, apart from the inherited intrinsic regional signatures, neurons 

might also influence the final identity of astrocytes by secreting signaling cues such as Shh 

(Farmer et al., 2016), which could also contribute to explain the observed functional 

coupling between neurons and astrocytes of specific cortical layers (Lanjakornsiripan et 

al., 2018) or other brain circuits (Chai et al., 2017; Huang et al., 2020; John Lin et al., 2017).  

Overall, recent studies underpinning astrocytes heterogeneity, demonstrated its 

importance for regulating distinct neuronal circuits in the brain. Nevertheless, the shared 

expression of important sets of genes described in this thesis, open new avenues for 

understanding the importance of neuron-glia interactions and coupling. For the scope of 

this thesis, we focused on the presence of transcription factors among those shared genes 

(Gbx2, Lef1, Fezf2 or Tbr1), which might play a role for providing astrocytes with a similar 

regional identity to the one observed in their neuronal counterparts (Bluske et al., 2012; 

Lodato et al., 2014; Mallika et al., 2015; Mihalas and Hevner, 2017). However, for 

understanding the biological function of this overlapping signatures, future experiments 

should focus on genes with more specific and known functions such as cell-cell 

communication. Among those genes we can find several examples both in thalamus and 

cortex, such as Ntng1, which have shown to be important for cell-cell communication and 

signaling (Fujita et al., 2020). Also, considering the role of astrocytes in the tripartite 

synapses, and that astrocytes can respond to similar neurotransmitters than the neurons, 

the co-expression of the receptors or channels for some of those signals, like genes of the 

solute carrier family (Slc6a4, Slc6a13, Slc18a2…), or voltage-dependent channels (Kcnh1, 
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Kcnj4, Hcn1…) could be also important for the correct regulation of the corresponding 

neuronal circuits. 

More accurately, interesting genes were also found at the level of thalamic nuclei, 

which should be even more specific for a particular circuit, like the visual in the dLG 

astrocytes and neurons. Among the shared genes in this circuit, we found the expression 

of the gene encoding for connexin 36 (Gjd2), which is essential for the correct coupling 

of amacrine and ganglion cells (Roy et al., 2017) and rods and cones (Asteriti et al., 2017; 

Cowan et al., 2016) in the retina, and might exert also an important and similar function 

in the astrocyte-neuron coupling and interaction in the visual nucleus of the thalamus 

(dLG). 

Overall, the data presented in this thesis open new avenues for better 

understanding astrocyte regionalization, and its importance for their coupling with 

surrounding neurons, and could contribute to better explain the mechanisms and the 

origin of their role for specific neuronal circuit regulation recently described (Chai et al., 

2017; Huang et al., 2020; John Lin et al., 2017). Future experiments downregulating 

transcription factors or function-specific genes in astrocytic subpopulations might help 

to elucidate the role of those shared genes for the brain circuits physiology. 

 

Clonal origin of neurons and astrocytes sharing region-specific genes 

 

The fact that astrocytes maintain the expression of some region-specific genes with their 

surrounding neurons even up to the level of sensory thalamic nuclei, rises the intriguing 

question of how this specificity is achieved in both cell types. In the majority of brain 

regions, astrocytes emerge from the same radial glial progenitors that initially generate all 

the neurons and intermediate progenitors (Kriegstein and Alvarez-Buylla, 2009). 

However, during the neurogenic period, neurons also migrate to their final location to 

form specialized sub-regions, such as the sensory cortical areas or the sensory thalamic 

nuclei. Thus, it remains unknown whether astrocytes follow the same organizing 

principles as their sibling neurons.  

In this thesis, using clonal analysis with Startrack method (Figueres-Oñate et al., 

2016; García-Marqués and López-Mascaraque, 2013), we have shown that in the thalamus 

astrocytes and neurons are generated from common apical progenitors, and that clonally 
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related cells populate the same thalamic sensory nucleus with very little dispersion. Our 

data goes in line with clonal analysis done in the cortex (Figueres-Oñate et al., 2016; Gao 

et al., 2014; García-Marqués and López-Mascaraque, 2013; Magavi et al., 2012; Zhang et 

al., 2020), and with two recent studies that took advantage of MADM technique for 

lineage tracing of single progenitors in the thalamus (Shi et al., 2017; Wong et al., 2018).  

In the cortex, the fact that astrocytes maintain the columnar dispersion observed 

in their sibling neurons implies that they will remain in the same cortical area, which 

could explain the transcriptional overlapping described in this thesis between astrocytes 

and neurons of rostro-caudal regions of the cortex.  

Regarding the thalamus, the two abovementioned studies showed that neuronal 

clones populate specifically only first order or high order nuclei and that astrocytes seem 

to keep close to their sibling neurons. However, in those studies authors do not quantify 

specifically the dispersion of a clone between different nuclei of the same order. In our 

study, we provide extensive data regarding the dispersion of clones among the first order 

nuclei dLG, VPM and MGv, and show that, albeit there is a minor dispersion especially 

when looking at neurons, there is always a clear tendence towards populating specifically 

one nucleus. Our data suggests that there might exist modules of pre-specified apical 

progenitors across the walls of the third ventricle, which generate cells of a particular 

sensory modality, and future experiments with single cell transcriptomics at different 

time points and time lapse of single progenitors labelled will help to elucidate how apical 

progenitors generate nucleus specific cells, and the transcriptional dynamics that they 

follow. Particularly, time lapse experiments could also help to understand how astrocytes, 

which are generated later in development, follow the same regionalizing guides than their 

sibling neurons. A possibility is that they emerge from intermediate progenitors that are 

generated after asymmetric divisions of the apical progenitors. If this is the case, 

intermediate progenitors might inherit the same epigenetic and transcriptional 

information than their sibling neurons, and migrate together towards their final position, 

while producing more neurons and finally astrocytes, that proliferate locally to increase 

their number (Ge et al., 2012). Although this is still a hypothesis, data from (Wong et al., 

2018) shows that when performing lineage tracing of intermediate progenitors 

(Neurog1+) in the thalamus, their progeny is much more restricted to discrete territories, 

proposing that those progenitors are more specified than apical progenitors, and could 
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be the responsible of producing the majority of nucleus specific cells, and the cells that 

the apical progenitors keep producing at later stages could be the ones that disperse the 

most. If so, this model could also fit with the temporal variable, as in the thalamus there 

is also a gradient of nuclei formation, like the situation with cortical layers, as more lateral 

nuclei are formed before the medial ones. 

Finally, our data, together with recent studies, shine light on the development and 

nucleogenesis of the thalamus and contribute to the understanding of the acquisition of 

regional shared properties between nucleus specific astrocytes and neurons. 

 

Importance of glial region-specificity for the design of strategies for brain repair 

 

One of the main goals of this work has been to test the region-specific conversion of 

astrocytes into region or circuit specific neurons. Although we have shown that astrocytes 

express a significant number of genes that are shared with their surrounding neurons, it 

is important to consider that this does not represent the entire transcriptome of both cell 

types, and that many of the shared genes are expressed at lower levels in astrocytes than 

in neurons. Thus, for acquiring a full transcriptional identity of a specific neuronal 

subtype following reprogramming, several factors must contribute to modulate this 

switch of fate. We have shown that the basal expression of some transcription factors in 

the astrocytes is important for the Neurog2- mediated reprogramming. Particularly Gbx2, 

an essential transcription factor for defining thalamic neuronal identity (Mallika et al., 

2015), is also expressed at lower levels in thalamic astrocytes, and when overexpressed in 

cortical astrocytes together with Neurog2, we found that the expression of some cortical 

neuronal genes is not increased as it happens in cortical astrocytes only transduced with 

Neurog2. However, genes that increase their expression in converted thalamic but not 

cortical astrocytes, show an upregulation in astrocytes from the cortex when transduced 

with Neurog2 and Gbx2. These experiments demonstrate that the expression in astrocytes 

of important transcription factors like Gbx2, albeit at low levels, is functional and 

important for defining the fate of the converted astrocytes. Notwithstanding, the ectopic 

induction of Gbx2 in cortical astrocytes was not enough to change the expression of other 

genes, whose expression seem to be fixed in astrocytes in a region-specific manner. 
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We found that the ability to respond to the effect of Neurog2 alone or together 

with Gbx2 was dependent on the epigenetic state of the promoter of the studied genes, 

based specially in the different presence of active (H3K4me3) or repressive (H3K27me3) 

histone marks (Voigt et al., 2013). These different epigenetic and transcriptomic 

configurations were observed even at the level of thalamic nucleus specific astrocytes, 

which also acquire an adequate and specific neuronal identity following reprogramming, 

as they express specific genes of neurons of a particular sensory modality (Gezelius et al., 

2017). As discussed above, this similarity could be related to their common clonal origin, 

as several papers have demonstrated the capacity of neural progenitors to transmit 

epigenetic and transcriptomic information to their descendant cells, even after the switch 

from neurogenic to gliogenic fate (Hirabayashi et al., 2009; Kim and Rosenfeld, 2010; 

Telley et al., 2019).  

Overall, our data shows that the transcriptional and epigenetic similarities 

between astrocytes and neurons of a particular region predispose astrocytes to acquire a 

very specific neuronal subtype identity following reprogramming. This is important as a 

unique reprogramming strategy could be used for converting astrocytes in different brain 

regions, as they will become specific based on their original regional properties. Indeed, 

recent studies also confirmed this hypothesis, as converted astrocytes of upper or lower 

cortical layers acquired properties similar to upper- or lower-layer neurons respectively 

(Mattugini et al., 2019). Also, two studies have recently demonstrated that it is possible to 

induce the reprogramming of astrocytes into neurons just by downregulating the 

expression of an important regulator of astrocytic identity, PTB (Qian et al., 2020; Zhou 

et al., 2020). Interestingly, when downregulating this gene in substantia nigra, striatum 

and retina, they showed that converted astrocytes into neurons are able to integrate in the 

corresponding circuit and even improving the function of the damaged circuit. This 

suggests that astrocytes seem to have a latent neurogenic program (Baser et al., 2019; 

Magnusson et al., 2014; 2020), that, as shown by the data presented in this thesis, 

corresponds with the regional identity of their surrounding neurons. 

Finally, the remaining challenge will be to optimize methods for activating such 

specific neurogenic programs in astrocytes of a damaged brain area. Spontaneous 

neurogenesis from astrocytes does not occur in mammals even after becoming reactive in 

response to a damage (Buffo et al., 2008; Hoang et al., 2020). However, inducing their 
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neurogenic programs by overexpressing neurogenic transcription factors, or repressing 

gliogenic genes like Ptbp1 or Notch can facilitate their neurogenic switch, that, thanks to 

the regional identity that they seem to conserve even in a reactive state, would provide 

them with the ability to integrate in a specific circuit and replace damaged neurons. 

 

Concluding remarks 

 

The extraordinary complexity of the brain supposes a huge challenge for designing 

strategies aimed at regenerating neurons after a brain damage or in neurodegenerative 

diseases. During the last years, increasing evidence has shown that it is possible to convert 

resident cells, like astrocytes, into neurons both in vitro and in vivo. However, these new 

neurons must be similar in terms of transcriptional profile and connectivity to the 

damaged ones. The data presented in this thesis shows that astrocytes are transcriptionally 

specific of brain regions such as the neocortex, the thalamus, and even up to the level of 

sensory thalamic nuclei, and that share the expression of some region-specific genes with 

their surrounding neurons. This transcriptional overlapping seems to emerge from their 

common clonal origin, as we show that in the thalamus, neurons and astrocytes generated 

from the same apical progenitor populate specifically one sensory thalamic nucleus with 

minor dispersion. Finally, our experiments reprogramming resident astrocytes from 

thalamus and cortex into neurons demonstrate that the newly generated neurons acquire 

specific properties of the surrounding resident neurons. Functional experiments altering 

the basal transcriptome of cortical astrocytes demonstrate that the basal transcriptome of 

astrocytes is important for providing regionalizing cues that will be transmitted to the 

neurons that emerge after reprogramming. 

This molecular logic of regional specification common to astrocytes and neurons 

might suppose an important insight for improving the use of astrocyte reprogramming 

for regenerating damaged sensory circuits. 

 



 

 75 

 

 

  



 

 76 

  



 

 77 

CONCLUSIONS DERECH 

  



 

 78 

 

 



Conclusions 

 79 

Conclusions 
 
 
1. Thalamic and cortical astrocytes can be reprogrammed into neurons in vitro and in 

vivo by overexpressing Neurog2 or Neurog2 and Bcl2 respectively.  

 

2. Induced neurons acquire region-specific identity depending on the origin of the 

astrocytes.  

 

3. The cellular environment does not affect to the final identity acquired by the 

converted astrocytes.  

 

4. Astrocytes and neurons share the expression of a significant percentage of genes that 

defines the region-specificity of both cell types. 

 

5. Shared transcriptional signatures are observed at the single-cell level (single-cell 

RNAseq) and conserved in later stages of development. 

 

6. Distinct epigenetic profiles also regulate the regional specificity of astrocytes, even in 

genes which do not present differences in the expression levels.  

 

7. Shared transcriptomic profiles between astrocytes and neurons from thalamus or 

cortex, together with the distinct epigenetic configurations of specific genes, regulate 

the regional specification of the reprogrammed astrocytes. 

 

8. Astrocytes and neurons from discrete territories, such as a thalamic sensory nucleus, 

are generated from the same group of progenitors, that are responsible of 

transmitting positional information to both cell types. 
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9. Sibling astrocytes and neurons from a particular sensory thalamic nucleus, such as 

dLG (visual), VPM (somatosensory) or MGv (auditory), also share the expression of 

a core set of genes.  

 

10. Distinct epigenetic configurations of nucleus-specific genes also distinguish 

astrocytes from the three analyzed thalamic sensory nuclei. 

 

11. Astrocytes from the three sensory-modality thalamic nuclei studied (dLG, VPM and 

MGv) can be reprogrammed into neurons that express region-specific neuronal 

genes. 
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Conclusiones 

 
1. Los astrocitos del tálamo y la corteza se pueden reprogramar en neuronas in vitro e 

in vivo a través de la sobreexpresión de Neurog2 o Neurog2 y Bcl2 respectivamente.  

 

2. Las nuevas neuronas que se generan adquieren la identidad neuronal específica de la 

región cerebral en la que residen los astrocitos de origen.  

 

3. El ambiente celular no afecta a la identidad final de las neuronas reprogramadas.  

 

4. Los astrocitos y las neuronas de una misma región cerebral comparten la expresión 

de un porcentaje de genes significativo que proporciona a ambos tipos celulares la 

especificidad de dicha región. 

 

5. Estas marcas transcripcionales compartidas también se observan a nivel de 

transcriptoma de célula única (single-cell RNAseq) y se mantienen en estadios más 

tardíos del desarrollo. 

 

6. Diferentes perfiles epigenéticos también regulan la especificidad regional de los 

astrocitos, incluso en genes en los que no se observan diferencias en los niveles de 

expresión.  

 

7. Los perfiles transcriptómicos compartidos por astrocitos y neuronas de tálamo o 

corteza, junto a las distintas configuraciones epigenéticas, regulan la especificación 

regional de los astrocitos reprogramados en neuronas. 

 

8. Los astrocitos y las neuronas de territorios muy definidos, como los núcleos 

sensoriales talámicos, están generados a partir del mismo grupo de progenitores, que 

parecen ser responsables de transmitir información posicional a ambos tipos 

celulares.  
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9. Los astrocitos y las neuronas generados a partir de un mismo progenitor, y que se 

sitúan específicamente en un núcleo sensorial talámico, como el dLG (visual), VPM 

(somatosensorial) o en el MGv (auditivo), también comparten la expresión de un 

grupo de genes específicos de dicha región.  

 

10. Las distintas configuraciones epigenéticas de genes específicos de un núcleo talámico 

también sirven para distinguir a los astrocitos de cada uno de los núcleos talámicos 

estudiados.  

 

11. Los astrocitos de cada uno de los tres núcleos talámicos específicos de una modalidad 

sensorial estudiados (dLG, VPM y MGv) pueden ser reprogramados en neuronas que 

expresan genes neuronales específicos de dichos núcleos, de forma similar a las 

neuronas endógenas.  
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Annex 
 
The results of this Thesis work have been published in Science Advances, in the annexed 

paper named “Astrocytes and neurons share region-specific transcriptional signatures 

that confer regional identity to neuronal reprogramming” in which I am the only first 

autor. However, this work has been done in collaboration with members of my laboratory 

and with researchers from other institutions. Here I describe the author contribution for 

each of the co-authors: Guillermina López-Bendito and Álvaro Herrero-Navarro 

designed the experiments. Álvaro Herrero-Navarro conducted the astrocyte 

reprogramming experiments in vitro and in vivo and the epigenetic analyses. Lorenzo 

Puche Aroca and Jose P. López-Atalaya conducted all bioinformatic analysis of massively 

parallel sequencing data. Verónica Moreno-Juan and Álvaro Herrero-Navarro conducted 

the in vivo clonal studies and performed the in situ hybridization validation of the RNA-

seq. Alejandro Sempere-Ferràndez performed the electrophysiological recordings. Álvaro 

Herrero-Navarro, Verónica Moreno-Juan and Ana Espinosa collected tissue for RNA-

seq. Rafael Susín produced the viruses. Laia Torres-Masjoan cloned the Bcl2-Neurog2 

plasmid for in vivo reprogramming. Eduardo Leyva-Díaz, Marisa Karow and Benedikt 

Berninger performed pioneer reprogramming experiments in vitro and provided the 

Neurog2 reprogramming construct. María Figueres-Oñate and Laura López-Mascaraque 

provided the StarTrack constructs. Guillermina López-Bendito acquired funding. Álvaro 

Herrero-Navarro, Jose P. López-Atalaya, Benedikt Berninger and Guillermina López-

Bendito wrote the paper. 

