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The functions of living organisms are affected by different kinds of perturbation, both internal and external, which in many cases have functional effects and phenotypic impact. The effects of these perturbations become particularly relevant for multicellular organisms with complex body patterns and cell type heterogeneity, where transcriptional programs controlled by gene regulatory networks determine, for example, the cell fate during embryonic development. Therefore, an essential aspect of development in these organisms is the ability to maintain the functionality of their genetic developmental programs even in the presence of genetic variation, changing environmental conditions and biochemical noise, a property commonly termed robustness. We discuss the implication of different molecular mechanisms of robustness involved in neurodevelopment, which is characterized by the interplay of many developmental programs at a molecular, cellular and systemic level. We specifically focus on processes affecting the function of gene regulatory networks, encompassing transcriptional regulatory elements and post-transcriptional processes such as miRNA-based regulation, but also higher order regulatory organization, such as gene network topology. We also present cases where impairment of robustness mechanisms can be associated with neurodevelopmental disorders, as well as reasons why understanding these mechanisms should represent an important part of the study of gene regulatory networks driving neural development.

KEYWORDS
  robustness, neuronal differentiation, transcriptional regulation, development, regulatory elements, gene regulatory networks, genetic variation


Introduction

In the development of multicellular organisms, gene regulatory networks (GRN) that determine cell fate and drive differentiation must be resilient to genetic, environmental or random perturbations, including changing temperature, variable number of embryonic cell progeny, gene expression noise, retrotransposon insertions, epigenetic constraint relaxation, and somatic or germline point mutations. Decades ago, Waddington introduced the idea of canalized development (Waddington, 1942) and from there on the concept of robustness has emerged as a key feature of biological processes that favors a uniform outcome (phenotype) in the presence of variable conditions (Barkai and Shilo, 2007; Félix and Wagner, 2008). The importance of robustness during organisms development and its impact on evolution, as well as several examples across different models has been already extensively reviewed before (see for example Scharloo, 1991; Kirschner and Gerhart, 1998; de Visser et al., 2003; Félix and Wagner, 2008; Payne and Wagner, 2015). Here, we aim to present examples of robustness mechanisms assisting gene expression regulation necessary for neural development.



Assessing robustness of developmental processes

Proper development is crucial for survival of multicellular organisms. Since this process faces perturbations in the form of high rates of genetic variation (Keightley, 2012), environmental changing conditions or even stochastic noise, it is not surprising that developmental robustness mechanisms have appeared across the evolution. But before discussing robustness mechanisms, it is important to clarify how robustness can be identified.

In its simplest conceptual meaning, robustness implies the persistence of a phenotype in the face of perturbation. However, considering the mentioned sources of perturbations to which each individual is exposed, robustness can be associated, as suggested by Félix and Wagner, with the lack of phenotype variability amongst a population (Félix and Wagner, 2008). This association originates in some of the first examples in which developmental robustness has been studied, such as bristle number and ocelli with bristles in Drosophila, and vibrissae number in mice (Scharloo, 1991). However, not all biological traits need to be robust and robustness does not always mean lack of variability at all levels of analysis (Hiesinger and Hassan, 2018). In nature, some phenotypes may seem to lack robustness and show variability between individuals because there is no selective pressure acting on that variable phenotype. But sometimes, some level of variability is actively used to acquire a specific output, as observed for example in the variability of cell-to-cell expression of Dscam1 isoforms which regulates self-avoidance in Drosophila melanogaster mushroom bodies (Kise and Schmucker, 2013; Lawrence Zipursky and Grueber, 2013).

Following Waddington's idea of canalization (Waddington, 1942), we normally see robustness of developmental processes buffering minor variations, such as noisy gene expression (Eldar et al., 2002; Arias and Hayward, 2006; Urban and Johnston, 2018) or disruption of single regulatory elements (Kvon et al., 2021), while larger perturbations (such as complete ablation of a gene) could be able to override most robustness mechanisms. In this review we will focus on mechanisms affecting regulation of gene expression and GRN function, although many molecular and cellular features are able to buffer phenotypes against perturbations, including exploratory behavior (Sperry, 1963; Kirschner and Gerhart, 1998; Wit and Hiesinger, 2023), progenity compensation between lineages (Enriquez et al., 2018), chaperones-target interactions (Sato, 2018), or weak linkage of protein interactions in cell signaling (Kirschner and Gerhart, 1998; Hartman et al., 2001).



The nervous system as a developmental model

The majority of adult neural cell diversity is generated in the embryonic and early postnatal stages in mammals, and larval stages in Drosophila, from a pool of undifferentiated neural stem and progenitor cells (Mira and Morante, 2020). Neural stem cells are multipotent and generate the main cell types of the nervous system: neurons, oligodendrocytes, and astrocytes. Typically, stem cells initially generate neurons and afterwards glial cells, and this switch from neurogenesis to gliogenesis requires changes in stem cell properties that are dependent on extrinsic and intrinsic factors (Qian et al., 2000; Temple, 2001; Ohtsuka and Kageyama, 2019; Villalba et al., 2021). Many signaling pathways are known to regulate this switch in cell specification (Perrimon et al., 2012; Maury et al., 2015). For example in mammals, signals such as Bone morphogenetic protein 2 (BMP2) and erythropoietin (Epo) induce proneural gene expression (Bertrand et al., 2002). To prevent other cells from differentiating to neurons, Notch signaling downregulates proneural genes (Lowell et al., 2006; Lathia et al., 2008; Sjöqvist and Andersson, 2019; Bocci et al., 2020). These pathways maintain a balance between progenitors entering a neuron differentiation pathway and progenitors remaining undifferentiated and available to produce other types of nervous system cells (Bertrand et al., 2002). In addition to this general neural differentiation program gradients of morphogens, molecules secreted by specific sources that can diffuse through the tissue, determine cell fate along specific axes. For example, in the development of the neural tube, a gradient of Sonic Hedgehog (Shh) control cell types along the ventral-dorsal axis. Interestingly, the Shh gradient is able to create boundaries that define cell type in a very robust manner (Hernandez-Miranda et al., 2017; Sagner and Briscoe, 2017, 2019; Xia et al., 2022). This process uses Shh concentration along time and space as input, and depends on incoherent feedforward (Mangan and Alon, 2003) and feedback loops that connect Shh signaling with the expression of the Olig2, Nkx2.2, and Pax6 transcriptional regulators (Balaskas et al., 2012).

