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Abstract

:

Vertebrate neurons are enormously variable in morphology and distribution. While different glial cell types do exist, they are much less diverse than neurons. Over the last decade, we have conducted quantitative studies of the absolute numbers, densities, and proportions at which non-neuronal cells occur in relation to neurons. These studies have advanced the notion that glial cells are much more constrained than neurons in how much they can vary in both development and evolution. Recent evidence from studies on gene expression profiles that characterize glial cells—in the context of progressive epigenetic changes in chromatin during morphogenesis—supports the notion of constrained variation of glial cells in development and evolution, and points to the possibility that this constraint is related to the late differentiation of the various glial cell types. Whether restricted variation is a biological given (a simple consequence of late glial cell differentiation) or a physiological constraint (because, well, you do not mess with the glia without consequences that compromise brain function to the point of rendering those changes unviable), we predict that the restricted variation in size and distribution of glial cells has important consequences for neural tissue function that is aligned with their many fundamental roles being uncovered.
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1. Introduction


The glue that keeps together the tendinous strings that permeate the body: that is a loose but literal translation of the term Neuroglia. Virchow’s original reference to connecting material (Nervenkitt), which he considered to be a true connective tissue (Zwischenmasse), is now known to be an underrepresentation of the role of these cells in nervous tissue [1,2]. To be fair, nerve cells have also kept their designation as “neurons”, even though both terms—one from the Latin, nervus, the other from the Greek, neuron—also grossly misrepresent what these cells actually are or do, for they literally mean tendon, cable, or sinew.



That both neurons and glia are still named after things they are not is a useful reminder of the achievements of scientific research. Persistence and inquisitiveness did bring the field a long way in understanding the actual roles of neurons and glial cells in animals. However, one simple, repeated observation could, or should, have raised much earlier suspicions of a fundamental role of glial cells in the nervous system: that every animal known to have neurons that are well differentiated from the ectoderm also has glial cells of some sort [3]. No matter what criteria are used to define glia, whatever their evolutionary or developmental origins, whether conserved across all animal clades, the fact remains that neurons do not come alone.



The developmental mechanisms that originate glial cells do appear to be shared and conserved across vertebrates, or even invertebrates, going back at least 500 million years [3,4,5,6,7]. Moreover, across a wide range of mammalian species, new evidence indicates that the mechanisms that regulate glial cell diversity and how they are added to brain tissue are indeed highly conserved in evolution. This conservation is the focus of this review: the remarkable constancy in some key characteristics regarding mammalian glial cells points to either strict biological constraints or the fundamental physical properties of these cells. In the face of abundant neuronal diversity, it becomes clear that, whatever the source of glial constancy, nature has not been able to mess with the glia.



1.1. The More Some Things Change, the More Others Stay the Same


In its simplest definition, biological evolution means change in the characteristics of life over geological time. Whereas it was once proposed that all nervous systems were derived by multiple, independent alterations starting from a single ancestral form [8,9,10], it now appears more likely that nervous systems organized multiple times independently during animal evolution [11,12]. A consequence of great relevance to comparative studies of brain tissue organization is that the two most widely used animal models for research—the fruit fly and the lab mouse—do not share homologous nervous systems derived from a common urbilaterian ancestor [12]. The lack of homology is the case even if many similar genes are expressed during the development of both vertebrates and invertebrates, which is to be expected given that the basic genetic toolkit of all animals appears to be shared from Cambrian ancestors [12].



If there is not a universal layout of the nervous system from which all versions derived, could they all still share homologous cell types? That is, are glia and neurons ancient cell types that predate animal diversity, and are they formed via the same, conserved developmental pathways in the various vertebrate and invertebrate species? Phylogenetic comparisons indicate that the machinery that allows synaptic transmission and gliotransmission did appear before the differentiation of specialized excitable cells in animals that employ them in particular ways [13]. Glial cells, and also neurons, do express similar markers across multiple vertebrate and invertebrate species, and radial glia-like cells are found in both protostomes and deuterostomes [14]. However, until phylogenomic analyses are performed systematically in a large enough number of species covering all major phyla, it is too early to draw a conclusion on whether all neurons, all radial glial types, and all myelinating cells share a conserved developmental program.