 

  



 

 116 

 

 



Annex 

 117 

Astrocytes and neurons share region-specific transcriptional 

signatures that confer regional identity to neuronal 

reprogramming 
 

Álvaro Herrero-Navarro1, Lorenzo Puche-Aroca1, Verónica Moreno-Juan1, Alejandro 

Sempere-Ferràndez1,2, Ana Espinosa1, Rafael Susín1, Laia Torres-Masjoan4, Eduardo Leyva-

Díaz1,3, Marisa Karow5,6, María Figueres-Oñate7,8, Laura López-Mascaraque7, José P. López-

Atalaya1,†, Benedikt Berninger4,9,†, & Guillermina López-Bendito1,* 
 

1Instituto de Neurociencias de Alicante, Universidad Miguel Hernández-Consejo 

Superior de Investigaciones Científicas (UMH-CSIC), Sant Joan d’Alacant, Spain.  
2Present address: Optical Approaches to Brain Function Laboratory, Istituto Italiano di 

Tecnologia, Via Morego 30, 16163 Genova, Italy.  
3Present address: Department of Biological Sciences, Howard Hughes Medical Institute, 

Columbia University, New York, NY 10027, USA. 
4Institute of Psychiatry, Psychology, and Neuroscience, Centre for Developmental 

Neurobiology, and MRC Centre for Neurodevelopmental Disorders, King’s College 

London, SE1 1UL London, UK 
5Institute of Biochemistry, Friedrich-Alexander-University Erlangen-Nürnberg, 91054 

Erlangen, Germany. 
6Physiological Genomics, Biomedical Center, Ludwig Maximilians University Munich, 

82152 Planegg/Munich, Germany. 
7Instituto Cajal, CSIC, Madrid, Spain.  

8Present address: Max Planck Research Unit for Neurogenetics, Max von-Laue-Strasse 4, 

60438 Frankfurt, Germany. 
9Institute of Physiological Chemistry, University Medical Center Johannes Gutenberg 

University Mainz, 55128 Mainz, Germany. 
†These authors contributed equally to this work 
*Correspondence: g.lbendito@umh.es 

Science Advances  07 Apr 2021:Vol. 7, no. 15, eabe8978 DOI: 10.1126/sciadv.abe8978  
 



 

 118 

 



Herrero-Navarro et al., Sci. Adv. 2021; 7 : eabe8978     7 April 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 17

N E U R O S C I E N C E

Astrocytes and neurons share region-specific 
transcriptional signatures that confer regional identity 
to neuronal reprogramming
Álvaro Herrero-Navarro1, Lorenzo Puche-Aroca1, Verónica Moreno-Juan1,  
Alejandro Sempere-Ferràndez1†, Ana Espinosa1‡, Rafael Susín1, Laia Torres-Masjoan2, 
Eduardo Leyva-Díaz1§, Marisa Karow3,4, María Figueres-Oñate5||, Laura López-Mascaraque5,  
José P. López-Atalaya1¶, Benedikt Berninger2,6¶, Guillermina López-Bendito1*

Neural cell diversity is essential to endow distinct brain regions with specific functions. During development, pro-
genitors within these regions are characterized by specific gene expression programs, contributing to the gener-
ation of diversity in postmitotic neurons and astrocytes. While the region-specific molecular diversity of neurons 
and astrocytes is increasingly understood, whether these cells share region-specific programs remains unknown. 
Here, we show that in the neocortex and thalamus, neurons and astrocytes express shared region-specific tran-
scriptional and epigenetic signatures. These signatures not only distinguish cells across these two brain regions 
but are also detected across substructures within regions, such as distinct thalamic nuclei, where clonal analysis 
reveals the existence of common nucleus-specific progenitors for neurons and astrocytes. Consistent with their 
shared molecular signature, regional specificity is maintained following astrocyte-to-neuron reprogramming. A 
detailed understanding of these regional-specific signatures may thus inform strategies for future cell-based 
brain repair.

INTRODUCTION
The development of neuronal diversity is central for the organization 
and function of the central nervous system (CNS). This diversity is 
largely determined by specific transcriptional programs already ex-
pressed at the progenitor stage (1–7). These programs can undergo 
temporal regulation, allowing for sequential generation of different 
progeny from the same original progenitor (4, 8). The most drastic 
case of this temporal regulation occurs at the switch of progenitors 
from neurogenic to gliogenic competence (9). Moreover, transcrip-
tional programs are also diversified across brain regions to reflect 
the positional identity of the progenitors. Pioneering work in the 
spinal cord suggests that the diversification of astrocytes might fol-
low the same organizing principle of positional identity (10,  11). 
This notion has recently received further support by clonal analyses 
and single-cell transcriptomics that unveiled highly characteristic dis-
tributions of heterogeneous astroglia within and across brain regions 

(12–15). However, given that neurons and astroglia are generated 
from the same germinal zones, they could share common molecular 
signatures, reflecting their origin and potentially acting to coordi-
nate region-specific developmental features. Here, we address this 
possibility and report that thalamic and cortical astrocytes exhibit 
region-specific transcriptional and epigenetic signatures, which are 
shared with the neurons generated within the same thalamic or cor-
tical progenitor domain but not beyond. These shared signatures 
confer a remarkable degree of regional specification for astrocyte-
to-neuron reprogramming induced by the proneural factor Neuro-
genin 2. Last, manipulating the regional-specific code in defined 
astrocyte populations redirects reprogramming toward neurons of 
different, yet predictable, regional identity.

RESULTS
Shared gene expression signatures between astroglia 
and neurons
To test the hypothesis that astrocytes and neurons generated within 
the same brain region share molecular signatures unique to this re-
gion, we set out to identify differentially expressed genes (DEGs) 
between astrocytes of the thalamus and cortex, performed a similar 
analysis between thalamic and cortical neurons, and then searched 
for potential overlap among the two sets of DEGs. Toward this, we 
performed bulk RNA sequencing (RNA-seq) on astrocytes isolated 
from the thalamus [comprising dorsolateral geniculate (dLG), ventral 
posteromedial (VPM), and ventromedial geniculate (MGv) nuclei] 
and primary somatosensory cortex (S1) using astrocyte reporter 
mice (Gfap::Gfp) (16) at postnatal day 7 (P7) (Fig. 1A and fig. S1A) 
after the peak of astrogenesis (17). As for the analysis of neurons, we 
performed RNA-seq on neurons isolated from the thalamus at P0 
using a Gbx2-CreER::Tomato-floxed thalamic reporter mouse, where 
early postmitotic thalamic neurons are labeled (fig. S1B) (18). By 
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intersectional analysis within these astrocytic datasets, we first iden-
tified genes specifically expressed by astrocytes irrespective of their 
region of origin (e.g., Aqp4 and Aldh1l1; fig. S1C). As for neurons, 
we used canonical genes conserved in all neuronal subtypes (e.g., 
Rbfox3 or Nefm; fig. S1C) [see (19–21)]. The unambiguous expres-
sion pattern of these genes support the specificity of the Gfap::Gfp 
and Gbx2-CreER::Tomato-floxed mouse lines used for isolation of 
astrocytes and thalamic neurons, respectively (fig. S1, A to D). A 
principal components analysis (PCA) revealed that thalamic and 

cortical astrocytes clustered according to their anatomical origins 
(Fig. 1B). Moreover, a differential expression analysis (DEA) revealed 
1675 versus 1287 DEGs enriched in the thalamus and cortex, respec-
tively (Fig. 1C). Among the DEGs enriched in each population, we 
identified several genes, including transcription factors, that are 
known to be highly expressed in neurons of the respective regions 
(Fig. 1D and table S1) (20, 22). This prompted us to perform Gene 
Ontology (GO) overrepresentation and gene set enrichment analy-
ses (GSEA) of the DEGs between thalamic and cortical astrocytes, 

Fig. 1. Astrocytes show region-specific transcriptomic profiles. (A) Schematic of the RNA-seq experiments for cortical and thalamic astrocytes. Astrocytes from P7 
Gfap::Gfp mice were fluorescence-activated cell sorting (FACS)–purified and sequenced. Right, images showing the thalamus and cortex of a Gfap::Gfp mouse at P7. 
(B) Principal components analysis (PCA) of the transcriptomes of astrocytes (As) from the thalamus (Th), including dLG (n = 5 samples), VPM (n = 4), and MGv (n = 4), and 
cortex (Ctx, n = 4) at P7. (C) Heatmap of z score normalized regularized logarithm (Rlog) expression and unbiased clustering of significantly DEGs between thalamic (As-Th) 
and cortical astrocytes (As-Ctx). Each row represents a gene, the columns are biological replicates, and the color code represents the normalized expression for up-regulated 
genes in yellow versus down-regulated genes in purple. (D) MA plot displaying DEGs. Blue and light gray dots represent thalamic and cortical DEGs with their mean 
normalized counts, respectively. Dark gray dots represent genes that failed to give a significant result. (E) Enrichment plots from the GSEA of two specific GO terms related 
to the thalamic and cortical formation. (F) GO biological process (BP) enrichment analysis of significantly DEGs in thalamic and cortical astrocytes and associated gene 
networks. The size of every node (enriched term) represents the number of genes enriched and the color code (yellow, high expression; purple, low expression) corre-
sponds to the log2FC in DE analysis. In (A), scale bars, 400 m.
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which revealed marked differences in developmental programs and 
distinct region-specific molecular pathways that have been previously 
associated with neurons from these regions (Fig. 1, E and F). To 
unveil region-specific genes shared among astrocytes and neurons of 
the corresponding regions, we first identified the most highly DEGs 
enriched in thalamic and cortical neurons, by comparing RNA-seq 
data of neurons isolated at P0 from a thalamic reporter line (Gbx2-
CreER::Tomato-floxed) (18) with a published dataset of P1 cortical 
neurons (Fig. 2A) (20). We found that genes specifically enriched in 
thalamic or cortical neurons were substantially overrepresented 
among DEGs in thalamic or cortical astrocytes, respectively. Among 
the 400 most DEGs in thalamic neurons, only 6% were shared with 
cortical astrocytes, whereas 32.75% of these genes were significantly 
expressed by thalamic astrocytes, albeit typically at a lower level (in-
cluding Gbx2, Ror, or Tcf7l2; Fig. 2, B to D, and fig. S1, E to K). A 

significant overlap in gene expression was also observed for cortical 
neurons and cortical astrocytes (17.5%), where genes such as Fezf2 
or Foxg1 were identified in both populations. Overlap in gene ex-
pression was notably lower between cortical neurons and thalamic 
astrocytes (4.5%; Fig. 2, B to D).

Next, we interrogated the overlap in expression of region-specific 
genes between neurons and astrocytes at the single-cell level by an-
alyzing an independent, published dataset containing single-cell 
transcriptomes of thalamic and cortical neurons and astrocytes from 
juvenile/young adult mice (fig. S2; fig. S3, A and B; and table S2) 
(23). The analysis of these single-cell data fully confirmed the exis-
tence of region-specific gene expression programs shared between 
astrocytes and neurons of thalamic and cortical origin, respectively 
(Fig. 2, E to G, and fig. S3, C to G). Notably, among the DEGs at the 
single-cell level shared between neurons and astrocytes (247 for the 

Fig. 2. Astrocytes and neurons share region-specific transcriptome profiles. (A) Schematic of the RNA-seq experiments for comparing thalamic and cortical neurons. 
Thalamic neurons were obtained from Gbx2-Cre::Tomato-floxed P0 mice and cortical neurons from publicly available datasets (20). Ns-Th included dLG (n = 4), VPM (n = 4), 
and MGv (n = 3), and Ns-Ctx (n = 6). (B) Venn diagram showing the genes that overlap between astrocytes (As) and neurons (Ns) in both the thalamus and cortex. Bar plots 
represent the percentage of the enriched genes shared between populations. (C) Heatmap showing overlapping genes between As and Ns in the thalamus and cortex. 
(D) Box plots showing expression levels of selected region-specific genes shared between neurons and astrocytes of the thalamus (top) or the cortex (bottom). TPM, 
transcripts per million. (E) Heatmap of the z score of average expression levels of DEGs at the single-cell level, identified by comparing cell types among different regions 
of origin (As-Th versus As-Ctx; Ns-Th versus Ns-Ctx) from publicly available data (23). (F) Comparison matrix of the number of shared specific gene lists between As and Ns 
datasets of every specific region. Color code according to significance of overlap. (G) Schematic of the main conclusion of the experiments. Data are plotted with box-and-
whisker plots, which give the median, 25th and 75th percentiles, and range. Dots in (D) represent every single value.
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thalamus and 442 for the cortex), we found numerous genes known 
to confer regional neuronal identity (e.g., Ror, Tcf7l2, Fezf2, or Foxg1), 
as observed in the bulk RNA-seq dataset. These single-cell data demon-
strate that the shared region-specific transcriptional signature is not 
a transient developmental feature but maintained well beyond the 
first postnatal week.

Last, we conducted two additional experiments to validate the 
expression of region-specific “neuronal” genes in astrocytes. First, 
we performed fluorescence in situ hybridization (FISH) in fixed 
slices from Gfap::Gfp brains at P7 and confirmed the expression, in 
a region-specific manner, of shared genes in astrocytes (GFP+ cells) 
(fig. S4, A and B). This expression was mainly found at the level of 
mRNA, as the corresponding proteins were only detected in a low 
percentage of the astrocytes, at least for the genes analyzed (fig. S4C), 
which suggests that posttranscriptional regulations might take place 
(24). Second, we isolated, purified, and cultured astrocytes from the 
thalamus or cortex and performed quantitative polymerase chain 
reaction (qPCR) for region-specific genes, confirming the expres-
sion of shared genes in astrocytes (fig. S4, D and E). Thus, single-cell 
RNA-seq (scRNA-seq), FISH, and qPCR provide strong support for 
the specificity of the detection of neuronal genes in astrocytes, argu-
ing against neuronal contamination of the astrocyte datasets.

We next asked whether region-specific gene expression programs 
can be identified at the level of individual regional subdivisions 
such as those of sensory thalamic nuclei. Thus, we compared the 
transcriptomes of astrocytes and neurons from the three main sen-
sory thalamic nuclei (dLG, VPM, and MGv; Fig. 3A). PCA identi-
fied three well-defined clusters corresponding to each nucleus in 
both astrocytes and neurons, supporting the notion that the identity 
of each thalamic nucleus is encoded transcriptionally in a cell type–
independent manner (Fig. 3, B and C). Hence, the nucleus-specific 
DEGs of astrocytes exhibited a significant overlap with those of the 
neurons from the same nucleus (e.g., Sp9 for dLG or Crabp2 for 
MGv; Fig. 3, D and E, and tables S3 and S4), although the expression 
levels of these genes were notably lower in the astrocytic popula-
tions (Fig. 3F). Our single-cell data analysis also revealed a region-
specific pattern of shared genes between astrocytes and neurons 
along the anteroposterior axis of the cerebral cortex (fig. S5 and ta-
ble S5), supporting a generalization of the existence of region- and 
subregion-specific shared transcriptional programs between these 
two major cell types in the mouse brain.