While most neurogenesis in mammals occurs during development or very early in the newborn, there has been an increased interest in the past years in adult neurogenesis (Ernst et al., 2014; Falk and Götz, 2017; Denoth-Lippuner and Jessberger, 2021). New neurons in the adult can contribute to normal pattern separation, cognition and learning (Clelland et al., 2009; Sahay et al., 2011; Nakashiba et al., 2012) and it has been shown a reduction of this process in patients with neurodegenerative disease such as Alzheimer's (Moreno-Jiménez et al., 2019; Tobin et al., 2019). However, the presence of newborn neurons in the human adult hippocampus has been recently disputed (Paredes et al., 2018; Sorrells et al., 2018; Alvarez-Buylla et al., 2022). Although this issue remains controversial, elucidating mechanisms that ensure the robustness in neural development might be relevant also in the adult brain.

In summary, nervous system development in metazoans is a highly complex process influenced by many factors that converge on interconnected gene regulatory networks (GRNs) dictating specific spatio-temporal differentiation patterns of cells. It is therefore expected, as many other developmental processes, to be sensitive to perturbations, both from the cellular environment and the external environment (McGrath et al., 2011), which suggests that some of the key steps in this process might exhibit robustness mechanisms. The idea of robustness in neurodevelopment is supported by genetic evidence, such as that even in the presence of high levels of inter-individual genetic variation (Keightley, 2012), the human neurodevelopmental transcriptome is much more robust across individuals than across time or regions (Silbereis et al., 2016).



Mechanisms of robustness in developmental gene regulatory networks

Over the years, evidence of different mechanisms that give robustness to embryonic development has accumulated (Arias and Hayward, 2006; Barkai and Shilo, 2007; Félix and Wagner, 2008; Rogers and Schier, 2011; Payne and Wagner, 2015), although not so much is known in particular for the development of the nervous system, specially in vertebrates. Nevertheless, we will present some examples affecting gene expression programs involved in development, to illustrate how these mechanisms operate.


Robustness at the level of individual gene expression

Even though development and differentiation are controlled by GRNs consisting of several genes, these networks have hierarchies, implying that reduced expression variability for some specific highly connected genes might be advantageous for the regulatory function of the network as a whole. For example, it has been identified that in many gene regulatory networks there are genes that act as master regulators (Carro et al., 2010; Tutukova et al., 2021), corresponding to regulatory bottlenecks. Therefore, we will present examples of mechanisms that control robustness in the regulation of gene expression, both at the transcriptional and post-transcriptional levels.

The most basic form in which transcription of a certain gene can be robust to, for example, a genetic perturbation is the fact that most individual transcription factors (TFs) are typically able to bind to many different sequences, which are connected to each other in the “genotype space” (Badis et al., 2009; Payne and Wagner, 2014, 2015). This allows TF binding conservation in the presence of binding site variation. In addition, commonly regulated binding sites tend to be spatially clustered in the genome within regulatory elements (Berman et al., 2002), providing a further level of robustness to binding site turnover. While TF redundancy provides robustness on the function of an individual enhancer, the presence of redundant enhancer regions have been also shown to act as a buffer against perturbations (Frankel et al., 2010; Kvon et al., 2021). Genes involved in development are enriched in more than one enhancer whereas housekeeping genes are usually controlled by a single regulatory region (Cannavò et al., 2016; Kvon et al., 2021), and redundant enhancers are depleted in GWAS-or eQTL-associated SNPs compared to single enhancers (Song and Ovcharenko, 2018), suggesting a lower impact of genetic variation in these genomic regions. Several genes with key roles in neuronal development seem to have a regulatory architecture with redundant enhancers. For example, redundant enhancers were identified controlling the expression of Shh in the ventral spinal cord, hindbrain, and telencephalon (Jeong et al., 2006). In zebrafish, six elements were described to regulate Krox20 expression in the hindbrain. Krox20 is a transcription factor important for hindbrain segmentation and patterning and highly conserved in vertebrate evolution. These elements were found to act redundantly at some extent, since while deletion of one element leads to a mild reduction in expression, deletion of two regulatory elements is needed to see a drastic impairment of Krox20 expression (Torbey et al., 2018). In mice, removal of an enhancer region located upstream of the promoter for Pax3, a transcription factor required for normal neural crest development, was insufficient to inhibit neural crest expression of Pax3 and resulted in a viable mouse. This observation led to the identification of a functionally redundant intronic enhancer that might be involved in robustness of Pax3 expression in the developing neural crest (Degenhardt et al., 2010). In addition to the enhancer configuration, the presence of redundancy at the TF level, for example due to gene duplication, can also act as a robustness mechanism in development. One example in the nervous system is the partially redundant role of the Gsx1 and Gsx2 TFs in the control of neuronal vs. glial differentiation of neuronal progenitors in the ventral telencephalon of mice (Chapman et al., 2018).

Post transcriptional mechanisms also contribute to robustness in neural development. Micro RNAs (miRNAs) in particular have been proposed as gene expression buffers in regulatory networks and are usually involved in regulatory feedback and feedforward loops (Tsang et al., 2007; Ebert and Sharp, 2012; Ghosh et al., 2014). One example of a miRNA-based post-transcriptional mechanism of developmental process robustness is the regulation of cyclin D1 expression by miR-20a/b and miR-23a in mouse cortical neurogenesis. Cyclin D1 induces expression of miR-20a/b and represses miR-23a in a feedback regulatory network. When any of these miRNAs are inhibited, the variance and the mean expression of cyclin D1 protein in progenitors increases, reducing neuronal differentiation (Ghosh et al., 2014). In another example, Drosophila's miR-9a reduction and consequent dysregulation of the senseless transcription factor make cell phenotype more sensitive to genomic and environmental variation (Cassidy et al., 2013). Interestingly, miR-9a is conserved at the sequence level from flies to humans, suggesting that it may have a similar role in mammalian neurogenesis (Li et al., 2006).