All vertebrates, however, do share a common ancestor exclusive to all of them [15,16,17,18,19], and, therefore, their nervous systems can be safely considered homologous in their organization and in the origin of the cell types that compose them, especially amongst amniotes (mammals and reptiles, including birds). That does not mean that the nervous systems of amniotes are identical; although most glutamatergic neurons are generated from radial progenitors through similar cascades of gene expression in all species examined, comparative studies of the composition of brain tissue across vertebrate species indicate that some neuronal phenotypes are particular to some clades [20]. Sauropsids (avian and non-avian reptiles), for instance, do not have commissural neurons in their cortex or pallium; those neurons are characteristic of placental mammals [21]. Callosal neurons, like other upper-layer neurons, presumably appeared during mammalian evolution with the diversification of transcription factors expressed in newly differentiated neurons in development [20].



Neuronal cell types are, indeed, enormously diverse across brain structures and species in vertebrates, as illustrated in Figure 1. The much wider variation of neuronal compared to glial cell phenotypes is evident in a basic feature of nervous tissue: neurons are not distributed evenly in the tissue, instead agglomerated in clumps (nuclei), layers (cortices), or lattices (reticular formations), in which they form directional circuits. On the other hand, glial cells of different types are distributed much more homogeneously in nervous tissue and generate signals that remain local or spread little and concentrically through gap junctions [22]. Examples of clustering of neuronal, but not glial, cells are shown in Figure 2. Within glial networks, the component cells are considered equivalent in form and function; within neuronal networks, the component cells typically differ in chemical phenotype, electrophysiological properties, and connectivity patterns, endowing each part of the network with a different function.



Indeed, neurons can express multiple combinations of excitatory, inhibitory, or modulatory transmitters, whereas astrocyte cells appear to use mostly glutamate, purines, and d-serine [27]. It remains possible that interest in gliotransmission has been so recent that not many substances have been identified as mediators (just like there once were only two known neurotransmitters, acetylcholine and noradrenaline), but given the wide range of tools and resources available now to glia-minded researchers, a much greater degree of diversity should have been unveiled by now, if it existed. Similarly, while neurons may be large and highly branched with specifically targeted or widely diffuse projections, small with only local projections, or anything between those extremes, with both dendrites and axons highly intertwined with those of other neurons, glial cells, whether astrocytes, oligodendrocytes, or microglial in type, tend to have many, but only local, branches that form bricks that subdivide the parenchyma into mostly non-overlapping territories or tiles [28] (Figure 1). Such territories are consistent with known contact-mediated inhibition of proliferation of glial cell precursors [29].



Although cell type classification is currently a much-debated issue, recent gene expression-based studies of the cell types found in brain tissue confirm that neuronal cell type diversity, gauged by unsupervised clustering analysis of single-cell transcriptomics, is much greater than that of non-neuronal cell types [30]. Using single-cell RNA sequencing (RNAseq), such studies have found that individual neurons in the mouse cerebral cortex and hippocampus express on average 4-fold more RNA and almost twice as many different genes than non-neuronal cells [31]. These studies have also identified various classes of neuronal cell types based on the clusters of co-expressed genes, which have been uncovered across thousands of cells examined. While the number of brain structures analyzed is still small, and so far, has been restricted to mouse, human, and zebrafish [32,33,34], a clear pattern already emerges of many more neuronal than non-neuronal cell types. Whereas neurons in mouse primary visual cortex can be subdivided into 42 subtypes, grouped as either excitatory (19 subtypes) or inhibitory neurons (23 subtypes), the number of non-neuronal cell subtypes in the same cortex is only seven, comprising a single type of astrocyte, a single type of oligodendrocyte (which may be subdivided in three stages of differentiation), a single type of microglial cell, and two types of vasculature-associated cells [31] (Figure 3). While that study was biased towards neurons, an unbiased single-cell RNAseq study in mouse somatosensory cortex and hippocampus found similar results: 13 subtypes of pyramidal neurons, 16 subtypes of interneurons, but only 2 subtypes of astrocytes, 1 subtype of microglia, and 6 subtypes of oligodendrocytes that actually correspond to different maturation stages, so are not true cell subtypes [32]. That study confirmed the finding that individual neurons contain more RNA than glia, and a larger number of detectable genes [32]. Even in the juvenile zebrafish brain, as many as 45 neuronal subtypes were identified, but only 3 oligodendrocyte and 1 microglial subtype(s) [34]. Having highly diverse neuronal cell types but very few glial cell types is thus a feature of both fish and mammals.