Thalamic progenitor clones are nucleus specific
Next, we investigated whether the significant gene expression overlap 
between postmitotic astrocytes and neurons from the same region 
reflects a common clonal origin during embryonic development. 
This would imply that within the thalamus, cells belonging to the 
same clone should not disperse beyond nuclear boundaries. To test 
this hypothesis, we first analyzed the distribution of astrocytes orig-
inating from single clones across thalamic sensory nuclei. We tracked 
astrocyte clones arising from embryonic day 11.5 (E11.5) progeni-
tors by electroporating a battery of plasmids encoding distinct flu-
orophores under the control of the Gfap promoter, following 
transposase-mediated integration (“StarTrack”) (12), and analyzed the 
dispersion of each clone at P8 (Fig. 4, A and B, and fig. S6A). This 
revealed that clonally related astrocytes remain within the boundaries 
of a given nucleus with little dispersion to other nuclei, even in the 
case of larger clones (>10 cells) (Fig. 4C and fig. S6, B and C). Next, 
we addressed the question of whether thalamic progenitors that 

generate astrocytes also produce neurons and, if so, whether these 
neurons stay within the same nuclear boundaries as their sibling 
astrocytes. Thalamic clones containing neuronal and/or nonneuro-
nal cells were tracked by using the same set of fluorophores under 
the control of a ubiquitously expressed promoter (Fig. 4, D and E, 
and fig. S6, D and E) (25). While we found 39% of clones consisting 
only of neurons or glia, the majority (61%) were mixed, containing 
similar proportions of neurons and glia (Fig. 4F and fig. S6F). We 
found that mixed clones covered territories that largely respected 
nuclear boundaries, although neurons exhibited a wider range of 
dispersion (Fig. 4, G and H, and fig. S6G), extending and confirm-
ing previous studies (26, 27). Our data suggest that the overlap in 
region-specific gene expression between neurons and astrocytes of 
each sensory thalamic nucleus is the result of their common clonal 
origin together with the limited spatial dispersion of clonally related 
cells and may indicate that positional information is retained from 
an early progenitor stage onward.

Astrocytes reprogram into region-specific neurons
Since forebrain astrocytes and neurons share region-specific gene 
expression, we hypothesized that such molecular signature could 
instruct transcription factor–induced reprogramming of astrocytes 
toward an identity akin to their sibling neurons. To test this hypothesis, 
we injected a retrovirus encoding the proneural gene Neurogenin 2 
(Neurog2) and the cell death regulator Bcl2 (28) into the somatosensory 
cortex and thalamus of P3 mice (Fig. 5A). At this developmental stage, 
retroviruses only transduce proliferative glia (17). Transduction 
with a retrovirus encoding Bcl2 and Gfp alone, as control, resulted 
in labeling of glial cells. In contrast, transduction with Neurog2- and 
Bcl2-encoding retrovirus resulted in the appearance of numerous 
induced neurons (fig. S7, A and B). Time course analysis of the 
transduced cells demonstrated the gradual reprogramming of glia 
into neurons via a doublecortin (DCX)–positive immature neuro-
nal stage in vivo (fig. S7, C to H). At 3 days post infection (dpi), the 
vast majority of the transduced cells (GFP+) were positive for the 
astrocytic marker Aldh1l1 and negative for the neuronal markers 
NeuN and DCX. Furthermore, we found that more than 90% of the 
transduced cells were also positive for 5-bromo-2′-deoxyuridine 
(BrdU), revealing that they are proliferating cells at the time of ret-
roviral transduction (fig. S7D). After 7 and 14 dpi, the number of 
transduced cells positive for DCX or NeuN increased progressively. 
These DCX- or NeuN-positive cells were also BrdU positive, demon-
strating again that they had been generated by the time of retroviral 
transduction and that DCX expression was not a result of reexpres-
sion in embryonically generated neurons (fig. S7, E to H). Consistent 
with our hypothesis, in  vivo induced neurons expressed markers 
specific for a thalamic (Lef1 and Ror) or cortical (Tbr1 and Ctip2) 
neuronal identity despite the fact that they were induced with the 
same transcription factor (Fig. 5, B and C).

Our data suggest that reprogramming of astrocytes into region-
specific neurons is a consequence of their shared gene expression 
through a common lineage. However, it does not exclude the possi-
bility that region-specific reprogramming is influenced by environ-
mental signals provided by other local cells. To test this, we cultured 
astrocytes from the thalamus and cortex and examined their newly 
acquired neuronal identity for region-specific gene expression fol-
lowing reprogramming by Neurog2 (fig. S8, A and B). As observed 
in vivo, thalamic and cortical induced neurons exhibited signatures 
of the thalamus and cortex, respectively, as shown by the differential 
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expression of thalamic markers such as Slc17a6 (vGlut2), Ror, Gbx2, 
Pou2f2, or Lef1 or cortical markers such as Tbr1 or Ctip2 (fig. S8, C 
to G). To exclude a prominent role of the environment in specifying 
the regional identity of induced neurons, we cocultured thalamic or 
cortical astrocytes undergoing reprogramming with neurons or as-
trocytes from the cortex or thalamus, respectively. Neurons induced 
from thalamic astrocytes expressed thalamic markers, irrespective 
of whether they had been cultured alone or with cortical cells. Con-
versely, cortical astrocytes gave rise to neurons expressing cortical 
markers irrespective of the culture conditions (Fig. 5, D to F). These 
experiments revealed that the regional identity of induced neurons 
is largely cell autonomous.

Last, as astrocytes and neurons from distinct thalamic sensory 
nuclei share expression of nucleus-specific genes, we hypothesized 
that reprogramming of thalamic astrocytes may yield neurons with 
nucleus-specific signatures. To this end, we isolated and reprogrammed 
astrocytes from dLG, VPM, and MGv in vitro with Neurog2 (Fig. 5G). 

We found that induced neurons derived from dLG astrocytes expressed 
dLG-specific genes Sp9 and Hs6st2, while those derived from MGv 
astrocytes expressed MGv-specific genes Crabp2 and Tshz1. Last, in-
duced neurons of VPM astrocyte origin expressed the VPM marker 
Cck (Fig. 5H) (22). Together, these results show that Neurog2 trig-
gers specific neuronal gene expression in astrocytes that reflects 
their place of origin.

Gbx2 respecifies cortical astrocytes toward thalamic fate
The aforementioned results strongly suggest that transcriptional sig-
natures shared between neurons and astrocytes drive the regional 
specification of the latter during neuronal reprogramming. To di-
rectly test this, we examined whether coexpression of a thalamic fate 
determinant Gbx2 (29), a factor being shared between astrocytes 
and neurons of the thalamus, could induce an early and fast redirec-
tion of neuronal reprogramming of cortical astrocytes toward a tha-
lamic identity (Fig. 6A). Whereas in cortical astrocytes, expression 

Fig. 3. Sensory-modality thalamic astrocytes and neurons express common specific genes for every nucleus. (A) Schematic of the RNA-seq experiments for com-
paring neurons and astrocytes from the sensory thalamic nuclei (dLG, VPM, and MGv) and main conclusion obtained. (B) PCA of transcriptomes from astrocytes (As) iso-
lated from the distinct sensory-modality thalamic nuclei [dLG (n = 5), VPM (n = 4), and MGv (n = 4)] at P7. (C) PCA of transcriptomes of neurons (Ns) from the distinct 
sensory-modality thalamic nuclei [dLG (n = 4), VPM (n = 4), and MGv (n = 3)] at P0. (D) Left, comparison matrix of the number of shared specific gene lists between neurons 
and astrocytes datasets of every thalamic nuclei. Color code according to significance of overlap. Right, bar plots representing the percentage of gene overlap between 
As and Ns from each thalamic nucleus. (E) Heatmap showing the overlapping DEGs between As and Ns in each nucleus. Each column represents a biological replicate and 
the color code represents the z score normalized expression (up-regulated genes in yellow, down-regulated genes in purple). (F) Box plots showing expression levels of 
nuclei-specific shared genes between astrocytes and neurons in the distinct sensory-modality thalamic nuclei. TMP, transcripts per million. Data are plotted with box-and-
whisker plots, which give the median, 25th and 75th percentiles, and range. Dots in (F) represent every single value. ***P < 0.0005.
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of Neurog2 for 2 days induced the expression of the cortical neuron 
fate determinants Tbr1 and Ctip2, coexpression of Gbx2 strongly sup-
pressed this. Moreover, combined expression of Neurog2 and Gbx2 
increased thalamic signature genes such as Pou2f2 and Slc17a6 (vGlut2) 
in cortical astrocytes (Fig. 6B). These data provide strong support 
for the partial redirection of neuronal reprogramming toward a tha-
lamic identity (Fig. 6C). In thalamic astrocytes, by contrast, Neurog2 
sufficed for inducing significant expression of Pou2f2 and Slc17a6 
expression (Fig. 6B). Genes that displayed differential regulation by 
Neurog2 with or without Gbx2 (Slc17a6, Pou2f2, Tbr1, and Ctip2) 
exhibited an epigenetically poised state in cortical or thalamic astro-
cytes, as determined by the ratio of active (H3K4me3) and repres-
sive (H3K27me3) histone marks in their proximal regulatory elements 
(Fig. 6D and figs. S9, A to C, and S10, A and B). In contrast, non-
responsive genes (Fezf2, Ror, and Lef1) exhibited origin-dependent 
baseline expression both transcriptionally and epigenetically in 
thalamic and cortical astrocytes (Fig. 6, B to D; fig. S9, A to C; and 
fig. S10, A and B).

Last, we addressed the question of whether a similar epigenetically 
poised state might explain the differential induction of nuclei-specific 
neuronal genes in astrocytes of distinct thalamic territories. To this 
end, we first compared basal expression levels and presence of ac-
tive (H3K4me3) and repressive (H3K27me3) epigenetic marks at 
proximal regulatory elements of these genes, known to be differen-
tially expressed in dLG, VPM, and MGv neurons (Fig. 3) (22). In-
triguingly, irrespective of the baseline expression level, these genes 
exhibited an active (Sp9, Crabp2, and Tshz1) or poised/less repressed 
(Hs6st2 and Cck) epigenetic state of their proximal regulatory ele-
ments, consistent with their nuclear origin (Fig. 6E and figs. S9D 
and S10, C and D). Nucleus-specific epigenetic priming might ex-
plain the observed differential transcriptional responsiveness to Neurog2 
of genes whose levels of transcription are indistinguishable across 
nuclei before reprogramming. Future genome-wide analysis will be 
required to reveal the general importance of epigenetically poised 
states in dictating the region-specific gene expression following 
reprogramming.

Fig. 4. Clonally related astrocytes and neurons remain within the same nuclear boundaries. (A) Experimental design for the analysis of astrocytic clones in the 
sensory nuclei (dLG, VPM, and MGv). A cocktail of integrative plasmids encoding six different fluorescent proteins under the Gfap promoter (GFAP-StarTrack) was electro-
porated in the third ventricle at E11.5. (B) Thalamic astrocytes labeled with the GFAP-StarTrack constructs at P8. Insets show the expression of each fluorescent reporter 
in a dLG astrocyte clone (white square). (C) Quantification of the dispersion of the clonally related astrocytes (n = 320 clones from five electroporated animals). (D) Exper-
imental design for the study of neuronal and nonneuronal clonal cells with the UbC-StarTrack constructs. (E) Example of a neuron (white arrows) and two astrocytes 
(purple arrows) from the VPM coming from the same progenitor, thus sharing the same color code. (F) Three types of clones were analyzed clones based on their cell-type 
composition: mixed clones (containing neurons and nonneuronal cells), clones with neurons only, or clones with nonneuronal cells only (n = 4 electroporated animals). 
(G) Quantification of the dispersion of clonally related neuronal and nonneuronal cells from mixed clones, in the different thalamic sensory nuclei (n = 130 clones from 
four electroporated animals). (H) Schema representing the specificity in the nuclei-dependent localization of clonal cells. Cells coming from the same progenitor are 
colored with the same color. Note that most clonally related cells respect the nuclei segregation and only few cells are dispersed. Data are plotted with box-and-whisker 
plots, which give the median, 25th and 75th percentiles, and range. Scale bars, 100 m. ns, not significant; *P < 0.05, **P < 0.005, and ***P < 0.0005.
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DISCUSSION
Using genome-wide analysis, we show that astrocytes of different brain 
regions actively transcribe genes that also correspond to regional genes 
in neurons. This remarkable relatedness between astrocytes and neu-
rons from the same brain region correlates with their shared clonal 
origin, as shown for distinct sensory nuclei of the thalamus. Further-
more, region-specific molecular signatures create a strong bias in-
trinsic to astrocytes toward generating neurons of matching regional 
identity when reprogrammed by the proneural factor Neurog2. This 
latter finding is in line with reprogramming of cortical astrocytes 
into neurons with layer-specific properties in vivo (30), where a tight 
lineage relationship between starting and target cell is likely to exist. 
The transcriptional context of the starting cell might even account 
for acquisition of specific neuronal fates where region-specific de-
terminants may be expressed more coincidently, such as fibroblast 
conversion into retinal photoreceptors (31).

Despite their common developmental origin, neurons and astro-
cytes constitute cell types easily distinguishable by their morpholog-
ical and electrophysiological properties. However, our study reveals 
that these two cell types show an unexpected overlap in the expres-
sion of genes that confer regional identity. Such overlap can be 
found at the single-cell level and extends into adulthood. Among 
the shared genes, there was a substantial amount of transcription 
factors, many of which play well-described roles in neuron subtype 
specification (e.g., Gbx2, Lef1, Fefz2, and Tbr1) (29, 32–34). The phys-
iological function in astrocytes of the shared region-specific genes 
remains to be determined. Future experiments should decipher 
whether these genes may adopt different functions in astrocytes as 
compared to neurons or whether their shared expression might act 
as a code to facilitate region-specific interactions of astrocytes with 
their sibling neurons (35). While these scenarios are not mutually 
exclusive, the latter may provide an attractive mechanism by which 

Fig. 5. Astrocytes are reprogrammed into region-specific neurons. (A) Experimental design for the in vivo reprogramming. Retrovirus encoding Neurog2 and Bcl2 or 
only Bcl2 were injected in the thalamus and cortex of P3 animals. (B) Immunofluorescence for thalamic and cortical markers in iNs reprogrammed from cortical or thalamic 
astrocytes in vivo. (C) Percentage of iNs expressing thalamic or cortical markers after reprogramming in vivo (n = 4 to 6 injected mice). (D) Experimental design for assess-
ing the influence of the environment on the induced neurons identity. Isolated cortical or thalamic astrocytes were infected and then cocultured with thalamic or cortical 
astrocytes or neurons. (E) Immunostaining for the thalamic marker Ror in cortical or thalamic iNs (RFP+/Tuj1+) in the different conditions. (F) Quantification of the per-
centage of iNs generated from cortical or thalamic astrocytes that express vGlut2, Ror, Tbr1, or Ctip2 in control conditions or when mixed with astrocytes or neurons from 
the thalamus or the cortex, respectively (n = 6 to 14 independent cultures per condition). (G) Left, experimental design. Astrocytes from dLG, VPM, and MGv were isolated, 
cultured, and infected with Neurog2 retrovirus. Right, image of an iN from dLG astrocytes at 10 days post infection (dpi). (H) Reverse transcription (RT)–qPCR showing the 
expression of specific neuronal genes in the iNs after 10 dpi (n = 10 to 14 independent cultures per condition). Data are plotted with box-and-whisker plots, which give 
the median, 25th and 75th percentiles, and range. Dots in (C) represent every single value. Scale bars, 100 m in (B) (insets, 25 m) and 25 m in (E) and (G). *P < 0.05, 
**P < 0.005, and ***P < 0.0005.
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neurons could modulate the spatial distribution of astrocytes (13). 
Our clonal analyses reveal that neurons and sibling astrocytes orig-
inating from the same thalamic progenitor clone populate very similar 
territories, respecting boundaries among thalamic nuclei, extend-
ing earlier observations of the existence of nucleus-specific progen-
itor domains in the thalamus (26, 27, 36). Recent single-cell spatial 
transcriptomic mapping has revealed that in the cortex, astrocytes 
exhibit heterogeneity that does not follow neuronal layering (13). 

However, it is not shown whether neurons and astrocytes populat-
ing the same neuronal layer are more likely to be clonally related 
than those of distinct layers. Nevertheless, cortical regional identity 
is clearly computed along the anteroposterior and mediolateral axes 
(19), and, indeed, our single-cell data analysis shows that gene ex-
pression profiles are shared by astrocytes and neurons along the 
anteroposterior and mediolateral axes and, thus, it may serve as a 
mechanism to impart cortical areal identity also to astrocytes, as 

Fig. 6. Poised epigenetic state of region-specific gene expression in astrocytes. (A) Experimental design. Astrocytes from the thalamus and cortex were cultured and 
infected with either Neurog2-i-Gfp retrovirus alone or both Neurog2-i-Gfp and Gbx2-i-DsRed. After 2 days, astrocytes were FACS-purified based on the presence of the re-
porter protein in three groups (noninfected, infected only with Neurog2, or infected with Neurog2 and Gbx2). (B) Quantification of specific gene expression by RT-qPCR in 
astrocytes in basal conditions and 2 days after the overexpression of Neurog2 alone or with a thalamic-specific gene (Gbx2) (n = 6 to 14 independent cultures per condi-
tion). Data are means ± SEM. (C) Schematic conclusion of the experiment. (D) Astrocytes from the thalamus and cortex were isolated, and the expression levels of some 
region-specific genes were assessed by RT-qPCR or ChIP-qPCR. Box-and-whisker plots represent the basal expression levels of the studied genes in thalamic and cortical 
astrocytes (left axis), and dots show the means ± SEM of the epigenetic state of the promoter of those genes, in terms of the presence of two histone marks, H3K4me3 and 
H3K27me3 (right axis) (n = 12 to 23 independent ChIP samples per condition). The red dashed line indicates the point where H3K4me3 and H3K27me3 marks are present 
at the same level. (E) Box-and-whisker plots showing the H3K4me3 and H3K27me3 ratio in vitro (left axis) (n = 14 to 18 independent ChIP samples per condition) and the 
basal in vivo expression of neuronal specific genes in thalamic astrocytes from each nucleus (right axis). ns, not significant; *P < 0.05, **P < 0.005, and ***P < 0.0005.
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observed in the thalamus. Most likely, different dimensions of gene 
expression patterns underlie the unexpected molecular and spatial 
heterogeneity of astrocytes in the CNS.