Finally, we want to present two other elements that have lately been proposed as having a role in gene expression robustness: chromatin conformation and the promoter architecture. The organization of the genome in topologically associating domains (TADs) impacts the regulatory landscape of mammalian genomes. TAD boundaries, typically formed in regions containing clusters of CTCF binding sites, are important to instruct interactions between regulatory elements, such as enhancers and promoters, and the TAD organization has been proposed to bring robustness and precision to gene expression in development (Despang et al., 2019; Anania et al., 2022). Promoter-enhancer interactions can be also aided by CTCF-mediated chromatin loops, increasing robustness of enhancer regulation on gene expression. For example, a recent study (Paliou et al., 2019) found that loss of the interaction between the Shh gene promoter and a distal enhancer through the deletion of CTCF binding sites causes a mild decrease of Shh expression and no phenotypic change by itself, but sensitizes Shh expression to partial disruptions of the distal enhancer. Regarding the influence of the gene promoter, evidence from population genomics for both vertebrates and invertebrates strongly suggests that certain promoter architectures are associated with higher genetic robustness, perhaps buffering levels of gene expression against the effects of genetic variation (Schor et al., 2017; Sigalova et al., 2020; Einarsson et al., 2022). The relevance of these features in the development of the nervous system remains yet to be assessed.



Robustness at higher levels of complexity

While robustness exists for the expression of individual key regulators of a process, some robustness features arise when the GRN and their related signaling pathways are considered (Félix and Wagner, 2008). The topology of developmental regulatory pathways is characterized by the extensive interplay between them, the presence of feedback and feedforward loops and the redundant outputs that bring robustness to perturbations (Arias and Hayward, 2006; Barkai and Shilo, 2009). Morphogen gradients acting in the neural tube development display a great precision not only in their space and time specific extracellular levels but even more in their intracellular expression (Vetter and Iber, 2022). Regulatory loops are in part responsible for these properties, and at the same time seem to account for tolerance to perturbations of morphogen systems (Barkai and Shilo, 2009; Irons et al., 2010; Rogers and Schier, 2011). These loops are evident, for example, when analyzing the canonical Shh response (Figure 1). Shh binds to the receptor Ptc, inhibiting its repressive function over Smo, another membrane protein that subsequently triggers Shh signaling pathways. These pathways result in the activation of Gli transcription factors (TF), which drive chromatin remodeling and transcriptional regulation at different regulatory elements along the ventral-dorsal axis, inducing transcription of specific target genes (Vokes et al., 2008; Oosterveen et al., 2012; Delás et al., 2022). Remarkably, this includes a feedback loop through the upregulation of the PTCH1 gene, which codes for Ptc, resulting in an Shh-induced increase of Ptc levels (Goodrich et al., 1996; Marigo and Tabin, 1996; Sagner and Briscoe, 2017). Since the receptor has the ability also to endocyte and degrade Shh, this system also acts as a negative feedback loop to buffer variations in Shh levels and prevent its diffusion to further regions (Chen and Struhl, 1996; Dessaud et al., 2007; Rogers and Schier, 2011; Ferent et al., 2019). In addition, the response to Shh is mediated by a network of interconnected TFs downstream Gli, including Pax6, Olig2, and Nkx2.2, which plays important roles in the specific transcriptional responses and the adaptation of cells to variable spatio-temporal Shh concentration, while at the same time provides robustness against transient variation of the GRN effectors (Dessaud et al., 2010; Balaskas et al., 2012).
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FIGURE 1
 Example of network-level robustness for the action of a morphogen in neurodevelopment. Two feed-back loops participate in the robustness mechanism for the cellular responde to Shh in the neural tube: 1. Smo indirectly induces transcription of the PTCH1 gene. This gene codes for the protein Ptc, which represses Smo activity and is inhibited by Shh binding; 2. After Shh binding, Ptc mediates its endocytosis and degradation. Inspired in Sagner and Briscoe (2017) and Ferent et al. (2019). Created with BioRender.com.


In the previous cases we evaluate robustness at the molecular and cellular level. However, for many complex phenotypes, variability at these levels can be compensated by mechanisms at a higher order. For example, the total number of astrocytes in the fly thorax neuropil is robust to variations in the astrocytes produced by the main precursor lineage, because secondary lineages may compensate for variability through an unknown plastic mechanism (Enriquez et al., 2018). Thus, in many cases it is important to study variability and compensation at different levels of organization (molecular—cellular—cell populations—system) to fully understand robustness of a specific phenotype.




Developmental disorders and robustness to genetic variation

During neurodevelopment, disruption of robustness mechanisms at different levels or excessive perturbation levels that overtake them can lead to developmental disorders. For example, regarding miRNA-based feedback mechanisms, haploinsufficiency of the miR-17/92 cluster is found in some cases of Feingold syndrome, a disease that affects development and produces, among other phenotypes, microcephaly. Moreover, an hemizygous deletion of the cluster causes related symptomatology in mice (de Pontual et al., 2011). Even gene redundancy can be insufficient to buffer the effect of some mutations; while the two related tubulin genes TUBB2A and TUBB2B can partially compensate the loss of each other on their role in neuronal development, missense mutation causing gain-of-function phenotypes for one of these genes can trigger aberrant behavior unable to be counteracted by the paralogue, and this can lead to cortical malformations (Bittermann et al., 2019). For heterozygous loss-of-function mutations in X-linked genes, there might be a cross-over between the expression of the mutated allele and a skewness in the X-chromosome inactivation (XCI) process. Rett syndrome, which causes dementia, seizures and microcephaly among other phenotypes, is associated with mutations in the X-linked gene coding for MeCP2, a transcriptional regulator that binds to 5 hmC in regulatory regions of neurodevelopmental genes (Jang et al., 2017). Typically, since XCI occurs randomly in each cell, heterozygous mutant females are mosaic, and most of them actually show mild or no symptoms. However, there is evidence that in some cases of MeCP2 mutations an unbalanced XCI is seen in favor to the wild-type allele as well as a selective growth advantage of wild-type expressing cells over mutated ones (Dragich et al., 2000; Young and Zoghbi, 2004; Chahrour and Zoghbi, 2007). In other scenarios, disease symptoms will appear after a threshold of perturbation is exceeded, suggesting a limit for effectiveness of robustness mechanisms. For example, the number of CGG repeats expansion on the 5' UTR of the FMR1 gene is clearly related to the probability of having Fragile X Syndrome mental disorder. While normal individuals have between 6 and 40 CGG repeats, and in premutation cases this number can increase between 55 and 199, full-mutation cases that show disease symptoms will show a number of repeats in the range 200–230 (Nolin et al., 1996; Kronquist et al., 2008).