Gene expression-based estimates of the high diversity of neuronal cell types have been confirmed by more complete analyses of combined morphological, functional, and biochemical types of interneurons [41]. Although some studies have preferentially targeted neuronal cell types [31,33], others have aimed at being at least semiquantitative, capturing the proportions of cells found in the tissue examined, as discussed below [32,34]. While these studies are powerful in the depth and breadth of single-cell transcriptomic analysis, they will probably remain limited to mouse, rat, zebrafish, or human brains, for practical reasons, since the current requirement for fresh, unfixed tissue means that the tissue donor must be alive during tissue collection (but see below). Still, the rising evidence already indicates that, at least across vertebrates, neurons must have been free to change and diverge into multiple phenotypes as brains evolved, whereas glial cells have been more restricted.




1.2. Quantitative Neuroanatomy: Counting Cells by Turning Brains into Soup


Maybe neuronal cell types were most numerous, but non-neuronal cells still outnumbered neurons as a whole—or so it was long stated in the literature [42]. For a couple of decades, scientists and journalists could get away with unreferenced claims, typically in the opening lines of original papers and reviews, that glial cells as a whole, or astrocytes in particular, are the most common cell type in the brain [43,44,45,46,47]. That those claims made it through peer review and editorial processes is a testament to how widely they were believed to represent actual facts—or to extoll the virtues of the underestimated other cells of the nervous system. The view that glial cells far outnumbered neurons was found in one of the most important and influential modern textbooks [48] and maintained, in a toned-down but still incorrect version, in the most recent 5th edition [49].



The underlying problem was that, in a scientific game of telephone, glia/neuron ratios in a few brain structures had been mistaken as representative of the whole human brain [42]. While quantitative data to the contrary were not abundant for a long time, they certainly existed, and not just in the human brain. For instance, a compilation of estimates of neuronal and glial cell density available in the cerebral cortex of mammalian species showed that those densities were clearly in the same range, with no obvious preponderance of glial cells [50], and that glial cell densities were quite stable across species [51]. Even Reinhard Friede’s first (incorrect) description that there were more glial cells per neuron in more advanced species still listed only fewer than two glial cells per neuron in the human cerebral cortex [52].



Over the last 12 years, we and our collaborators have generated a wealth of data on the numbers of neuronal and non-neuronal cells that compose brain structures in over 50 species of mammals [53,54,55,56,57,58,59,60,61,62,63,64]. Our systematic approach to determine the cellular composition of brain structures in a manner that was readily comparable across species, using reproducible dissection criteria, employed a quantitative technique that we developed—the isotropic fractionator [65]. This method consists in first dissolving dissected, fixed regions of interest into a soup of free-floating cell nuclei, whose density can be quickly determined in a cell-counting chamber under a fluorescence microscope. Multiplying the density of nuclei in suspension by the volume of the suspension yields the total number of nuclei in the original structure, and, therefore, the total number of cells (assuming that mammalian brain cells have one and only one nucleus per cell). Finally, morphological criteria or immunocytochemical markers, such as the universal neuronal nuclear marker NeuN [35], can be used to determine the proportion of nuclei that belong to particular cell types. Importantly, this cell quantification technique has been found by three independent groups to yield results that are comparable to those obtained with unbiased stereology, but are much faster to obtain and far less prone to user error and undersampling [66,67,68]. The consistency of the approach and technique across studies allowed us to collect data that could be compared systematically across structures in individual brains; across individuals of the same species; across species within a clade; across mammalian clades (Figure 4); and even across mammals, birds, and non-avian reptiles [53,54,55,56,57,58,59,60,61,62,63,64,69,70,71]. While published results have so far been limited to numbers of neuronal and non-neuronal cells, one advantage of the isotropic fractionator is that, because all tissue heterogeneities in cell distribution are literally dissolved, only very small samples are required for counting, which allows for storage of the remaining suspension at −20 °C for later studies employing new markers or morphological criteria [65]. Because the cell cytoplasm is lost, counting specific cell types in this way requires markers expressed in the cell nucleus. However, the growing wealth of single-cell transcriptomic data has been rapidly providing cell type-specific markers that can be used for this purpose in our stored collection of processed brain samples, which will be used as we are able to validate them as reliable, cell type-specific, and universal markers across species and clades (see below).