It seems plausible that the shared region-specific gene expression 
is accounted for by epigenetic signatures inherited from a common 
progenitor and maintained throughout postmitotic development. 
Our data provide evidence for region-specific differences in the epi-
genetic state of regulatory elements of these genes in cortical and 
thalamic astrocytes, even up to the level of thalamic nuclear divi-
sions. Conversely, these region-specific genes apparently escape the 
long-term epigenetic repression that occurs at neuronal gene loci at 
the developmental switch from neurogenesis to gliogenesis (37, 38). 
The epigenetic configuration at region-specific genes might func-
tion as a latent mechanism to keep some neuronal expressed genes 
in a “poised state” in astrocytes, which may become activated by 
reprogramming factors such as shown here. The fact that epigenetic 
configurations are heritable through cell divisions (4, 38, 39) might 
confer astrocytes with a specific and long-lasting regional differen-
tiation potential as may occur during injury-induced neurogenesis 
(40, 41). Last, the fine-grained heterogeneity of astrocytes between 
and within brain regions [this study and (10, 13)] may provide a 
basis for reconstructing diseased brain circuits that require the gen-
eration of multiple neuron types (30, 42), with a minimal number of 
molecular manipulations.

MATERIALS AND METHODS
Mouse strains
All transgenic animals used in this study were maintained on ICR/
CD-1, FVB/N-Tg, or C57BL/6J genetic backgrounds and genotyped 
by PCR. The day of the vaginal plug was stipulated as E0.5. The 
Gfap::Gfp line (16) (the Jackson Laboratory, stock number 003257) 
was in an FVB/N-Tg genetic background, the Gad67::Gfp line (43) 
was in C57BL/6J, and the R26tdTomato Cre-dependent line (the Jackson 
Laboratory, stock number 007908) and the Gbx2CreERT2/+ mouse line (18) 
were in an ICR/CD-1 genetic background. Tamoxifen induction of Cre 
recombinase in the double-mutant embryos (Gbx2CreERT2/+::R26tdTomato) 
was performed as previously described (44). The Committee on Animal 
Research at the University Miguel Hernández approved all the ani-
mal procedures, which were carried out in compliance with Spanish 
and European Union regulations.

Isolation of astrocytes and neurons for RNA-seq
The brains (four brains were pooled for each sample) were extracted 
in ice-cold KREBS solution and cut in the vibratome in 300-m slices, 
and cells were dissociated as in a previous publication (22). Thalamic 
nuclei (dLG, VPM, and MGv) and somatosensory cortex (S1) were 
dissected and pooled in cold dissociation medium [20 mM glucose, 
0.8 mM kynurenic acid, 0.05 mM d,l-2-amino-5-phosphonovaleric 
acid (APV), penicillin (50 U/ml), streptomycin (0.05 mg/ml), 0.09 M 
Na2SO4, 0.03 M K2SO4, and 0.014 M MgCl2]. The tissue was trans-
ferred to sterile conditions and enzymatically digested in dissociation 
medium supplied with l-cysteine (0.16 mg/ml) and 70 U papain 
(Sigma-Aldrich) set to pH 7.35, at 37°C for 30 min with repeated 
shaking. The enzyme was then inhibited with dissociation medium 
containing ovomucoid (0.1 mg/ml) (Sigma-Aldrich) and bovine se-
rum albumin (BSA) (0.1 mg/ml) set to pH 7.35, at room tempera-
ture. Tissue was transferred to iced Opti-MEM (Life Technologies) 
supplied with 20 mM glucose, 0.4 mM kynurenic acid, and 0.025 mM 

APV and mechanically dissociated until a single-cell suspension was 
obtained. Cells were concentrated by centrifugation with 850 rpm 
for 5 min and filtered through a cell strainer (BD Falcon). The ge-
netically labeled live cells were separated based on green or red flu-
orescence intensity using fluorescence-activated cell sorting (FACSAria 
III, BD). FACS-purified cells were collected directly in lysis buffer of 
the RNeasy Micro Kit (Qiagen, no. 74004) that was used to recover 
total RNA according to the manufacturer’s instructions. RNA qual-
ity for all samples was measured on an Agilent Bioanalyzer 2100 sys-
tem. All samples with RNA Integrity Number (RIN) > 7 were used 
as input to library construction.

Library preparation and RNA-seq
Library construction and sequencing were performed at the CNAG-
CRG (Centro Nacional de Análisis Genómico) genomics core facility 
(Barcelona, Spain). Briefly, cDNA multiplex libraries were prepared 
using SMARTer Ultra Low RNA Kit v4 (Takara, no. 634894) and 
NEBNext Ultra DNA Library Prep for Illumina according to the 
manufacturer’s instructions (NEB, no. E7645). Libraries were sequenced 
together in a single flow cell on an Illumina HiSeq 2500 platform 
using v4 chemistry in 1 × 50 bp (base pair) single-end mode. A min-
imum of 25 million reads were generated from each library.

Bioinformatic analysis of the RNA-seq
RNA-seq analyses were performed as previously described (45) with 
minor modifications: Quality control of the raw data was performed 
with FastQC (v0.11.7) and sequenced dataset adapters were trimmed 
using Cutadapt (v2.3) and Trim Galore (v0.6.1). RNA-seq reads were 
mapped to the mouse genome (GRCm.38.p6/mm10) using STAR 
(v2.7.0d), and SAM/BAM files were further processed using SAM-
tools (v1.9). Aligned reads were counted and assigned to genes using 
Ensembl release 95 gene annotation and FeatureCounts, Subread 
(v1.6.4) (46). Normalization of read counts and differential expres-
sion analyses were performed using DESeq2 (v1.22.2) and Bio-
conductor (v3.8) in the R statistical computing and graphics platform 
(v3.5.1 “Feather Spray”).

In the analysis datasets of cortical astrocytes and thalamic astro-
cytes and neurons generated for this study, significantly DEGs were 
identified using statistical significance threshold [Benjamini-Hochberg 
(BH)–adjusted P value < 0.1] and absolute log2 fold change (log2FC) > 0 
using shrunken log2FC using the adaptive t prior Bayesian shrink-
age estimator “apeglm” (tables S1, S3, and S4) (47). To identify the 
top most differentially enriched genes between cortical and thalamic 
neurons, we used data generated in this study for thalamic neurons 
(P0) and publicly available dataset for cortical neurons (P1) from a 
previously published study (GSE63482) (20). Datasets from (20) con-
sist of RNA-seq profiles of multiple classes of FACS-purified cortical 
neurons from ICR/CD-1 mice: callosal projecting neurons (CPN, 
n  =  2), corticothalamic projecting neurons (CThPN, n  =  2), and 
subcerebral projecting neurons (ScPN, n = 2) (20). Neuronal data-
sets from the cortex and thalamus were aligned from the raw se-
quence, and gene counts were generated using the same pipeline as 
indicated previously. Gene counts were normalized using the medi-
an of ratios method in DESeq2 R package, and the ratio between 
gene counts (regularized logarithm transformation of the normal-
ized counts) were used to identify the top 400 most differentially 
enriched genes between cortical and thalamic neurons. Hypergeo-
metric test (one-sided Fisher’s exact test) was performed to test in-
dependence between lists of enriched or significantly DEGs from 
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neurons and astrocytes from different brain regions and to obtain 
estimated odds ratios. RNA-seq coverage tracks for selected genes 
were generated using Integrative Genomics Viewer (IGV) (v2.4.14) 
and plotted in a 5′ to 3′ direction. Hierarchical clustering analysis 
was performed using “Manhattan” distance and “Ward.2” clustering 
method metrics to visualize significantly up-regulated and down-
regulated genes. In the functional enrichment analysis of the data-
sets from astrocytes, a more restrictive filtering criterion was used 
to detect high significantly DEG based on simultaneous threshold 
of BH-adjusted P value < 0.1 and absolute log2FC > 0.322. This anal-
ysis revealed 508 versus 444 DEGs enriched in the thalamus and 
cortex, respectively. The GO overrepresentation analysis and GSEA 
were performed using clusterProfiler (v3.10.1) (48). All enriched 
terms were considered significant at adjusted P values by BH with 
P value cutoff < 0.01 and 0.1, in the GO overrepresentation analysis 
and GSEA, respectively. The reference gene set used to perform the 
analysis was C5 (GO Biological Process) collection from the Molec-
ular Signatures Database (MSigDB) (v6.2).

Bioinformatic analysis of the scRNA-seq
We analyzed recent work from scRNA-seq to interrogate thalamic 
and cortical cellular heterogeneity (23). The sequence data are pub-
licly available at the National Center for Biotechnology Information 
(NCBI) Sequence Read Archive (SRA) under accession SRP135960 
(23). Briefly, scRNA-seq datasets (postfiltered count matrices) for 
the thalamus and cortex were downloaded from the associated wiki 
and processed with Seurat R package (v3.1.4) (49). First, we performed 
quality control analysis that confirmed that the data were of high 
quality. All cells had more than 600 detected molecules (UMIs) and 
the proportion of mitochondrial reads was below 5% for the vast 
majority of cells (see fig. S2, A and B). Next, data were preprocessed 
(log normalization and scaling) before performing linear dimen-
sional reduction (PCA). Graph-based clustering approach using the 
top 30 principal components was used to identify cell populations 
(resolution was fixed to 0.8). FindAllMarkers function with default 
parameters was used to identify gene markers for each cluster and 
to assign cell-type identity to clusters (see fig. S2, C and D).

Cortical and thalamic scRNA-seq datasets were subsequently in-
tegrated as previously described (50). The UMAP (Uniform Manifold 
Approximation and Projection) algorithm was used to nonlinear 
dimensionality reduction, visualization, and exploratory analysis of 
the datasets. Differential expression analyses between thalamic and 
cortical neurons and astrocytes were performed using the Find-
Markers function based on the nonparametric Wilcoxon rank sum 
test with the following parameters (logFC.threshold = 0.1; min.pct = 0). 
Genes with BH-adjusted P value < 0.1 were considered significantly 
differentially expressed (tables S2 and S5).

In utero electroporation of StarTrack vectors
For in utero electroporation, a procedure previously described was 
followed (51). Pregnant females (E11.5) were deeply anesthetized 
with isoflurane to perform laparotomies. The embryos were exposed, 
and the third ventricles of the embryonic brains were visualized 
through the uterus with an optic fiber light source. The combination 
of the plasmids of the StarTrack method at a final concentration of 
2 g/l was mixed with 0.1% Fast Green (Sigma-Aldrich), as previ-
ously described (12, 25). The plasmids used consisted of the coding 
sequence of six fluorescent proteins (EGFP, mCherry, mKusabian 
Orange, mTSapphire, mCerulean, and EYFP) subcloned under the 

regulation of the GFAP or UbC promoters for targeting specifically 
the astrocytes or all the cell types. Each reporter gene could be di-
rected to the cytoplasm (PB-GFAP/UbC-XFP) or to the nucleus of 
the cell by fusing it with the H2B histone protein (PB-GFAP/
UbC-H2B-XFP). Constructs were flanked by PiggyBac sequences 
to be inserted into the genome of the targeted cell by a PiggyBac 
transposase. The plasmids were injected into the third cerebral ven-
tricle by an injector (Nanoliter 2010, WPI). For electroporation, five 
square electric pulses of 45 V and 50 ms were delivered through the 
uterus at 950-ms intervals using a square pulse electroporator 
(CUY21 Edit, NepaGene Co., Japan). The surgical incision was then 
closed, and embryos were allowed to develop until P8. In the elec-
troporated animals with the UbC-StarTrack combination, tamoxi-
fen was administered at P1 as previously described (25) for removing 
nonintegrated copies of the electroporated plasmids through the 
Cre recombinase system.

Measurement of thalamic astrocytic clones
Images were acquired with an Olympus FV1000 confocal IX81 
microscope/FV10-ASW software following previously defined set-
tings (12). All the pictures were acquired with a 20× oil immersion 
objective and analyzed with ImageJ software. Only electroporated 
animals with labeled cells in the three first order thalamic nuclei (dLG, 
VPM, and MGv) were used. Then, only clones with at least three 
cells and with the presence of more than one reporter were analyzed.

First, we assigned a binary code to every cell based on the pres-
ence or absence of each reporter protein in the cytoplasm and/or 
the cellular nuclei and the expression of the neuronal marker NeuN 
in order to distinguish neurons from glial cells. Once all the cells 
had been analyzed, they were grouped on the basis of their shared 
binary code, thereby identifying those cells that originated from the 
same progenitor. Then, we quantified the distribution (in %) of cells 
belonging to the same clone across the thalamic nuclei.

Virus production
For the production of the retrovirus, Lenti-X 293T cells (catalog no. 
632180, Clontech) were plated on 5- to 10-cm dishes. Encapsulation 
plasmids containing gag-pol and vsv-g sequences (provided by 
V. Borrell) were cotransfected with the plasmid of interest using 
LipoD293 (catalog no. SL100668, SignaGen). The medium was changed 
after 5 hours, and the virus was collected after 72 hours using Lenti-X 
concentrator (catalog no. 631231, Clontech).

In vivo viral and BrdU injections
Pups at P3 were anesthetized on ice and placed in a digital stereo-
taxic. The virus was injected using an injector (Nanoliter 2010, WPI) 
in the thalamus or cortex through a small skull incision. BrdU was 
injected intraperitoneally at 50 mg/kg immediately after viral injec-
tions from stock solution (10 mg/ml).

Astrocyte primary cultures
Postnatal astroglia was cultured as previously described (52). Briefly, 
after removal of the meninges, the cortices (somatosensory and vi-
sual) and the thalamus from P4 to P6 mice were dissected and dis-
sociated mechanically in cold KREBS 1×. Subsequently, cells were 
centrifuged for 10 min at 1000 rpm, resuspended, and plated in a 
medium consisting of DMEM/F12 (Gibco), 3.5 mM glucose (Sigma-
Aldrich), 10% fetal calf serum (Gibco), 5% horse serum (Gibco), 1× 
GlutaMAX (Fisher), and antibiotic/antimycotic (100 U/l) (Fisher) 
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and supplemented with B27 2% (Gibco), epidermal growth factor 
(10 ng/ml) (EGF; Roche), and fibroblast growth factor 2 (10 ng/ml) 
(FGF2; Roche). Oligodendrocyte precursor cells were removed by 
brusquely shaking the culture flasks several times when changing 
the medium after 2 or 3 days. Cells were passaged after 1 week using 
trypsin/EDTA (Gibco) and plated on poly-d-lysine (Sigma-Aldrich) 
glass-coated coverslips at a density of 50,000 to 70,000 cells per cover-
slip (in 24-well plates; BD Biosciences) in the same medium. The 
vast majority of the cells (>90%) were positive for glial fibrillary 
acidic protein (Gfap). Nuclei-specific thalamic astrocytic cultures 
were performed similarly but with a few modifications. Brains were 
dissected out and cut in a vibratome in 300-m slices in cold KREBS 
to dissect the three principal sensory thalamic nuclei: dLG nucleus, 
the somatosensory VPM nucleus, and the auditory MGv. Thalamic 
nuclei were then mechanically dissociated and plated on six-well plates 
and passed when confluent. Astrocytes were infected with CAG-GFP-
IRES-GFP, CAG-(Flag)Neurog2-IRES-DsRed, CAG-(Flag)Neurog2-
IRES-TauGFP, or CAG-Gbx2-IRES-DsRed retroviruses. After 24 hours, 
the medium was changed by a differentiation medium containing 
DMEM/F12 (Gibco), 3.5 mM glucose (Sigma-Aldrich), 1× GlutaMAX 
(Fisher), and antibiotic/antimycotic (100 U/l) (Fisher) and supple-
mented with B27 2% (Gibco). BDNF (Sigma-Aldrich) was added at 
20 ng/ml every fourth day during the differentiation process.

Histology
For immunofluorescence of reprogrammed neurons in vitro, cultures 
were fixed with 4% paraformaldehyde (PFA) in phosphate-buffered 
saline (PBS) (0.01 M) for 10 to 15 min at room temperature. Cul-
tures were first incubated for 1 hour at room temperature in a block-
ing solution containing 2% BSA (Sigma-Aldrich) and 0.15% Triton 
X-100 (Sigma-Aldrich) in 0.01 M PBS. Subsequently, the cells were 
incubated overnight at 4°C with the primary antibodies listed in ta-
ble S6. The cells were then rinsed in 0.01 M PBS and incubated for 
2 hours at room temperature with adequate secondary antibodies 
listed in table S6. Counterstaining was performed by the fluorescent 
nuclear dye 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich).