Of particular relevance to human health, common genetic variation is a pervasive source of perturbations for the regulatory systems of biological processes. Common variation can be seen as small-effect perturbations, which by itself are not enough to significantly affect high-order phenotypes. However, they can interact additively or non-additively with other perturbations, for example contributing to a higher chance of having a particular disease. In particular, we use the term cryptic genetic variation to define common variants that are potential disruptors of the normal expression patterns but do normally not affect phenotypes observed in a population due to, for example, epistatic interactions with other variants (Gibson and Dworkin, 2004; Gibson, 2009), allowing them to persist in the population due to lack of sufficient purifying selection. Over the last years there has been a growing interest to elucidate how common variation can shape diseases or developmental disorders using, for instance, genome wide association studies (GWAS). Most variants identified by GWAS studies are in non-coding regions, suggesting that in most cases functional common variation affects gene expression regulation (Edwards et al., 2013). While having small effects on high-level phenotypes, the high number and frequency in the population of these common variants make them an important contributor to human disease. In ASD and other neuropsychiatric disorders, for example, accountability for genetic risk is more likely to reside in common variation (Gaugler et al., 2014; Autism Spectrum Disorder Working Group of the Psychiatric Genomics Consortium and Ripke, 2019), and genes involved in corticogenesis seem to be enriched in ASD-linked common variation (Parikshak et al., 2015; Autism Spectrum Disorder Working Group of the Psychiatric Genomics Consortium and Ripke, 2019).



Discussion

We have shown possible mechanisms at different levels of organization by which regulation of developmental processes in the nervous system can be robust to genetic and non-genetic perturbations (Figure 2). In many cases, the mechanisms of developmental robustness have been studied in relatively simple model organisms, such as C. elegans or D. melanogaster, while the study of robustness is still an underdeveloped aspect in the field of vertebrate neurodevelopment, perhaps with the exception of morphogens action (Barkai and Shilo, 2009; Irons et al., 2010; Balaskas et al., 2012; Perrimon et al., 2012; Vetter and Iber, 2022). In the present text we have presented examples of how perturbation of developmental GRNs can give rise to atypical developmental conditions and disease. We therefore believe that a deeper understanding of mechanisms that give robustness to nervous system development is needed to fully understand the genetic aspects of disorders affecting this process.
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FIGURE 2
 Robustness mechanism underlying development of nervous system. Development of the nervous system in different metazoan species is tuned by distinct but overlapping regulatory processes, such as sensing of morphogen gradients, cell-cell communication and GRN governing cell fate decisions. In order to correctly deliver such a complex output, different strategies promote robustness against internal or external perturbations at different levels of regulation. Disruption of robustness mechanisms could impair success of some of these developmental processes and therefore trigger neurodevelopmental disease and abnormal conditions, such as microcephaly, Fragile X Syndrome and ASD. Created with BioRender.com.


Regarding how robustness mechanisms originate, it is still an open question whether they can be heritable traits subjected to natural selection, as it is uncertain to what extent the mechanisms contributing to neurodevelopment have arised by evolutionary refinement across history. Some evidences question this idea of developmental refining, at least in human evolution, postulating that hominid brain is particularly vulnerable to perturbations in part because its great expansion in such a short evolutionary time couldn't have allowed the evolution of robust developmental trajectories (McGrath et al., 2011). In this sense, there is a significant need to test neurodevelopmental robustness mechanisms in different mammalian species to address if their role could be ancestral or if robustness of GRN involved in neuronal development has evolved repeatedly through convergence from other pre-existing mechanisms (Conant and Wagner, 2003).



Author contributions

All authors have made a substantial and direct contribution to the work, including writing, reviewing and editing of the manuscript, and approved it for publication.



Funding

IS is a CONICET researcher, while CA and MP are recipients of a fellowship from the CONICET. The group was supported by grants from CONICET (PIP 11220170100714CO), FONCYT (PICT-2017-2538 and PICT-2018-03779), both within the Ministerio de Ciencia y Técnica de Argentina, and the Chan-Zuckerberg Initiative (Grant #221790).



Acknowledgments

We want to thank Pedro Salaberry and Martin Iungman for very useful discussion and insights.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Alvarez-Buylla, A., Cebrian-Silla, A., Sorrells, S. F., Nascimento, M. A., Paredes, M. F., Garcia-Verdugo, J. M., et al. (2022). Comment on “Impact of neurodegenerative diseases on human adult hippocampal neurogenesis.” Science 376, eabn8861. doi: 10.1126/science.abn8861

 Anania, C., Acemel, R. D., Jedamzick, J., Bolondi, A., Cova, G., Brieske, N., et al. (2022). In vivo dissection of a clustered-CTCF domain boundary reveals developmental principles of regulatory insulation. Nat. Genet. 54, 1026–1036. doi: 10.1038/s41588-022-01117-9

 Arias, A. M., and Hayward, P. (2006). Filtering transcriptional noise during development: Concepts and mechanisms. Nat. Rev. Genet. 7, 34–44. doi: 10.1038/nrg1750

 Autism Spectrum Disorder Working Group of the Psychiatric Genomics Consortium BUPGEN, Major Depressive Disorder Working Group of the Psychiatric Genomics Consortium, 23andMe Research Team, Grove, J. Ripke S. . (2019). Identification of common genetic risk variants for autism spectrum disorder. Nat. Genet. 51, 431–444. doi: 10.1038/s41588-019-0344-8

 Badis, G., Berger, M. F., Philippakis, A. A., Talukder, S., Gehrke, A. R., Jaeger, S. A., et al. (2009). Diversity and complexity in DNA recognition by transcription factors. Science 324, 1720–1723. doi: 10.1126/science.1162327

 Balaskas, N., Ribeiro, A., Panovska, J., Dessaud, E., Sasai, N., Page, K. M., et al. (2012). Gene regulatory logic for reading the Sonic Hedgehog signaling gradient in the vertebrate neural tube. Cell 148, 273–284. doi: 10.1016/j.cell.2011.10.047

 Barkai, N., and Shilo, B.-Z. (2007). Variability and robustness in biomolecular systems. Mol. Cell 28, 755–760. doi: 10.1016/j.molcel.2007.11.013