For histology in postnatal brains, mice were perfused transcardially 
first with 0.01 M PBS and 4% PFA. Brains were kept on 4% PFA 
overnight, embedded with 3% agarose in 0.01 M PBS, and cut into 
slices of 80 m of thickness in a vibratome (Leica). For Tbr1, Ctip2, 
Aldh1l1, Ror, and Lef1 antibodies, an antigen retrieval step with 
sodium citrate was performed. For BrdU detection, slices were first 
incubated with 2 N HCl and 0.5% Triton X-100 at 37°C for 30 min, 
followed by an incubation with borax buffer at room temperature. 
Slices were incubated for 1 hour at room temperature in a blocking 
solution containing 1% BSA, 2% donkey serum, 2% goat serum, and 
0.4% Triton X-100 in 0.01 M PBS and subsequently incubated over-
night at 4°C with primary antibodies. Slices were incubated for 2 hours 
at room temperature with the appropriate secondary antibodies, 
washed, incubated with DAPI, and mounted. Images were acquired 
with a Leica DFC550 camera into a Leica DM5000B microscope, 
with an Olympus FV1000 confocal IX81 microscope/FV10-ASW 
software, or with a Zeiss confocal LSM880.

Fluorescence in situ hybridization
Gfap::Gfp brains were cut into slices of 100 m of thickness in a vi-
bratome (Leica). Slices were dehydrated, incubated for 15 min with 
2% H2O2 in EtOH at room temperature for blocking endogenous 
peroxidase, and rehydrated. Then, slices were washed first with PBS 

and 0.1% Tween 20 (PBT), then with a detergent mix [1% NP-40, 
1% SDS, 0.5% sodium deoxycholate, 50 mM tris-HCl (pH 8), 1 mM 
EDTA, and 150 mM NaCl] three times for 20 min, and postfixed 
with 4% PFA. After three washes with PBT, slices were incubated 
with prehybridization solution [50% deionized formamide, 5× SSC 
(pH 5.3), heparin (50 g/ml), tRNA (50 g/ml), single-stranded DNA 
(50 g/ml), and 0.1% Tween 20] for 1 hour at 65°C in a humid chamber 
and then incubated overnight with the corresponding probe in pre-
hybridization solution at 65°C.

The next day, slices were washed four times with prewarmed 
washing solution [50% formamide, 2× SSC (pH 5.3), and 1% SDS] 
at 65°C and four times with MABT [100 mM maleic acid, 150 mM 
NaCl, 0.19 M NaOH (pH 7.5), and 0.1% Tween 20]. Slices were then 
incubated with blocking solution [2% Blocking Reagent (Sigma-
Aldrich, no. 11096176001) in MABT] for 2 hours and then incubated 
overnight at 4°C with anti–digoxigenin-POD (Sigma-Aldrich, no. 
11207733910) diluted 1/500 in blocking solution.

Slices were washed four times with MABT and then revealed 
with TSA PLUS CYANINE 3 (Akoya, SKU NEL744001KT) diluted 
1/500 in MABT. Once revealed, slices were washed with MABT and 
then immunofluorescence was performed as described above.

Purification of total RNA and quantitative real-time PCR
For specific isolation of reprogrammed astrocytes, a previously pub-
lished method was followed (20) but with some modifications for 
cultured cells. Astrocytes from the thalamus, cortex, dLG, VPM, 
and MGv were cultured and infected with Neurog2 retrovirus, and 
after 10 days in vitro, they were collected by applying trypsin/EDTA 
(Gibco) to the plate, resuspended with culture medium, and centrifuged. 
Reprogrammed astrocytes were fixed with PFA 1% for 10 min at 
4°C, after which the PFA was quenched by adding 55 l of glycine, 
1.25 M per 500 l of PFA solution. Immunocytochemistry against 
Tuj1 and RFP was performed, and cells were separated (Tuj1+/RFP+ 
versus Tuj1−/RFP+) by a flow cytometer (BD FACSAria) based on 
their fluorescence (see schema on fig. S8, C to E). Once the cells were 
collected, they were centrifuged and incubated for 3 hours at 50°C 
with lysis buffer, their RNA was purified using TRIzol (Fisher), and 
cells were resuspended in RNase-free water.

cDNA was obtained from 1 g of total RNA using the specific 
protocol for first-strand cDNA synthesis in two-step reverse tran-
scription (RT)–PCR using the High-Capacity cDNA Reverse Tran-
scription Kit (Fisher) and stored at −20°C. qPCR was performed in 
a StepOnePlus real-time PCR system (Applied Biosystems, Foster 
City, CA, USA) using the MicroAmp fast 96-well reaction plate 
(Applied Biosystems) and the Power SYBR Green PCR Master Mix 
(Applied Biosystems). The primers used for detecting the expres-
sion of the different genes are listed in table S7. A master mix was 
prepared for each primer set containing the appropriate volume of 
SYBR Green, primers, and template cDNA. All reactions were per-
formed in triplicate. The amplification efficiency for each primer 
pair and the cycle threshold (Ct) were determined automatically by 
the StepOne Software, v2.2.2 (Applied Biosystems). Transcript levels 
were represented relative to the Gapdh signal, adjusting for the vari-
ability in cDNA library preparation.

Patch-clamp recordings of iNs
For the electrophysiological analysis, astrocytes were infected with a 
retrovirus encoding CAG-Neurog2-ires-TauGFP. After 3 weeks, cul-
tures were transferred to the recording chamber and were perfused 

 on June 15, 2021
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

http://advances.sciencemag.org/


Herrero-Navarro et al., Sci. Adv. 2021; 7 : eabe8978     7 April 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

12 of 17

with standard artificial cerebrospinal fluid (aCSF) containing the fol-
lowing: 119 mM NaCl, 5 mM KCl, 1.3 mM MgSO4, 2.4 mM CaCl2, 
1 mM NaH2PO4, 26 mM Na2HCO3, and 11 mM glucose. The aCSF 
was perfused at a rate of 2.7 ml min−1, continuously bubbled with a 
gas mixture of 95% O2 + 5% CO2, and warmed at 30° to 32°C.

Somatic whole-cell recordings were made under visual control 
using an upright microscope (Leica DM-LFSA) and a water immer-
sion (20 or 40×) objective. The intracellular solution contained the 
following: 130 mM K-gluconate, 5 mM KCl, 5 mM NaCl, 0.2 mM 
EGTA, 10 mM Hepes, 4 mM Mg-ATP, and 0.4 mM Na-GTP, pH 7.2 
adjusted with KOH; 285 to 295 mOsm. Recordings were obtained 
in current-clamp and/or voltage-clamp mode with a patch-clamp 
amplifier (MultiClamp 700A, Molecular Devices, USA). No correc-
tion was made for the pipette junction potential. Voltage and current 
signals were filtered at 2 to 4 kHz and digitized at 20 kHz with a 
16-bit resolution analog to digital converter (Digidata 1550B, Axon 
Instruments). The generation and acquisition of pulses were con-
trolled by pClamp 10.6 software (Axon Instruments). Patch pipettes 
were made from borosilicate glass [1.5 mm OD (outer diameter), 
0.86 mm ID (inner diameter), with inner filament] and had a resist
ance of 4 to 7 megohms when filled. Neurons in which series resist
ance was >30 megohms were discarded. Quantification of intrinsic 
membrane properties and spontaneous neuronal activity was per-
formed on Clampfit 10.7 (Axon Instruments). The presence of pu-
tative spontaneous excitatory postsynaptic currents (sEPSCs) was 
assessed in voltage clamp recordings at −70 mV.

In silico Neurog2 binding sites determination
In silico analysis was performed to find out Neurog2 binding sites 
across the whole genome using FIMO Motif Scanning from MEME 
Suite (v5.0.2) (53). Neurog2 transcription factor motif (NGN2_
MOUSE.H11MO.0.C) from HOCOMOCO database (v11) and mouse 
genome (GRCm38.p6 GenCode M18) were used to carry out this 
analysis. Neurog2 binding sites were annotated to genes using 
ChIPseeker (v1.18) (54) and Bioconductor (v3.8) in the R statistical 
computing and graphics platform (v3.5.1 Feather Spray). We re-
trieved genomic regions and selected binding sites [promoters, 
5′UTR (5´ untranslated region), first intron and first exon] whose 
location was ±3 kb of GENCODE annotated TSSs (transcription 
start sites) of protein-coding genes. These criteria retrieved 180,611 
putative Neurog2 binding sites belonging to 20,478 protein coding 
genes. Chromatin immunoprecipitation sequencing (ChIP-seq) cover-
age tracks for selected genes were generated using IGV (v2.4.14) 
and plotted in a 5′ to 3′ direction based on publicly available data-
sets from forebrain samples of H3K4me3 (ENCSR258YWW exper-
iment) and H3K27me3 (ENCSR070MOK experiment) histone marks 
at P0 extracted from the ENCODE Project (see fig. S9).

ChIP for H3K4me3 and H3K27me3
ChIP assays were performed following a previously published pro-
tocol (55). Cultured astrocytes from the thalamus and cortex were 
collected after 1 week in vitro when confluence is reached, centri-
fuged, and resuspended to approximately 500,000 cells. Cells were 
fixed with 1% PFA in PBS for 10  min at room temperature and 
quenched with 55 l of glycine, 1.25 M per 500 l of PFA solution 
with orbital shaking. After that, cells were lysed in 300 l of SDS 
lysis buffer (0.5% SDS, 10 mM EDTA, and 50 mM tris-HCl) supple-
mented with protease inhibitor cocktail (Roche, 11836153001), soni-
cated for 10 min in a Diagenode Bioruptor Pico, precleared with 30 l 

of washed Dynabeads (Invitrogen, 10003D), and diluted five times 
in ChIP IP buffer [20 mM Hepes, 0.2 M NaCl, 2 mM EDTA, 0.1% 
Na-DOC, 1% Triton X-100, and BSA (5 mg/ml)]. One percent of each 
sample was kept as input. Samples were divided into three tubes and 
incubated overnight at 4°C in a rotating wheel with 2.5 g per tube 
of the anti-H3K4me3 (Sigma-Aldrich, 07-473), anti-H3K27me3 
(Abcam, ab6002), or control IgG antibody. The next day, washed 
and saturated Dynabeads were added and incubated with the sam-
ples for 2 hours at 4°C. Dynabeads were washed five times with LiCl 
buffer (50 mM Hepes, 1 mM EDTA, 1% NP-40, 1% Na-DOC, and 
0.5 M LiCl) and once with TE buffer (10 mM Tris-HCl and 1 mM 
EDTA). Antibody/chromatin complexes together with the inputs 
were eluted by adding 100 l of elution buffer (50 mM NaHCO3 and 
1% SDS), 10 l of NaCl (5 M), and 1 l of proteinase K (Sigma-
Aldrich, 3115836001) to each tube and put on a thermomixer, shak-
ing at 1000 rpm at least 2 hours at 60°C. Samples and inputs were 
decross-linked by heating for 15 min at 95°C. Both samples and in-
puts were treated with RNase A (Roche, 10109142001) for 30 min at 
65°C, and the DNA was purified with phenol/chloroform and ethanol-
precipitated. Primers used for detecting the immunoprecipitated 
genomic regions are listed in table S7.

Primer design
For RNA expression analysis, Primer3 and Blast tools from NCBI 
webpage were used, using the accession numbers of the coding se-
quences of the genes of interest. For ChIP experiments, we used the 
information obtained from the in silico Neurog2 binding sites anal-
ysis and the open-source information of the ENCODE project. For 
primers design, regions on the promoters of candidate genes that 
included a putative binding site for Neurog2 and that were enriched 
in H3K4me3 and H3K27me3 signal were selected.

Quantification and statistical analysis
Statistical analysis was carried out in GraphPad Prism (v.6), Origin 
(v.8.0), and R (v3.5.1 Feather Spray) statistical computing and graph-
ics platform. Data are presented as means ± SEM or with box-and-
whisker plots, which give the median, 25th and 75th percentiles, and 
range. Statistical comparison between groups was performed using 
paired or unpaired two-tailed Student’s t test or Mann-Whitney 
U test nonparametric two-tailed test when data failed a Kolmogorov-
Smirnov or a Shapiro-Wilk normality test. For multiple comparison 
analysis, a one-way analysis of variance (ANOVA) test with Holm-
Sidak’s multiple comparisons test was used, and Kruskal-Wallis test 
with Dunn’s multiple comparisons test was used when data failed a 
Kolmogorov-Smirnov or a Shapiro-Wilk normality test. Simple effect 
analysis was performed when interaction was significant. P values < 0.05 
were considered statistically significant and set as follows: *P < 0.05, 
**P  <  0.005, and ***P  <  0.0005. In the bioinformatical analysis, 
DEGs were identified using a statistical significance threshold (BH-
adjusted P value < 0.1) and set as follows: *adj. P  <  0.1, **adj. 
P < 0.01, and ***adj. P < 0.001. No statistical methods were used to 
predetermine the sample size, but our sample sizes are considered 
adequate for the experiments and consistent with the literature. The 
mice were not randomized. The investigators were blinded to sam-
ple identity.

For Fig. 1B, PCA of astrocytes shows only the first two principal 
components, PC1 represents 59% variance and PC2 represents 15% 
variance (n = 4 Ctx, n = 4 to 5 each Th nucleus). For Fig. 1C, DE 
analysis (adj. P < 0.1, log2FC > 0; 1675 DEG As-Th versus 1287 DEG 
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As-Ctx). For Fig. 1D, DE analysis (adj. P < 0.1, log2FC > 0; 1675 
DEG As-Th versus 1287 DEG As-Ctx) (table S1). For Fig. 1E, GSEA: 
thalamus development (GO:0021794) (NES = 1.666; P = 0.028; adj. 
P = 0.074), diencephalon development (GO:00221536) (NES = 1.889; 
P  =  0.018; adj. P  =  0.052), cerebral cortex neuron differentiation 
(GO:0021895) (NES = −2.119; P = 0.002; adj. P = 0.011), and telen-
cephalon regionalization (GO:0021978) (NES = −1.879; P = 0.008; 
adj. P = 0.029) produced with a more restrictive DE analysis (adj. 
P < 0.1, log2FC > 0.322, As-Th: 508 DEGs, As-Ctx: 444 DEGs). Figure 1F 
used a more restrictive DE analysis (adj. P < 0.1, log2FC > 0.322, As-Th: 
508 DEGs, As-Ctx: 444 DEGs).

For Fig. 2B, hypergeometric test (one-sided Fisher’s exact test). 
As-Th enriched in Ns-Th ***P = 3.649224 × 10−37, OD = 4.7272; 
As-Th enriched in Ns-Ctx ns P = 0.9981097, OD = 0.5754116; As-Ctx 
enriched in Ns-Ctx ***P = 3.304775 × 10−11, OD = 2.669471, As-Ctx 
enriched in Ns-Th ns P = 0.9957097, OD = 0.5668416. Quantifica-
tion was recovered from data of RNA-seq analysis of astrocytic 
DEGs (adj. P < 0.1, log2FC > 0; 1675 DEG As-Th versus 1287 DEG 
As-Ctx) and top 400 neuronal genes. For Fig.  2E, DE analysis of 
astrocytes, Wilcoxon rank sum test (adj. P < 0.1, log2FC > 0.1, As-Th: 
549 DEGs, As-Ctx: 1106 DEGs). For the DE analysis of neurons, 
Wilcoxon rank sum test (adj. P  <  0.1, log2FC  >  0.1, Ns-Th: 2425 
DEGs, Ns-Ctx: 1845 DEGs) (table S2). For Fig. 2F, hypergeometric 
test (one-sided Fisher’s exact test). As-Th enriched in Ns-Th ***P = 
4.001415 × 10−73, OD = 5.57147; As-Th enriched in Ns-Ctx ns P = 
0.9992975, OD = 0.6456831; As-Ctx enriched in Ns-Ctx ***P = 2.066775 × 
10−159, OD = 7.142444; and As-Ctx enriched in Ns-Th ns P = 0.9962708, 
OD  =  0.7517044. Quantification was recovered from the data of 
scRNA-seq analysis of astrocytic DEGs (adj. P < 0.1, log2FC > 0.1, 
As-Th: 549 DEGs, As-Ctx: 1106 DEGs) and neuronal DEGs (adj. 
P < 0.1, log2FC > 0.1, Ns-Th: 2425 DEGs, Ns-Ctx: 1845 DEGs) 
(table S2).