 Barkai, N., and Shilo, B.-Z. (2009). Robust generation and decoding of morphogen gradients. Cold Spring Harb. Perspect. Biol. 1, a001990. doi: 10.1101/cshperspect.a001990

 Berman, B. P., Nibu, Y., Pfeiffer, B. D., Tomancak, P., Celniker, S. E., Levine, M., et al. (2002). Exploiting transcription factor binding site clustering to identify cis-regulatory modules involved in pattern formation in the Drosophila genome. Proc. Natl. Acad. Sci. U. S. A. 99, 757–762. doi: 10.1073/pnas.231608898

 Bertrand, N., Castro, D. S., and Guillemot, F. (2002). Proneural genes and the specification of neural cell types. Nat. Rev. Neurosci. 3, 517–530. doi: 10.1038/nrn874

 Bittermann, E., Abdelhamed, Z., Liegel, R. P., Menke, C., Timms, A., Beier, D. R., et al. (2019). Differential requirements of tubulin genes in mammalian forebrain development. PLoS Genet. 15, e1008243. doi: 10.1371/journal.pgen.1008243

 Bocci, F., Onuchic, J. N., and Jolly, M. K. (2020). Understanding the principles of pattern formation driven by notch signaling by integrating experiments and theoretical models. Front. Physiol. 11, 929. doi: 10.3389/fphys.2020.00929

 Cannavò, E., Khoueiry, P., Garfield, D. A., Geeleher, P., Zichner, T., Gustafson, E. H., et al. (2016). Shadow enhancers are pervasive features of developmental regulatory networks. Curr. Biol. 26, 38–51. doi: 10.1016/j.cub.2015.11.034

 Carro, M. S., Lim, W. K., Alvarez, M. J., Bollo, R. J., Zhao, X., Snyder, E. Y., et al. (2010). The transcriptional network for mesenchymal transformation of brain tumours. Nature 463, 318–325. doi: 10.1038/nature08712

 Cassidy, J. J., Jha, A. R., Posadas, D. M., Giri, R., Venken, K. J. T., Ji, J., et al. (2013). miR-9a minimizes the phenotypic impact of genomic diversity by buffering a transcription factor. Cell 155, 1556–1567. doi: 10.1016/j.cell.2013.10.057

 Chahrour, M., and Zoghbi, H. Y. (2007). The story of Rett syndrome: From clinic to neurobiology. Neuron 56, 422–437. doi: 10.1016/j.neuron.2007.10.001

 Chapman, H., Riesenberg, A., Ehrman, L. A., Kohli, V., Nardini, D., Nakafuku, M., et al. (2018). Gsx transcription factors control neuronal versus glial specification in ventricular zone progenitors of the mouse lateral ganglionic eminence. Dev. Biol. 442, 115–126. doi: 10.1016/j.ydbio.2018.07.005

 Chen, Y., and Struhl, G. (1996). Dual roles for patched in sequestering and transducing Hedgehog. Cell 87, 553–563. doi: 10.1016/S0092-8674(00)81374-4

 Clelland, C. D., Choi, M., Romberg, C., Clemenson, G. D., Fragniere, A., Tyers, P., et al. (2009). A functional role for adult hippocampal neurogenesis in spatial pattern separation. Science 325, 210–213. doi: 10.1126/science.1173215

 Conant, G. C., and Wagner, A. (2003). Convergent evolution of gene circuits. Nat. Genet. 34, 264–266. doi: 10.1038/ng1181

 de Pontual, L., Yao, E., Callier, P., Faivre, L., Drouin, V., Cariou, S., et al. (2011). Germline deletion of the miR-17~92 cluster causes skeletal and growth defects in humans. Nat. Genet. 43, 1026–1030. doi: 10.1038/ng.915

 de Visser, J. A. G. M., Hermisson, J., Wagner, G. P., Meyers, L. A., Bagheri-Chaichian, H., Blanchard, J. L., et al. (2003). Perspective: Evolution and detection of genetic robustness. Evolution 57, 1959–1972. doi: 10.1111/j.0014-3820.2003.tb00377.x

 Degenhardt, K. R., Milewski, R. C., Padmanabhan, A., Miller, M., Singh, M. K., Lang, D., et al. (2010). Distinct enhancers at the Pax3 locus can function redundantly to regulate neural tube and neural crest expressions. Dev. Biol. 339, 519–527. doi: 10.1016/j.ydbio.2009.12.030

 Delás, M. J., Kalaitzis, C. M., Fawzi, T., Demuth, M., Zhang, I., Stuart, H. T., et al. (2022). Developmental cell fate choice in neural tube progenitors employs two distinct cis-regulatory strategies. Dev. Cell 2022, S1534580722008164. doi: 10.1101/2022.06.06.494792

 Denoth-Lippuner, A., and Jessberger, S. (2021). Formation and integration of new neurons in the adult hippocampus. Nat. Rev. Neurosci. 22, 223–236. doi: 10.1038/s41583-021-00433-z

 Despang, A., Schöpflin, R., Franke, M., Ali, S., Jerkovi,ć, I., Paliou, C., et al. (2019). Functional dissection of the Sox9–Kcnj2 locus identifies nonessential and instructive roles of TAD architecture. Nat. Genet. 51, 1263–1271. doi: 10.1038/s41588-019-0466-z

 Dessaud, E., Ribes, V., Balaskas, N., Yang, L. L., Pierani, A., Kicheva, A., et al. (2010). Dynamic assignment and maintenance of positional identity in the ventral neural tube by the morphogen Sonic Hedgehog. PLoS Biol. 8, e1000382. doi: 10.1371/journal.pbio.1000382

 Dessaud, E., Yang, L. L., Hill, K., Cox, B., Ulloa, F., Ribeiro, A., et al. (2007). Interpretation of the Sonic Hedgehog morphogen gradient by a temporal adaptation mechanism. Nature 450, 717–720. doi: 10.1038/nature06347

 Dragich, J., Houwink-Manville, I., and Schanen, C. (2000). Rett syndrome: A surprising result of mutation in MECP2. Hum. Mol. Genet. 9, 2365–2375. doi: 10.1093/hmg/9.16.2365

 Ebert, M. S., and Sharp, P. A. (2012). Roles for MicroRNAs in conferring robustness to biological processes. Cell 149, 515–524. doi: 10.1016/j.cell.2012.04.005