For Fig. 3B, PCA shows only the first two principal components 
in astrocytes of the three thalamic nuclei, PC1 represents 41% vari-
ance and PC2 represents 24% variance (n = 4 to 5 replicates each; 
table S3). For Fig. 3C, PCA shows only the first two principal com-
ponents, PC1 represents 47% variance and PC2 represents 32% 
variance (n = 3 to 4 replicates each; table S4). For Fig. 3D, hypergeo-
metric test (one-sided Fisher’s exact test) from intersect between 
the populations of genes for the comparison of significant over-
expression in As-dLG and enriched in Ns-dLG ***P = 1.750051 × 
10−11, OD = 4.4.292546; significant overexpression in As-MGv and 
enriched in Ns-dLG ns P = 0.9956851, OD = 0.3838985; significant 
overexpression in As-VPM and enriched in Ns-dLG ns P = 0.9999685, 
OD = 0.5766173; significant overexpression in As-dLG and en-
riched in Ns-MGv ns P = 0.7531583, OD = 0.8598092; significant 
overexpression in As-MGv and enriched in Ns-MGv ***P = 3.358423 × 
10−18, OD = 3.946944; significant overexpression in As-VPM and 
enriched in Ns-MGv ns P = 1, OD = 0.3334283; significant over-
expression in As-dLG and enriched in Ns-VPM ns P = 0.8043838, 
OD = 0.7983417; significant overexpression in As-MGv and en-
riched in Ns-VPM ns P  =  0.3478912, OD  =  1.123736; significant 
overexpression in As-VPM and enriched in Ns-VPM ***P = 1.256227 × 
10−25, OD = 2.495969. Quantification was recovered from the data of 
RNA-seq analysis of astrocytic DEGs (adj. P < 0.1, log2FC > 0; 221 
DEG As-dLG, 1771 DEG As-VPM, and 278 DEG As-MGv) (table S3) 
and neuronal DEGs (adj. P < 0.1, log2FC > 0; 705 DEG Ns-dLG, 961 
DEG Ns-VPM, 1330 DEG Ns-MGv) between distinct sensory-
modality thalamic nuclei (table S4).

For Fig. 4C, Kruskal-Wallis test, with Dunn’s multiple compari-
sons test. n = 5 electroporated mice. For dLG clones, n = 59 clones: 
***P < 0.0001; dLG [confidence interval (CI): 77.24 to 87.74%] ver-
sus VPM (CI: 6.932 to 15.36%), ***P < 0.0001; dLG versus MGv (CI: 
2.909 to 9.824%), ***P < 0.0001; VPM versus MGv, ns P = 0.7795. 
For VPM clones, n = 179 clones: ***P < 0.0001; dLG (CI: 3.65 to 
7.266%) versus VPM (CI: 84.69 to 90.01%), ***P < 0.0001; VPM 
versus MGv (CI: 5.131 to 9.401%), ***P < 0.0001; dLG versus MGv, 
ns P > 0.9999. For MGv clones, n = 82 clones: ***P < 0.0001; dLG 
(CI: 0.7806 to 4.859%) versus MGv (CI: 78.39 to 88.03%), ***P < 0.0001; 
VPM (CI: 8.903 to 16.60%) versus MGv, ***P < 0.0001; dLG versus 
VPM, *P = 0.0253. For Fig. 4G, Kruskal-Wallis test, with Dunn’s 
multiple comparisons test. n = 4 electroporated animals. For dLG 
mixed clones, n = 52 clones. For all cells, ***P < 0.0001; dLG (CI: 
72.52 to 81.64%) versus VPM (CI: 13.12 to 21.29%), ***P < 0.0001; 
dLG versus MGv (CI: 3.346 to 7.865%), ***P < 0.0001. For neurons, 
***P < 0.0001; dLG (CI: 64.72 to 82.4%) versus VPM (CI: 11.40 to 
27.25%), ***P  <  0.0001; dLG versus MGv (CI: 3.305 to 10.61%), 
***P < 0.0001. For no neurons, ***P < 0.0001; dLG (CI: 57.50 to 78.95%) 
versus VPM (CI: 14.45 to 33.54%), ***P < 0.0001; dLG versus MGv 
(CI: 1.136 to 14.42%), ***P < 0.0001. For VPM clones, n = 71 clones. 
For all cells, ***P < 0.0001; dLG (CI: 9.353 to 16.29%) versus VPM 
(CI: 74.28 to 82.26%), ***P < 0.0001; VPM versus MGv (CI: 5.639 to 
11.73%), ***P < 0.0001. For neurons, ***P < 0.0001; dLG (CI: 17.88 
to 33.37%) versus VPM (CI: 54.55 to 71.69%), ***P < 0.0001; VPM 
versus MGv (CI: 4.817 to 17.69%), ***P < 0.0001. For no neurons, 
***P < 0.0001; dLG (CI: 0.7925 to 7.465%) versus VPM (CI: 74.88 to 
90.40%), ***P < 0.0001; VPM versus MGv (CI: 5.491 to 19.11%), 
***P < 0.0001. For MGv clones, n = 7 clones. For all cells, ***P < 0.0001; 
VPM (CI: 6.127 to 33.87%) versus MGv (CI: 44.95 to 87.91%), 
**P = 0.0099; dLG (CI: 1.42 to 25.72%) versus MGv, **P = 0.0011. 
For neurons, ns P = 0.7463; VPM (CI: −2.264 to 68.93%) versus 
MGv (CI: 0.3102 to 85.40%), ns P > 0.9999; dLG (CI: −10.49 to 
58.11%) versus MGv, ns P = 0.8395. For no neurons, *P = 0.0167; 
VPM (CI: −7.477 to 28.91%) versus MGv (CI: 35.05 to 107.8%), 
*P = 0.0209; dLG (CI: −16.73 to 52.45%) versus MGv, *P = 0.0354.

For Fig.  5C, Mann-Whitney U test nonparametric two-tailed 
test. For Lef1, **P = 0.0065, n = 6 mice (265 iNs in Th and 103 iNs 
in Ctx); for Ror, *P = 0.0286, n = 4 mice (69 iNs in Th and 176 iNs 
in Ctx); for Tbr1, **P = 0.0022, n = 5 to 6 mice (202 iNs in Th and 
109 iNs in Ctx); and for Ctip2, **P = 0.0022, n = 6 mice (202 iNs in 
Th and 109 iNs in Ctx). For Fig. 5F, ordinary one-way ANOVA and 
Holm-Sidak’s multiple comparisons test for Ror [F = 13.00, de-
grees of freedom (df) = 29, ***P < 0.0001], Tbr1 (F = 23.56, df = 31, 
***P < 0.0001), and Ctip2 (F = 30.70, df = 28, ***P < 0.0001), and 
Kruskal-Wallis test with Dunn’s multiple comparisons test for vGlut2 
(***P < 0.0001). For Ror, Inf. As-Th versus Inf. As-Ctx, ***P < 0.0001, 
n = 6 independent cultures; Inf. As-Th + As-Ctx versus Inf. As-Ctx + 
As-Th, ***P = 0.0008, n = 6; Inf. As-Th + Ns-Ctx versus Inf. As-
Ctx + Ns-Th, **P = 0.0022, n = 6. For Tbr1, Inf. As-Th versus Inf. 
As-Ctx, ***P < 0.0001, n = 6; Inf. As-Th + As-Ctx versus Inf. As-Ctx + 
As-Th, ***P < 0.0001, n = 6; Inf. As-Th + Ns-Ctx versus Inf. As-Ctx + 
Ns-Th, ***P < 0.0001, n = 6. For Ctip2, Inf. As-Th versus Inf. As-
Ctx, ***P < 0.0001, n = 6; Inf. As-Th + As-Ctx versus Inf. As-Ctx + 
As-Th, ***P < 0.0001, n = 6; Inf. As-Th + Ns-Ctx versus Inf. As-
Ctx + Ns-Th, ***P < 0.0001, n = 6. For vGlut2, Inf. As-Th versus 
Inf. As-Ctx, ***P = 0.0003, n = 6; Inf. As-Th + As-Ctx versus Inf. As-
Ctx + As-Th, *P = 0.0437, n = 7; Inf. As-Th + Ns-Ctx versus Inf. 
As-Ctx + Ns-Th, *P = 0.0239, n = 5. For Fig. 5H, ordinary one-way 
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ANOVA test with Holm-Sidak’s multiple comparisons test. Sp9, 
F = 8.924, df = 32, ***P = 0.0008; dLG versus VPM, ***P = 0.0007, 
n = 12 independent cultures; dLG versus MGv, **P = 0.0034, n = 12. 
Hs6st2, F = 5.128, df = 25, *P = 0.0136; dLG versus VPM, **P = 0.0093, 
n = 10; dLG versus MGv, *P = 0.0331, n = 10. Crabp2, F = 4.702, 
df = 24, *P = 0.0189; MGv versus dLG, *P = 0.0341, n = 10; MGv 
versus VPM, *P = 0.0147, n = 10. Tshz1, F = 10.97, df = 37, ***P = 0.0002; 
MGv versus dLG, ***P = 0.0006, n = 14; MGv versus VPM, ***P = 0.0003, 
n = 14. Cck, F = 5.409, df = 30, **P = 0.0099; VPM versus dLG, 
**P = 0.0064, n = 12; VPM versus MGv, *P = 0.0393, n = 12.

For Fig. 6B, ordinary one-way ANOVA test with Holm-Sidak’s 
multiple comparisons test; for Gbx2 in Th, F = 39.71, ***P < 0.0001; 
Th basal (n  =  19) versus Th + Neurog2 (n  =  14), ns P  =  0.9579, 
t = 0.05318, df = 36; Th basal versus Th + Neurog2 + Gbx2 (n = 6), 
***P < 0.0001, t = 8.429, df = 36; Th + Neurog2 versus Th + Neurog2 + 
Gbx2, ***P  <  0.0001, t  =  8.128, df  =  36. For Ctx, F  =  167.4, 
***P < 0.0001; Ctx basal (n = 14) versus Ctx + Neurog2 (n = 14), ns 
P = 0.9831, t = 0.02134, df = 31; Ctx basal versus Ctx + Neurog2 + 
Gbx2 (n = 6), ***P < 0.0001, t = 16.88, df = 31; Ctx + Neurog2 versus 
Ctx + Neurog2 + Gbx2, ***P < 0.0001, t = 16.86, df = 31. Pou2f2, for 
Th, F = 20.15, ***P < 0.0001; Th basal (n = 12) versus Th + Neurog2 
(n = 14), *P = 0.0386, t = 2.163, df = 30; Th basal versus Th + Neu-
rog2 + Gbx2 (n = 7), ***P < 0.0001, t = 6.307, df = 30; Th + Neurog2 
versus Th + Neurog2 + Gbx2, ***P = 0.0001, t = 4.642, df = 30. For 
Ctx, F = 11.79, ***P = 0.0001; Ctx basal (n = 14) versus Ctx + Neu-
rog2 (n = 12), ns P = 0.6091, t = 0.5164, df = 32; Ctx basal versus Ctx 
+ Neurog2 + Gbx2 (n = 9), ***P = 0.0002, t = 4.589, df = 32; Ctx + 
Neurog2 versus Ctx + Neurog2 + Gbx2, ***P = 0.0007, t = 3.986, 
df = 32. Tbr1, for Th, F = 0.2125, ns P = 0.8095; Th basal (n = 20) 
versus Th + Neurog2 (n = 14), ns P = 0.8900, t = 0.6478, df = 39; Th 
basal versus Th + Neurog2 + Gbx2 (n = 8), ns P = 0.9203, t = 0.1537, 
df = 39; Th + Neurog2 versus Th + Neurog2 + Gbx2, ns P = 0.9023, 
t = 0.3642, df = 39. For Ctx, F = 5.79, **P = 0.0062; Ctx basal (n = 20) 
versus Ctx + Neurog2 (n = 15), **P = 0.0076, t = 3.222, df = 40; Ctx 
basal versus Ctx + Neurog2 + Gbx2 (n = 8), ns P = 0.9186, t = 0.1029, 
df = 40; Ctx + Neurog2 versus Ctx + Neurog2 + Gbx2, *P = 0.0403, 
t  =  2.416, df  =  40. Ctip2, for Th, F  =  15.57, ***P  <  0.0001; Th 
basal (n  =  19) versus Th + Neurog2 (n  =  14), ***P  <  0.0001, 
t = 5.452, df = 37; Th basal versus Th + Neurog2 + Gbx2 (n = 7), ns 
P = 0.4738, t = 0.7238, df = 37; Th + Neurog2 versus Th + Neurog2 + 
Gbx2, **P = 0.0028, t = 3.457, df = 37. For Ctx, F = 4.681, *P = 0.0154; 
Ctx basal (n  =  20) versus Ctx + Neurog2 (n  =  12), *P  =  0.018, 
t = 2.913, df = 37; Ctx basal versus Ctx + Neurog2 + Gbx2 (n = 8), 
ns P = 0.9460, t = 0.06815, df = 37; Ctx + Neurog2 versus Ctx + 
Neurog2 + Gbx2, *P  =  0.05, t  =  2.268, df = 37. Ror, for Th, 
F = 0.7022, ns P = 0.5015; Th basal (n = 22) versus Th + Neurog2 
(n = 14), ns P = 0.5676, t = 1.183, df = 40; Th basal versus Th + Neu-
rog2 + Gbx2 (n = 7), ns P = 0.8707, t = 0.4299, df = 40; Th + Neu-
rog2 versus Th + Neurog2 + Gbx2, ns P = 0.8707, t = 0.4707, df = 40. 
For Ctx, F = 0.05697, ns P = 0.9447; Ctx basal (n = 22) versus Ctx + 
Neurog2 (n = 14), ns P = 0.9827, t = 0.1035, df = 41; Ctx basal versus 
Ctx + Neurog2 + Gbx2 (n = 8), ns P = 0.9827, t = 0.2709, df = 41; 
Ctx + Neurog2 versus Ctx + Neurog2 + Gbx2, ns P  =  0.9827, 
t = 0.3321, df = 41. Lef1, for Th, F = 0.2178, ns P = 0.8053; Th basal 
(n = 21) versus Th + Neurog2 (n = 14), ns P = 0.8893, t = 0.6494, 
df = 40; Th basal versus Th + Neurog2 + Gbx2 (n = 8), ns P = 0.9353, 
t = 0.3267, df = 40; Th + Neurog2 versus Th + Neurog2 + Gbx2, ns 
P = 0.9353, t = 0.1993, df = 40. For Ctx, F = 0.4896, ns P = 0.6164; 
Ctx basal (n  =  22) versus Ctx + Neurog2 (n  =  14), ns P  =  0.7079, 

t = 0.9725, df = 41; Ctx basal versus Ctx + Neurog2 + Gbx2 (n = 8), 
ns P = 0.8896, t = 0.1396, df = 41; Ctx + Neurog2 versus Ctx + Neu-
rog2 + Gbx2, ns P  =  0.7871, t  =  0.6201, df  =  41. Fezf2, for Th, 
F = 21.11, ***P < 0.0001; Th basal (n = 17) versus Th + Neurog2 
(n = 10), ***P < 0.0001, t = 5.764, df = 32; Th basal versus Th + 
Neurog2 + Gbx2 (n = 8), ***P < 0.0001, t = 4.800, df = 32; Th + 
Neurog2 versus Th + Neurog2 + Gbx2, ns P = 0.6177, t = 0.5040, 
df = 32. For Ctx, F = 0.2050, ns P = 0.8157; Ctx basal (n = 18) versus 
Ctx + Neurog2 (n = 10), ns P = 0.9051, t = 0.3393, df = 33; Ctx basal 
versus Ctx + Neurog2 + Gbx2 (n = 8), ns P = 0.9051, t = 0.3998, 
df = 33; Ctx + Neurog2 versus Ctx + Neurog2 + Gbx2, ns P = 0.8938, 
t = 0.6402, df = 33. Slc17a6, for Th, F = 4.011, *P = 0.0261; Th basal 
(n  =  21) versus Th + Neurog2 (n  =  13), *P  =  0.0228, t  =  2.813, 
df = 39; Th basal versus Th + Neurog2 + Gbx2 (n = 8), ns P = 0.4043, 
t = 1.224, df = 39; Th + Neurog2 versus Th + Neurog2 + Gbx2, ns 
P = 0.4043, t = 1.077, df = 39. For Ctx, F = 3.454, *P = 0.0427; Ctx basal 
(n = 20) versus Ctx + Neurog2 (n = 9), ns P = 0.4808, t = 0.7127, 
df = 35; Ctx basal versus Ctx + Neurog2 + Gbx2 (n = 9), ns P = 0.0702, 
t = 2.184, df = 35; Ctx + Neurog2 versus Ctx + Neurog2 + Gbx2, ns 
P = 0.0550, t = 2.466, df = 35.