 Edwards, S. L., Beesley, J., French, J. D., and Dunning, A. M. (2013). Beyond GWASs: Illuminating the dark road from association to function. Am. J. Hum. Genet. 93, 779–797. doi: 10.1016/j.ajhg.2013.10.012

 Einarsson, H., Salvatore, M., Vaagenso, C., Alcaraz, N., Bornholdt Lange, J., Rennie, S., et al. (2022). Promoter sequence and architecture determine expression variability and confer robustness to genetic variants. eLife 11, e80943. doi: 10.7554/eLife.80943.sa2

 Eldar, A., Dorfman, R., Weiss, D., et al. (2002). Robustness of the BMP morphogen gradient in Drosophila embryonic patterning. Nature. 419, 304–308. doi: 10.1038/nature01061

 Enriquez, J., Rio, L. Q., Blazeski, R., Bellemin, S., Godement, P., Mason, C., et al. (2018). Differing strategies despite shared lineages of motor neurons and glia to achieve robust development of an adult neuropil in Drosophila. Neuron 97, 538–554.e5. doi: 10.1016/j.neuron.2018.01.007

 Ernst, A., Alkass, K., Bernard, S., Salehpour, M., Perl, S., Tisdale, J., et al. (2014). Neurogenesis in the striatum of the adult human brain. Cell 156, 1072–1083. doi: 10.1016/j.cell.2014.01.044

 Falk, S., and Götz, M. (2017). Glial control of neurogenesis. Curr. Opin. Neurobiol. 47, 188–195. doi: 10.1016/j.conb.2017.10.025

 Félix, M.-A., and Wagner, A. (2008). Robustness and evolution: Concepts, insights and challenges from a developmental model system. Heredity 100, 132–140. doi: 10.1038/sj.hdy.6800915

 Ferent, J., Giguère, F., Jolicoeur, C., Morin, S., Michaud, J.-F., Makihara, S., et al. (2019). Boc acts via numb as a Shh-dependent endocytic platform for Ptch1 internalization and Shh-mediated axon guidance. Neuron 102, 1157–1171.e5. doi: 10.1016/j.neuron.2019.04.003

 Frankel, N., Davis, G. K., Vargas, D., Wang, S., Payre, F., and Stern, D. L. (2010). Phenotypic robustness conferred by apparently redundant transcriptional enhancers. Nature 466, 490–493. doi: 10.1038/nature09158

 Gaugler, T., Klei, L., Sanders, S. J., Bodea, C. A., Goldberg, A. P., Lee, A. B., et al. (2014). Most genetic risk for autism resides with common variation. Nat. Genet. 46, 881–885. doi: 10.1038/ng.3039

 Ghosh, T., Aprea, J., Nardelli, J., Engel, H., Selinger, C., Mombereau, C., et al. (2014). MicroRNAs establish robustness and adaptability of a critical gene network to regulate progenitor fate decisions during cortical neurogenesis. Cell Rep. 7, 1779–1788. doi: 10.1016/j.celrep.2014.05.029

 Gibson, G. (2009). Decanalization and the origin of complex disease. Nat. Rev. Genet. 10, 134–140. doi: 10.1038/nrg2502

 Gibson, G., and Dworkin, I. (2004). Uncovering cryptic genetic variation. Nat. Rev. Genet. 5, 681–690. doi: 10.1038/nrg1426

 Goodrich, L. V., Johnson, R. L., Milenkovic, L., McMahon, J. A., and Scott, M. P. (1996). Conservation of the Hedgehog/patched signaling pathway from flies to mice: Induction of a mouse patched gene by Hedgehog. Genes Dev. 10, 301–312. doi: 10.1101/gad.10.3.301

 Hartman, J. L., Garvik, B., and Hartwell, L. (2001). Principles for the buffering of genetic variation. Science 291, 1001–1004. doi: 10.1126/science.1056072


 Hernandez-Miranda, L. R., Müller, T., and Birchmeier, C. (2017). The dorsal spinal cord and hindbrain: From developmental mechanisms to functional circuits. Dev. Biol. 432, 34–42. doi: 10.1016/j.ydbio.2016.10.008

 Hiesinger, P. R., and Hassan, B. A. (2018). The evolution of variability and robustness in neural development. Trends Neurosci. 41, 577–586. doi: 10.1016/j.tins.2018.05.007

 Irons, D. J., Wojcinski, A., Glise, B., and Monk, N. A. M. (2010). Robustness of positional specification by the Hedgehog morphogen gradient. Dev. Biol. 180–93. doi: 10.1016/j.ydbio.2010.03.022

 Jang, H., Shin, W., Lee, J., and Do, J. (2017). CpG and Non-CpG methylation in epigenetic gene regulation and brain function. Genes 8, 148. doi: 10.3390/genes8060148

 Jeong, Y., El-Jaick, K., Roessler, E., Muenke, M., and Epstein, D. J. (2006). A functional screen for sonic hedgehog regulatory elements across a 1 Mb interval identifies long-range ventral forebrain enhancers. Development 133, 761–772. doi: 10.1242/dev.02239

 Keightley, P. D. (2012). Rates and fitness consequences of new mutations in humans. Genetics 190, 295–304. doi: 10.1534/genetics.111.134668

 Kirschner, M., and Gerhart, J. (1998). Evolvability. Proc. Natl. Acad. Sci. U. S. A. 95, 8420–8427. doi: 10.1073/pnas.95.15.8420

 Kise, Y., and Schmucker, D. (2013). Role of self-avoidance in neuronal wiring. Curr. Opin. Neurobiol. 23, 983–989. doi: 10.1016/j.conb.2013.09.011

 Kronquist, K. E., Sherman, S. L., and Spector, E. B. (2008). Clinical significance of tri-nucleotide repeats in Fragile X testing: A clarification of American College of Medical Genetics guidelines. Genet. Med. 10, 845–847. doi: 10.1097/GIM.0b013e31818c2606

 Kvon, E. Z., Waymack, R., Gad, M., and Wunderlich, Z. (2021). Enhancer redundancy in development and disease. Nat. Rev. Genet. 22, 324–336. doi: 10.1038/s41576-020-00311-x

 Lathia, J. D., Mattson, M. P., and Cheng, A. (2008). Notch: From neural development to neurological disorders. J. Neurochem. 107, 1471–1481. doi: 10.1111/j.1471-4159.2008.05715.x

 Lawrence Zipursky, S., and Grueber, W. B. (2013). The molecular basis of self-avoidance. Annu. Rev. Neurosci. 36, 547–568. doi: 10.1146/annurev-neuro-062111-150414

 Li, Y., Wang, F., Lee, J.-A., and Gao, F.-B. (2006). MicroRNA-9a ensures the precise specification of sensory organ precursors in Drosophila. Genes Dev. 20, 2793–2805. doi: 10.1101/gad.1466306

 Lowell, S., Benchoua, A., Heavey, B., and Smith, A. G. (2006). Notch promotes neural lineage entry by pluripotent embryonic stem cells. PLoS Biol. 4, e121. doi: 10.1371/journal.pbio.0040121

 Mangan, S., and Alon, U. (2003). Structure and function of the feed-forward loop network motif. Proc. Natl. Acad. Sci. U. S. A. 100, 11980–11985. doi: 10.1073/pnas.2133841100

 Marigo, V., and Tabin, C. J. (1996). Regulation of patched by sonic hedgehog in the developing neural tube. Proc. Natl. Acad. Sci. U. S. A. 93, 9346–9351. doi: 10.1073/pnas.93.18.9346

 Maury, Y., Côme, J., Piskorowski, R. A., Salah-Mohellibi, N., Chevaleyre, V., Peschanski, M., et al. (2015). Combinatorial analysis of developmental cues efficiently converts human pluripotent stem cells into multiple neuronal subtypes. Nat. Biotechnol. 33, 89–96. doi: 10.1038/nbt.3049

 McGrath, J. J., Hannan, A. J., and Gibson, G. (2011). Decanalization, brain development and risk of schizophrenia. Transl. Psychiatry 1, e14–e14. doi: 10.1038/tp.2011.16

 Mira, H., and Morante, J. (2020). Neurogenesis from embryo to adult – Lessons from flies and mice. Front. Cell Dev. Biol. 8, 533. doi: 10.3389/fcell.2020.00533

 Moreno-Jiménez, E. P., Flor-García, M., Terreros-Roncal, J., Rábano, A., Cafini, F., Pallas-Bazarra, N., et al. (2019). Adult hippocampal neurogenesis is abundant in neurologically healthy subjects and drops sharply in patients with Alzheimer's disease. Nat. Med. 25, 554–560. doi: 10.1038/s41591-019-0375-9

 Nakashiba, T., Cushman, J. D., Pelkey, K. A., Renaudineau, S., Buhl, D. L., McHugh, T. J., et al. (2012). Young dentate granule cells mediate pattern separation, whereas old granule cells facilitate pattern completion. Cell 149, 188–201. doi: 10.1016/j.cell.2012.01.046

 Nolin, S. L., Lewis, F. A., Ye, L. L., Houck, G. E., Glicksman, A. E., Limprasert, P., et al. (1996). Familial transmission of the FMR1 CGG repeat. Am. J. Hum. Genet. 59, 1252–1261.

 Ohtsuka, T., and Kageyama, R. (2019). Regulation of temporal properties of neural stem cells and transition timing of neurogenesis and gliogenesis during mammalian neocortical development. Semin. Cell Dev. Biol. 95, 4–11. doi: 10.1016/j.semcdb.2019.01.007

 Oosterveen, T., Kurdija, S., Alekseenko, Z., Uhde, C. W., Bergsland, M., Sandberg, M., et al. (2012). Mechanistic differences in the transcriptional interpretation of local and long-range Shh morphogen signaling. Dev. Cell 23, 1006–1019. doi: 10.1016/j.devcel.2012.09.015

 Paliou, C., Guckelberger, P., Schöpflin, R., Heinrich, V., Esposito, A., Chiariello, A. M., et al. (2019). Preformed chromatin topology assists transcriptional robustness of Shh during limb development. Proc. Natl. Acad. Sci. U. S. A. 116, 12390–12399. doi: 10.1073/pnas.1900672116

 Paredes, M. F., Sorrells, S. F., Cebrian-Silla, A., Sandoval, K., Qi, D., Kelley, K. W., et al. (2018). Does adult neurogenesis persist in the human hippocampus? Cell Stem Cell 23, 780–781. doi: 10.1016/j.stem.2018.11.006

 Parikshak, N. N., Gandal, M. J., and Geschwind, D. H. (2015). Systems biology and gene networks in neurodevelopmental and neurodegenerative disorders. Nat. Rev. Genet. 16, 441–458. doi: 10.1038/nrg3934

 Payne, J. L., and Wagner, A. (2014). The robustness and evolvability of transcription factor binding sites. Science 343, 875–877. doi: 10.1126/science.1249046

 Payne, J. L., and Wagner, A. (2015). Mechanisms of mutational robustness in transcriptional regulation. Front. Genet. 6, 322. doi: 10.3389/fgene.2015.00322

 Perrimon, N., Pitsouli, C., and Shilo, B.-Z. (2012). Signaling mechanisms controlling cell fate and embryonic patterning. Cold Spring Harb. Perspect. Biol. 4, a005975. doi: 10.1101/cshperspect.a005975

 Qian, X., Shen, Q., Goderie, S. K., He, W., Capela, A., Davis, A. A., et al. (2000). Timing of CNS cell generation: A programmed sequence of neuron and glial cell production from isolated murine cortical stem cells. Neuron 28, 69–80. doi: 10.1016/S0896-6273(00)00086-6

 Rogers, K. W., and Schier, A. F. (2011). Morphogen gradients: From generation to interpretation. Annu. Rev. Cell Dev. Biol. 27, 377–407. doi: 10.1146/annurev-cellbio-092910-154148

 Sagner, A., and Briscoe, J. (2017). Morphogen interpretation: Concentration, time, competence, and signaling dynamics. Wiley Interdiscip. Rev. Dev. Biol. 6, e271. doi: 10.1002/wdev.271

 Sagner, A., and Briscoe, J. (2019). Establishing neuronal diversity in the spinal cord: A time and a place. Development 146, dev182154. doi: 10.1242/dev.182154

 Sahay, A., Scobie, K. N., Hill, A. S., O'Carroll, C. M., Kheirbek, M. A., Burghardt, N. S., et al. (2011). Increasing adult hippocampal neurogenesis is sufficient to improve pattern separation. Nature 472, 466–470. doi: 10.1038/nature09817