In Fig. 6D, for the log2 of the ratio of H3K4me3/HeK27me3, un-
paired Student’s t test two-tailed test; Gbx2, Th (n = 14) versus Ctx 
(n = 12), ***P< 0.0001, t = 8.037, df = 24; Ror, Th (n = 23) versus 
Ctx (n = 22), *P = 0.0450, t = 2.065, df = 43; Lef1, Th (n = 20) 
versus Ctx (n = 21), *P = 0.0126, t = 2.616, df = 39; Fezf2, Th (n = 10) 
versus Ctx (n = 10), ns P = 0.3111, t = 1.042, df = 18; Slc17a6, Th 
(n  =  16) versus Ctx (n  =  16), ns P  =  0.2250, t  =  1.239, df  =  30; 
Pou2f2, Th (n = 16) versus Ctx (n = 18), ns P = 0.5076, t = 0.6700, df = 
32; Tbr1, Th (n = 19) versus Ctx (n = 21), *P = 0.0152, t = 2.542, 
df = 38; Ctip2, Th (n = 17) versus Ctx (n = 18), **P = 0.0013, t = 3.524, 
df = 33. For the expression levels (1/Ct), unpaired Student’s t test 
two-tailed test; Gbx2, Th (n = 19) versus Ctx (n = 14), ***P < 0.0001, 
t = 9.066, df = 31; Ror, Th (n = 22) versus Ctx (n = 14), *P = 0.0216, t = 
2.409, df = 34; Lef1, Th (n = 22) versus Ctx (n = 22), ***P < 0.0001, 
t = 6.388, df = 42; Fezf2, Th (n = 10) versus Ctx (n = 10), **P = 0.0028, 
t = 3.458, df = 18; Slc17a6, Th (n = 21) versus Ctx (n = 14), *P = 
0.0298, t = 2.271, df = 33; Pou2f2, Th (n = 17) versus Ctx (n = 11), 
*P = 0.0118, t = 2.708, df = 26; Tbr1, Th (n = 13) versus Ctx (n = 20), ns 
P = 0.3033, t = 1.047, df = 31; Ctip2, Th (n = 14) versus Ctx (n = 14), 
ns P = 0.1874, t = 3.524, df = 26.

In Fig. 6E, for the epigenetics, ordinary one-way ANOVA test 
with Holm-Sidak’s multiple comparisons test. For Sp9, F = 6.486, 
**P = 0.0036; dLG versus VPM, **P = 0.0018, n = 14, t = 3.587, 
df = 41; dLG versus MGv, *P = 0.0394, n = 14 to 16, t = 2.128, df = 41. 
Hs6st2, F = 4.188, *P = 0.0215; dLG versus VPM, *P = 0.0164, 
n = 13 to 18, t = 2.764, df = 45; dLG versus MGv, *P = 0.0268, n = 13 
to 17, t = 2.289, df = 45. Crabp2, F = 4.794, *P = 0.0132; MGv versus 
dLG, *P = 0.0409, n = 18 to 12, t = 2.108, df = 43; MGv versus VPM, 
*P  =  0.01, n  =  16 to 18, t  =  2.958, df  =  43. Tshz1, F  =  5.125, 
*P = 0.0106; MGv versus dLG, *P = 0.0355, n = 13 to 15, t = 2.178, 
df = 39; MGv versus VPM, **P = 0.0072, n = 14 to 15, t = 3.098, df = 
39. Cck, F = 5.489, **P = 0.0076; VPM versus dLG, *P = 0.0227, n = 13 
to 16, t = 2.365, df = 42; VPM versus MGv, **P = 0.0058, n = 16, 
t = 3.164, df = 42. For in vivo basal expression, data from the RNA-
seq analysis of the astrocytes (adjusted P < 0.1, log2FC > 0.322) from 
the three thalamic nuclei were used.

For fig. S1H, Pearson correlation coefficient, R  =  0.9750593 
(T = 121.83, df = 769, ***P < 2.2 × 10−16). For fig. S3C, for the differential 
expression of astrocytes, Wilcoxon rank sum test (adj. P < 0.1, 
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log2FC > 0.1, As-Th: 549 DEGs, As-Ctx: 1106 DEGs). For the differ-
ential expression of neurons, Wilcoxon rank sum test (adj. P < 0.1, 
log2FC > 0.1, Ns-Th: 2425 DEGs, Ns-Ctx: 1845 DEGs) (table S2). 
For fig. S3D, hypergeometric test (one-sided Fisher’s exact test). As-
Th enriched in Ns-Th, ***P = 4.001415 × 10−73, OD = 5.57147; As-
Th enriched in Ns-Ctx, ns P = 0.9992975, OD = 0.6456831; As-Ctx 
enriched in Ns-Ctx, ***P = 2.066775 × 10−159, OD = 7.142444; As-
Ctx enriched in Ns-Th, ns P = 0.9962708, OD = 0.7517044. Quanti-
fication was recovered from data of scRNA-seq analysis of astrocytic 
DEGs (adj. P < 0.1, log2FC > 0.1, As-Th: 549 DEGs, As-Ctx: 1106 
DEGs), neuronal DEGs (adj. P < 0.1, log2FC > 0.1, Ns-Th: 2425 DEGs, 
Ns-Ctx: 1845 DEGs), and among both cell types in thalamic DEGs 
(adj. P < 0.1, log2FC > 0.1, Ns-Th: 3991 DEGs, As-Th: 1642 DEGs) 
and cortical DEGs (adj. P < 0.1, log2FC > 0.1, Ns-Ctx: 4142 DEGs, 
As-Th: 1562 DEGs) (table S2). For fig. S3 (F and G), significance 
values according to DE analysis performed in Fig. 2E and fig. S3C 
(table S2). For fig. S4E, Student’s unpaired two-tailed t test; 
Slc17a6 ,  **P = 0.0018, n = 14; Ror, *P = 0.0124, n = 14; Lef1, 
***P < 0.0001, n = 11 to 14; Gbx2, ***P < 0.0001, n = 11 to 14; 
Pou2f2, *P = 0.0382, n = 12 to 14; Tcf7l2, ***P = 0.0003, n = 8; Zic1, 
*P = 0.0342, n = 8; Foxg1, ***P < 0.0001, n = 8; Meis2, ***P < 0.0001, 
n = 8; Fezf2, ***P = 0.0007, n = 9.

For fig. S5D, for the differential expression of astrocytes, Wilcoxon 
rank sum test (adj. P < 0.1, log2FC > 0.1; 426-DEG As-Ctx1, 258-
DEG As-Ctx2, 325-DEG As-Ctx3) and neuronal DEGs (adj. P < 0.1, 
log2FC > 0.1; 567-DEG Ns-Ctx1, 335-DEG Ns-Ctx2, 980-DEG Ns-
Ctx3) between distinct cortical regions (table S5). For fig. S5E, hyper-
geometric test (one-sided Fisher’s exact test) from intersect between 
the populations of genes for the comparison of significant over-
expression in As-Ctx1 and enriched in Ns-Ctx1, ***P = 7.82738 × 
10−213, OD = 47.36863; significant overexpression in As-Ctx2 and 
enriched in Ns-Ctx1, ***P = 1.633766 × 10−33, OD = 9.798625; sig-
nificant overexpression in As-Ctx3 and enriched in Ns-Ctx1, ns 
P = 0.1058762, OD = 1.462861; significant overexpression in As-
Ctx1 and enriched in Ns-Ctx2, ***P = 7.232017 × 10−63, OD = 
16.83166; significant overexpression in As-Ctx2 and enriched in 
Ns-Ctx2, ***P  = 1.007917 × 10−95, OD  =  39.70291; significant 
overexpression in As-Ctx3 and enriched in Ns-Ctx2, ns P = 70.9493607, 
OD  = 0.4745243; significant overexpression in As-Ctx1 and en-
riched in Ns-Ctx3, ns P = 0.9978754, OD = 0.4842368; significant 
overexpression in As-Ctx2 and enriched in Ns-Ctx3, ns P = 0.9966557, 
OD = 0.3993004; significant overexpression in As-Ctx3 and en-
riched in Ns-Ctx3, ***P = 7.169234 × 10−93, OD = 15.39014.

For fig. S6B, left graph, ordinary one-way ANOVA and Holm-
Sidak’s multiple comparisons test, F = 0.07668, ns P = 0.9266; dLG 
versus VPM, ns P = 0.9737; dLG versus MGv, ns P = 0.9737; MGv 
versus VPM, ns P = 0.9737, n = 5. Right graph, ordinary one-way 
ANOVA and Holm-Sidak’s multiple comparisons test, F = 0.3985, 
ns P = 0.6799; dLG versus VPM, ns P = 0.8286; dLG versus MGv, ns 
P = 0.7913; MGv versus VPM, ns P = 0.7913, n = 5 electroporated 
animals. In fig. S6C, left graph, n = 59 dLG clones, n = 179 VPM 
clones, and n = 82 MGv clones. In the right graph, Kruskal-Wallis 
test with Dunn’s multiple comparisons test. For dLG clones, P > 0.9999 
in dLG, P > 0.9999 in VPM, and P = 0.6773 in MGv, n = 43 clones 
with 3 to 10 cells and n = 16 clones with >10 cells. For VPM clones, 
P = 0.6386  in dLG, P > 0.9999  in VPM, and P = 0.0976  in MGv, 
n = 137 clones with 3 to 10 cells and n = 44 clones with >10 cells. For 
MGv clones, P = 0.4436 in dLG, P > 0.9999 in VPM, and P > 0.9999 in 
MGv, n = 66 clones with 3 to 10 cells and n = 15 clones with >10 

cells. In fig. S6F, Mann-Whitney U test nonparametric two-tailed 
test (n = 128 clones); neurons versus nonneurons, ns P = 0.3112. In 
fig. S6G, Kruskal-Wallis test, with Dunn’s multiple comparisons 
test. n = 4 electroporated animals. For dLG neuronal clones, n = 61 
clones, ***P < 0.0001; dLG (CI: 80.53 to 88.87%) versus VPM (CI: 
5.962 to 13.56%), ***P < 0.0001; dLG versus MGv (CI: 3.069 to 
8.002%), ***P < 0.0001. For dLG nonneuronal clones, n = 14 clones, 
***P < 0.0001; dLG (CI: 100 to 100%) versus VPM (CI: 0 to 0%), 
***P < 0.0001; dLG versus MGv (CI: 0 to 0%), ***P < 0.0001. For 
VPM neuronal clones, n = 7 clones, ***P = 0.0007; dLG (CI: 0.856 
to 37.24%) versus VPM (CI: 45.53 to 82.08%), **P = 0.0081; dLG 
versus MGv (CI: −0.13 to 34.42%), ***P = 0.0039. For VPM non-
neuronal clones, n = 25 clones, ***P < 0.0001; dLG (CI: −0.7909 to 
7.458%) versus VPM (CI: 92.54 to 100.8%), ***P < 0.0081; dLG ver-
sus MGv (CI: 0 to 0%), ***P < 0.0001. For MGv neuronal clones, 
n = 4 clones, **P = 0.0052; VPM (CI: −18.95 to 60.61%) versus MGv 
(CI: 39.39 to 118.9%), ns P = 0.0917; dLG (CI: 0 to 0%) versus MGv, 
**P = 0.0077. For MGv nonneuronal clones, n = 3 clones, *P = 0.0357; 
VPM (CI: 0 to 0%) versus MGv (CI: 100 to 100%), *P = 0.0286; dLG 
(CI: 0 to 0%) versus MGv, **P = 0.0286. For fig. S7B, in Th, **P = 
0.0079, n = 5 injected mice (427 cells with control and 572 cells with 
Neurog2 virus), and in Cx, **P = 0.0043, n = 5 injected mice (362 
cells with control and 292 cells with Neurog2 virus).

For fig. S8F, for Gfap, two-tailed unpaired Student’s t test, 
**P = 0.0014, n = 8; for Neurog2, ordinary one-way ANOVA test, 
F = 23.41, ***P < 0.0001; Holm-Sidak’s multiple comparisons 
test, Tuj1+/RFP+ versus RFP+, ***P = 0.0006; Tuj1+/RFP+ versus 
Tuj1−/RFP−, ***P < 0.0001; RFP+ versus Tuj1−/RFP−, *P = 0.0116; 
n = 12 cultures. For fig. S8G, Student’s t test or Mann-Whitney 
U test nonparametric two-tailed test; Slc17a6, **P = 0.0058, n = 16; 
Ror, **P = 0.0027, n = 17; Gbx2, **P = 0.0065, n = 7; Pou2f2, 
*P = 0.0181, n = 5; Lef1, **P = 0.0016, n = 7; Tbr1, **P = 0.0078, 
n = 11; Ctip2, **P = 0.0079, n = 5.

For fig. S10B, for Gapdh and Cdx2 upper graphs, two-tailed un-
paired Student’s t test; for Gapdh, **P = 0.0065, n = 9; and for Cdx2, 
ns P = 0.3406, n = 9. In the lower graph, Gapdh versus Cdx2, Mann-
Whitney U test nonparametric two-tailed test, ***P < 0.0001, n = 8. 
For Gbx2, two-tailed paired Student’s t test: Th, ***P < 0.0001, 
n = 14; Ctx, **P = 0.0049, n = 12. For Ror, two-tailed Wilcoxon 
matched pairs test: Th, ***P < 0.0001, n = 23; Ctx, *P = 0.019, n = 22. 
For Lef1, two-tailed paired Student’s t test: Th, ns P = 0.0563, n = 18; 
Ctx, ns P = 0.211, n = 23. For Fezf2, two-tailed paired Student’s 
t test: Th, ns P = 0.2506, n = 9; Ctx, ns P = 0.3506, n = 10. For Slc17a6, 
two-tailed Wilcoxon matched pairs test: Th, *P = 0.0214, n = 16; 
Ctx, ***P = 0.0003, n = 16. For Pou2f2, two-tailed Wilcoxon matched 
pairs test: Th, ns P = 0.7819, n = 17; Ctx, ns P = 0.2121, n = 18. For 
Tbr1, two-tailed paired Student’s t test: Th, ***P = 0.0003, n = 19; 
Ctx, ns P = 0.1748, n = 21. For Ctip2, two-tailed paired Student’s 
t test: Th, *P = 0.0156, n = 17; Ctx, ns P = 0.1471, n = 18. For fig. 
S10D, Sp9, two-tailed paired Student’s t test: dLG, **P  =  0.0045, 
n = 14; VPM, ***P = 0.0001, n = 14; and MGv, ***P < 0.0001, n = 16. 
Hs6st2, two-tailed paired Student’s t test: dLG, **P = 0.0031, n = 14; 
VPM, ***P = 0.0001, n = 18; and MGv, ***P < 0.0001, n = 18. Cck, 
two-tailed paired Student’s t test: dLG, ***P < 0.0001, n = 15; VPM, 
***P < 0.0001, n = 18; and MGv, ***P < 0.0001, n = 18. Crabp2, two-
tailed Wilcoxon matched pairs test: dLG, *P = 0.0245, n = 14; VPM, 
ns P = 0.0987, n = 18; and MGv, ***P < 0.0001, n = 19. Tshz1, two-tailed 
Wilcoxon matched pairs test: dLG, ***P < 0.0001, n = 13; VPM, 
***P = 0.0001, n = 14; and MGv, ***P < 0.0001, n = 16.
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SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
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View/request a protocol for this paper from Bio-protocol.
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URL: www.encodeproject.org/experiments/ENCSR258YWW/) and H3K27me3 (accession 
experiment ENCSR070MOK; URL: www.encodeproject.org/experiments/ENCSR070MOK/) 
histone marks from the ENCODE Project. Additional data related to this paper may be 
requested from the authors.
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Supplementary Figures  

 
Fig. S1 | Neuronal genes shared in thalamic and cortical astrocytes. Related to Figures 1 and 2. (A) 
Images showing colocalization of GFP+ cells from a Gfap::Gfp mice with the astrocytic marker Aldh1l1, 
and the neuronal marker NeuN both in thalamus and cortex of P7 mice (n = 150 GFP+ cells from 3 different 
animals). (B) Images showing the expression of TdTomato in the Gbx2::CreERT2-R26::TomatoloxP. Note the 
absence of colocalization of TdTomato with the astrocytic marker Aldh1l1 in P0 mice (n = 120 Tomato+ 
cells from 3 different animals). (C) Scatterplot of gene expression levels in neurons (Ns) and astrocytes (As) 
from thalamus and cortex (normalized Rlog expression). Enriched transcripts (|Rlog ratio| > 2) in neurons 
(light gray) and astrocytes (dark green) are shown. (D) Box-and-whisker plots representing the expression 
levels (Transcripts Per Million, TPM) of known astrocytes (As), neuronal (Ns), interneurons (INs) and 



 

 

microglia (Mg) genes in the purified astrocytes from a Gfap::Gfp mouse and purified thalamic neurons from  
a Gbx2-Cre::Tomato-floxed mouse. (E) Percentage of overlapping of significantly DEGs between thalamic  
or cortical astrocytes and top-ranked DEGs in thalamic or cortical neurons according to the number of  
neuronal specific genes used for the analysis. (F) Scatterplot of normalized Rlog expression showing the  
400 top-ranked differentially enriched genes between thalamic and cortical neurons. (G) Heatmap of z score  
of normalized Rlog expression and unbiased clustering of the 400 top-ranked differentially enriched genes  
between thalamic (Ns-Th) and cortical neurons (Ns-Ctx). (H) Scatterplot of normalized Rlog expression in  
thalamic against cortical astrocytes for 400 top-ranked genes differentially enriched between thalamic and  
cortical neurons. (I) Heatmap of z scores of normalized Rlog expression in thalamic (As-Th) and cortical  
astrocytes (As-Ctx) for 400 top-ranked differentially enriched genes in thalamic and cortical neurons. In the  
heatmaps each row represents a gene, the columns are biological replicates and the color-code represents the  
normalized expression for upregulated genes in yellow versus downregulated genes in purple. (J) Venn  
diagram showing shared genes between the Ns-Th and Ns-Ctx 400 top-ranked differentially enriched genes  
and the As-Th and As-Ctx significantly DEGs. (K) Box plots showing RPKM expression levels of selected  
region-specific genes shared between neurons and astrocytes of the thalamus (top) or the cortex (bottom).  
Data in (A) and (B) represent mean ± SEM and every dot the single value for each animal. Data in (D) and  
(K) are plotted with box-and-whisker plots, which give the median, 25th and 75th percentiles, and range.  
Dots in (D) represent every single value considered an outlier. Scale bars, 100µm and 20µm in insets in (A)  
and (B).  
  
   
  
  
  
  
  
  
  
  
  
  
  



 

 
Fig. S2 | Quality control (QC) and cell-type assignment of the single cell data. Related to Figure 2. (A) 
QC metrics of single-cell data from Zeisel et al. (2018) (23) between thalamus (blue) and cortex (gray), 
including the number of unique genes (nFeature_RNA) (left), the number of total molecules (nCount_RNA) 
(middle), and the percentage of reads that map to the mitochondrial genome (percent.mt) (right). (B) High 
correlation of gene expression across cells (left) and low correlation of mitochondrial genes across cells 
(right) from thalamus (blue) and cortex (gray). (C) Heatmap of z score of single cell expression levels of 
selected bona fide marker genes identified by Wilcoxon Rank Sum test, Bonferroni adjusted (min.pct = 0.1; 
logfc.threshold = 0.25), over all cell types identified in Zeisel et al. (2018) (23), with select genes displayed 
on y axis and cells on x axis. The bulk of the cells belong to 9 major cell populations. (D) Dot plot showing 
the level of expression of selected bona fide marker genes for each major cell population identified in Zeisel 
et al. (2018) (23), The size of the dot represents the fraction of cells in a given major population in which 
the gene was detected. The color of the dot represents the average expression z score of the cells within a 
given major population. 
 
 
 
 
 
 
 



 

  



 

Fig. S3 | Single-cell sequencing analysis revealed region-specific genes between neurons and astrocytes. 
Related to Figure 2. (A) UMAP plot showing the integration of single-cell RNA-seq datasets from mouse 
thalamus and cortex (23). Astrocytic (As: 4763 cells) and neuronal (Ns: 15391 cells) populations are 
underlined. (B) UMAP plots displaying differential clustering on astrocytic (blue dots correspond to 2131 
thalamic cells and gray dots to 2632 cortical cells) and neuronal populations (dark blue dots correspond to 
5856 thalamic cells and dark gray dots to 9535 cortical cells). The insets show the same clusterization but 
colored by cell type as in (A). (C) Heatmap of z score of single cell expression levels of significantly 
differentially expressed genes (DEGs) between thalamic (As-Th) and cortical astrocytes (As-Ctx) and 
thalamic (Ns-Th) and cortical neurons (Ns-Ctx). Each row represents a gene, the columns are cells and the 
color-code represents the normalized expression for upregulated genes in yellow versus downregulated 
genes in purple. (D) Venn diagram showing the genes that overlap between As and Ns in both the thalamus 
and cortex in these single-cell datasets. Bar plots represent the percentage of the enriched genes shared 
between population. (E) Heatmap of z score of average expression levels and unbiased clustering showing 
overlapping genes between As and Ns in thalamus and cortex in (D). (F-G), Violin and dot plots showing 
normalized expression levels in thalamic and cortical astrocytes and neurons of selected genes that are 
differentially expressed between thalamic and cortical neurons in the bulk RNA-seq (As-Th, thalamic 
astrocytes; As-Ctx, cortical astrocytes; Ns-Th, thalamic neurons; Ns-Ctx, cortical neurons). Values above 
every violin plot represent the percentage of cells where the feature or gene is detected in every group. 
Significant values between both regions in every cell populations are highlighted in red.  ns, not significant; 
* adj. P value < 0.1, ** adj. P value < 0.01, and *** adj. P value < 0.001.  
 
 
 
 
 
 
 
 
 
 
 
 



 

  
  
Fig. S4 | Fluorescent in situ hybridization and qPCR of isolated astrocytes validate RNAseq and  
scRNAseq results. Related to Figures 1 and 2. (A) Images showing the expression of region-specific  
shared genes in astrocytes and neurons of the thalamus of Gfap::Gfp mice. Graphs represent the percentage  



 

 

of astrocytes and neurons expressing the analyzed gene in either thalamus or cortex (n = 150 astrocytes and 
n = 150 neurons from 3 different animals for every gene) (B) Images showing the expression of region-
specific shared genes in astrocytes and neurons of the cortex of Gfap::Gfp mice. Graphs represent the 
percentage of astrocytes and neurons expressing the analyzed gene in either thalamus or cortex (n = 150 
astrocytes and n = 150 neurons from 3 different animals for every gene) (C) Images showing the protein and 
mRNA expression for two region-specific shared genes in astrocytes and neurons from thalamus or cortex. 
Data shown in (C) (n = 3 mice for every gene). In (A), (B) and (C) white dotted circles label astrocytes and 
purple dotted circles label neurons. (D) Schema of the isolation and purification of thalamic and cortical 
astrocytes. Example image of cultured thalamic astrocytes. Note that no neurons are present in the cultures.  
(E) Quantification of the differential expression of thalamic and cortical markers in the isolated astrocytes 
from thalamus and cortex (n = 8 to 15 independent cultures). Data in (A), (B) and (C) represent mean ± SEM 
and every dot the single value for each animal. Data in (E) are plotted with box-and-whisker plots, which 
give the median, 25th and 75th percentiles, and range. Scale bars, 100µm and 10µm in insets in (A) and (B) 
and 25µm in insets in (C). *P < 0.05, **P < 0.005, and ***P < 0.0005. 
 
 
 
 
 
 
 
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  



 

 
Fig. S5 | Astrocytes and neurons from the same cortical territory share region-specific genes. Related 
to Figure 2. (A) Schema of the three distinct coarse regions sampled along the antero-posterior axis of the 
mouse cerebral cortex and surveyed by scRNA-seq in Zeisel et al. (2018) (23). (B) UMAP plot showing the 
integration of single-cell RNA-seq datasets from 3 distinct coarse cortical regions. Astrocytic (As: 6743 
cells) and neuronal (Ns: 26388 cells) populations are underlined. (C) UMAP plots displaying isolated 
clustering on astrocytic (Ctx1: 1318 cells, Ctx2: 2671 cells, Ctx3: 2754 cells) and neuronal populations 
(Ctx1: 8159 cells, Ctx2: 9538 cells, Ctx3: 8691 cells). The insets show the same clusterization but coloured 
by cell type as in (B). (D) Heatmap of z score of average expression levels of significantly differentially 
expressed genes (DEGs) (P Adj < 0.1, |log2(fold change)| > 0.1 using Wilcoxon rank-sum test; Bonferroni 
adjusted) at the single cell level, between the 3 different cortical regions in astrocytes (As-Ctx) and neurons 
(Ns-Ctx). Genes (rows) are grouped by anatomical regions and the columns (averaged cell type-cortical 
region) are arranged by hierarchical clustering. (E)  Comparison matrix of the number of shared specific 
gene list between As and Ns datasets of every specific region. Colour-code according to significance of 
overlap. 
 
  
  
  
  
  
  
  
  
  
  



 

  
Fig. S6 | Astrocytes and neurons from the distinct thalamic nuclei are clonally related. Related to  
Figure 4. (A) Left, StarTrack plasmid combination used for the study of astrocytic clones. Right, binary  
code used for labelling the clones based on the presence and location of each fluorophore. (B) Quantification  
of the distribution of the cells and clones through dLG, VPM and MGv nuclei in every electroporated animal  
(n = 5). Every point linked with a dashed line represents the data in each electroporated animal. Also, mean  
± SEM of all the points is represented in each column. (C) Left, plot showing the relative frequency to the  
size of the astrocytic clones. Right, quantification of the distribution of the clones depending on their size (n  
= 320 clones from 5 electroporated animals). (D) Images showing four different rostro-caudal levels of an  



 

E11.5 electroporated thalamus at P8. (E) Left, StarTrack plasmid combination used for the study of clones 
including neurons and nonneuronal cells. Right, images showing electroporated cells in dLG, VPM and 
MGv of the same animal.  (F) Percentage of the presence of every cell type in the clones. (G) Quantification 
of the distribution of the clones containing only neurons or nonneuronal cells across the three thalamic nuclei 
(n = 72 neuronal clones and n = 42 nonneuronal clones). Data are plotted with box-and-whisker plots, which 
give the median, 25th and 75th percentiles, and range. Scale bars, 100 µm. ns, not significant, *P < 0.05, 
**P < 0.005, and ***P < 0.0005. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
Fig. S7 | Astrocytes from thalamus and cortex are reprogrammed into neurons in vivo by  
overexpressing Neurog2 and Bcl2. Related to Figure 5. (A) Immunofluorescence of infected astrocytes  
in vivo with a control virus and a virus with Neurog2 and Bcl2 (n = 4 to 6 injected animals per condition).  
(B) Quantification of the reprogramming efficiency in vivo in cortex and thalamus, based on the percentage  
of infected cells (GFP+) that are also positive for the neuronal marker NeuN 21 days after the injection. (C)  
Left, experimental design. A retrovirus with Neurog2 and Bcl2 was injected at P3, and BrdU administered  
at the same time to label proliferating cells. Right, images showing infected cells in thalamus and cortex at  
3 days post-injection (dpi). (D) Quantification of the percentage of infected cells positive for the astrocytic  
marker Aldh1l1, for the neuronal markers DCX and NeuN or for BrdU in thalamus and cortex at 3 dpi (n =  
143 Th cells and 95 Ctx cells from 4 independent mice). (E) Left, experimental design. Right, images  
showing infected cells in thalamus and cortex at 7 dpi. (F) Quantification of the percentage of infected cells  
positive for the astrocytic marker Aldh1l1 or for the neuronal markers DCX and NeuN in thalamus and  
cortex that at 7 dpi (n = 179 Th cells and 210 Ctx cells from 4 independent mice). Percentage of  
reprogrammed cells (GFP+ and DCX+ or NeuN+) that were positive for BrdU staining. (G) Left,  
experimental design. Right, images showing infected cells in thalamus and cortex at 14 dpi. (H)  
Quantification of the percentage of infected cells positive for the astrocytic marker Aldh1l1 or for the  
neuronal markers DCX and NeuN in thalamus and cortex 14 dpi (n = 114 Th cells and 44 Ctx cells from 2  
independent mice). Percentage of reprogrammed cells (GFP+ and DCX+ or NeuN+) that were positive for  
BrdU staining. Data in (B) are plotted with box-and-whisker plots giving the median, 25th and 75th  
percentiles, and the range. Data in (D), (F) and (H) are means ± SEM. Data in (B), (D), (F) and (H) contain  
the individual values for every injected mouse. Scale bars, 100 µm in (A) and (C); 50µm in (E), (G) and  
insets in (C), and 25µm in insets in (E) and (G). *P < 0.05, **P < 0.005, and ***P < 0.0005.  

  
  

  



 

  
Fig. S8 | Thalamic astrocytes are reprogrammed into functional glutamatergic neurons in vitro by  
Neurog2 and express region-specific neuronal genes. Related to Figure 5. (A) Left, expression of Tuj1  
in thalamic astrocytes infected with a control retrovirus containing CAG-IRES-Gfp. Right, immunostaining  
for vGlut1 and GFP in reprogrammed astrocytes (Tuj1+/RFP+) in thalamic cultures from wild type and  
Gad67::Gfp mouse after 10dpi. (B) Left panel, whole-cell patch-clamp recordings in thalamic (left, black  
traces) and cortical (right, red traces) induced neurons (iNs). Central panel, whole-cell recording of the  
membrane potential (Vm) of a thalamic iN. Also, putative spontaneous excitatory postsynaptic currents  
recorded at -70 mV in a thalamic iN. Right graphs, number of recorded iNs from thalamic (n = 22 cells from  
14 cultures; 28.3 ± 2.0 div) and cortical (n = 21 cells from 8 cultures; 30.8 ± 2.8 div) cultures that showed  
spontaneous excitatory post synaptic currents (sEPSC) or spontaneous firing. (C) Experimental design for  
isolating induced neurons (iNs) with immunofluorescence followed by FACS sorting. (D) Clouds of cells  
obtained by FACS sorting 10dpi after Neurog2 viral induction. (E) Double positive cells collected after  
sorting. (F) Quantification of the expression of Neurog2 and Gfap in the different sorted populations (n = 8  



 

to 12 independent cultures). (G) Quantification of the differential expression of thalamic and cortical  
markers in the isolated iNs from thalamus and cortex (n = 5 to 17 independent cultures). Data in are plotted  
with box-and-whisker plots, which give the median, 25th and 75th percentiles, and range. Scale bars, 50µm  
in (A) and (G). *P < 0.05, **P < 0.005, and ***P < 0.0005  
   



 

 

  
  
Fig. S9 | In silico analysis of candidate regions for the study of the epigenetic states of tissue-specific  
genes. Related to Figure 6. (A) In silico pipeline analysis of Neurog2 targets binding sites used to design  
ChIP-qPCR primers. (1) Schema of the consensus binding site of Neurog2. (2) Peak annotation and filter  
out by promoter region and protein coding genes. Left, pie plot showing the genomic annotation by genic  
region. Right, number of binding sites of Neurog2 classified by gene biotypes extracted from promoter  
region and filtered out by genic proximity to transcription start site (TSS) (±3 Kb, ±1 Kb, ±500 bp from  
TSS). (3) Visualization and validation with public databases through genomic tracks. (4) Primer design for  
ChIP-qPCR. (B) High-confidence putative binding sites of specific genes filtered by genic proximity (±3  
Kb, ±1 Kb, ±500 bp) to TSS) found for Neurog2 across the whole genome by order of -log10 (P-value). (C- 
D) In silico determination of selective promoter regions (black arrows) used to perform ChIP-qPCR analysis  
for thalamic, cortical and thalamic nuclei-specific genes, based on publicly available datasets of ChIP-seq  
from H3K4me3 and H3K27me3 histone marks and the putative binding sites for Neurog2.  

  



 

 
Fig. S10 | Region-specific genes show less epigenetic repression in the astrocytes in a tissue-dependent 
manner. Related to Figure 6. (A) Experimental design in thalamic and cortical astrocytes. (B) 
Quantification of the percentage of recovered input after the immunoprecipitation with H3K4me3, 
H3K27me3 and mock antibodies in thalamic and cortical cultured astrocytes (n = 8 to 21 ChIP samples). 
(C) Experimental design in astrocytes from dLG, VPM and MGv. (D) Quantification of the percentage of 
recovered input after the immunoprecipitation with H3K4me3, H3K27me3 and mock antibodies in dLG, 
VPM and MGv cultured astrocytes (n = 14 to 19 ChIP samples). Data are means ± SEM *P < 0.05; **P < 
0.005 and ***P < 0.0005. 

 
 
 
 
 
 

 



 

Supplementary Data 1-7 
Table S1. Differential expression analysis of cortical and thalamic astrocytes from bulk RNA-seq. Related 

to Figures 1 and Figure 2. 

Table S2. Differential expression analysis of cortical and thalamic astrocytes and neurons from scRNA-seq. 

Related to Figure 2 and Figure S3. 

Table S3. Differential expression analysis of astrocytes from sensory-modality thalamic nuclei (bulk RNA-

seq). Related to Figure 3. 

Table S4. Differential expression analysis of neurons from sensory-modality thalamic nuclei (bulk RNA-

seq). Related to Figure 3. 

Table S5. Differential expression analysis of neurons and astrocytes from distinct cortical regions (anterior, 

middle, posterior) from scRNA-seq. Related to Figure S5. 

Table S6. List of antibodies and their corresponding concentrations of use for immunohistochemistry. 

Related to histology section in Methods. 

Table S7. List of primers used for RNA expression levels and ChIP-qPCR assays. Related to ‘’Purification 

of total RNA and quantitative real-time PCR’’ and ‘’Chromatin immunoprecipitation for H3K4me3 and 

H3K27me3’’ sections in Methods. 
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