 Sato, A. (2018). Chaperones, canalization, and evolution of animal forms. Int. J. Mol. Sci. 19, 3029. doi: 10.3390/ijms19103029

 Scharloo, W. (1991). Canalization: Genetic and developmental aspects. Annu. Rev. Ecol. Syst. 22, 65–93. doi: 10.1146/annurev.es.22.110191.000433


 Schor, I. E., Degner, J. F., Harnett, D., Cannavò, E., Casale, F. P., Shim, H., et al. (2017). Promoter shape varies across populations and affects promoter evolution and expression noise. Nat. Genet. 49, 550–558. doi: 10.1038/ng.3791

 Sigalova, O. M., Shaeiri, A., Forneris, M., Furlong, E. E., and Zaugg, J. B. (2020). Predictive features of gene expression variation reveal mechanistic link with differential expression. Mol. Syst. Biol. 16, e9539. doi: 10.15252/msb.20209539

 Silbereis, J. C., Pochareddy, S., Zhu, Y., Li, M., and Sestan, N. (2016). The cellular and molecular landscapes of the developing human central nervous system. Neuron 89, 248–268. doi: 10.1016/j.neuron.2015.12.008

 Sjöqvist, M., and Andersson, E. R. (2019). Do as I say, Not(ch) as I do: Lateral control of cell fate. Dev. Biol. 447, 58–70. doi: 10.1016/j.ydbio.2017.09.032

 Song, W., and Ovcharenko, I. (2018). Dichotomy in redundant enhancers points to presence of initiators of gene regulation. BMC Genom. 19, 947. doi: 10.1186/s12864-018-5335-0

 Sorrells, S. F., Paredes, M. F., Cebrian-Silla, A., Sandoval, K., Qi, D., Kelley, K. W., et al. (2018). Human hippocampal neurogenesis drops sharply in children to undetectable levels in adults. Nature 555, 377–381. doi: 10.1038/nature25975

 Sperry, R. W. (1963). Chemoaffinity in the orderly growth of nerve fiber patterns and connections. Proc. Natl. Acad. Sci. U. S. A. 50, 703–710. doi: 10.1073/pnas.50.4.703

 Temple, S. (2001). The development of neural stem cells. Nature 414, 112–117. doi: 10.1038/35102174

 Tobin, M. K., Musaraca, K., Disouky, A., Shetti, A., Bheri, A., Honer, W. G., et al. (2019). Human hippocampal neurogenesis persists in aged adults and Alzheimer's disease patients. Cell Stem Cell 24, 974–982.e3. doi: 10.1016/j.stem.2019.05.003

 Torbey, P., Thierion, E., Collombet, S., de Cian, A., Desmarquet-Trin-Dinh, C., Dura, M., et al. (2018). Cooperation, cis-interactions, versatility and evolutionary plasticity of multiple cis-acting elements underlie krox20 hindbrain regulation. PLoS Genet. 14, e1007581. doi: 10.1371/journal.pgen.1007581

 Tsang, J., Zhu, J., and van Oudenaarden, A. (2007). MicroRNA-mediated feedback and feedforward loops are recurrent network motifs in mammals. Mol. Cell 26, 753–767. doi: 10.1016/j.molcel.2007.05.018

 Tutukova, S., Tarabykin, V., and Hernandez-Miranda, L. R. (2021). The role of neurod genes in brain development, function, and disease. Front. Mol. Neurosci. 14, 662774. doi: 10.3389/fnmol.2021.662774

 Urban, E. A., and Johnston, R. J. Jr. (2018). Buffering and amplifying transcriptional noise during cell fate specification. Front. Genet. 9, 591. doi: 10.3389/fgene.2018.00591

 Vetter, R., and Iber, D. (2022). Precision of morphogen gradients in neural tube development. Nat. Commun. 13, 1145. doi: 10.1038/s41467-022-28834-3

 Villalba, A., Götz, M., and Borrell, V. (2021). “The regulation of cortical neurogenesis,” in Current Topics in Developmental Biology. ed G. J. Bashaw (Amsterdam: Elsevier), 1–66. doi: 10.1016/bs.ctdb.2020.10.003

 Vokes, S. A., Ji, H., Wong, W. H., and McMahon, A. P. (2008). A genome-scale analysis of the cis-regulatory circuitry underlying sonic hedgehog-mediated patterning of the mammalian limb. Genes Dev. 22, 2651–2663. doi: 10.1101/gad.1693008

 Waddington, C. H. (1942). Canalization of development and the inheritance of acquired characters. Nature 150, 563–565. doi: 10.1038/150563a0

 Wit, C. B., and Hiesinger, P. R. (2023). Neuronal filopodia: From stochastic dynamics to robustness of brain morphogenesis. Semin. Cell Dev. Biol. 133, 10–19. doi: 10.1016/j.semcdb.2022.03.038

 Xia, Y., Cui, K., Alonso, A., Lowenstein, E. D., and Hernandez-Miranda, L. R. (2022). Transcription factors regulating the specification of brainstem respiratory neurons. Front. Mol. Neurosci. 15, 1072475. doi: 10.3389/fnmol.2022.1072475

 Young, J. I., and Zoghbi, H. Y. (2004). X-chromosome inactivation patterns are unbalanced and affect the phenotypic outcome in a mouse model of Rett syndrome. Am. J. Hum. Genet. 74, 511–520. doi: 10.1086/382228



OPS/images/fnmol-16-1114015-i001.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Mechanisms of robustness in gene regulatory networks involved in neural development



		Introduction



		Assessing robustness of developmental processes



		The nervous system as a developmental model



		Mechanisms of robustness in developmental gene regulatory networks



		Robustness at the level of individual gene expression



		Robustness at higher levels of complexity







		Developmental disorders and robustness to genetic variation



		Discussion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Neuroscience

Mechanisms of robustness in gene
regulatory networks involved in
neural development





OPS/images/fnmol-16-1114015-g001.gif
SHH loop-based

regulation
e @—0  @xi0
-
Osme A e
0l 2 e
o’

oy PO
> Gene
> Genes,

Shh signeling genes





OPS/images/fnmol-16-1114015-g002.gif
Dluptonofmacharisns
ety
e

e
necionsy
- Fagiex S
ey










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Molecular Neuroscience