So far, we have defined neurons as nuclei (confirmed by compatible size, shape, and presence of 4′,6-diamidino-2-phenylindole (DAPI)-stained DNA) that express NeuN [72], and non-neuronal or other cells as all remaining nuclei, by exclusion of the NeuN-expressing fraction. This procedure leaves no cell unaccounted for, that is, the sum of NeuN-positive and -negative nuclei is the total number of nuclei, and therefore of cells, in the tissue of origin. While a few neuronal cell subtypes are known to not express NeuN, such as photoreceptors, Purkinje cells, mitral cells, and some hypothalamic neurons [35], those are such a small minority amongst all cells that, for the purposes herein of reporting and comparing total numbers in different structures and species, any misrepresentation of NeuN-negative neurons as non-neuronal cells can be considered negligible.



Dividing the total number of neuronal and other cells by the mass of the dissected structure of origin yields densities of neurons and other cells, respectively, expressed as number of cells per milligram of tissue. If brain tissue were made of a single type of cell, then cell density, even though calculated as number of nuclei per volume or mass, would mathematically equal the inverse of average cell size (including soma, all dendrites, all axonal arbors, and the enveloping extracellular space). The advantage of using cell densities over cell sizes is that the former are much more tractable experimentally, because even if cell integrity is, by definition, lost in our method, the number of nuclei per mass of original tissue amounts to the density of cells that composed that tissue. In contrast, measuring full three-dimensional (3D) cell size directly is a much more complicated and still impractical endeavor.



With tissue defined as being composed of neuronal and non-neuronal cells, the relationship between density and average cell size for each of the two classes of cells depends on the proportion of tissue mass that is occupied by each. Using a simple mathematical model of how densities relate to masses in this case, and building on the finding that densities of non-neuronal cells are much less variable than neuronal densities (see below), we were able to estimate that the average volume of non-neuronal cells indeed is proportional to the inverse of non-neuronal cell densities across mammalian brain structures and species [73] (see below).





2. Neurons Are Highly Variable in Density; Other Cells, Not So Much


Although several other groups have published independent, isolated estimates of cell densities using other methods in the same period, all data reported heretofore are limited to those acquired by our group and collaborators using the isotropic fractionator and consistent anatomical criteria, which ensure that all data are directly comparable across brain structures in all species indicated in Figure 4. In all of our studies, cerebral cortex includes the hippocampus, all cortex lateral to the rhinal sulcus, and the underlying subcortical white matter; in a growing number of studies, gray and white matter have been examined separately, and that is mentioned explicitly in this review, where applicable. Cerebellum includes the cerebellar peduncles, subcortical white matter, and deep nuclei; rest of brain is the ensemble of hindbrain-midbrain-striatum-diencephalon (not including the cerebellum) [74]. The olfactory bulbs are counted separately, when available, which they often are not due to the difficulty of collecting them intact.



To put non-neuronal cell densities into context: we find that neuronal density varies by about 1000-fold across brain structures and species, from as few as a couple thousand neurons/mg in cerebral cortex or rest of brain structures to as many as one million neurons/mg in the cerebellum (Figure 5A). Within each structure, neuronal densities may or may not vary systematically across species: for instance, neuronal densities in the cerebellum of eulipotyphlans are consistently high (Figure 5A, orange squares) and are equally constant, albeit at lower values, across primate species (Figure 5A, red squares), whereas neuronal densities decrease systematically with increasing numbers of neurons in the cerebellum of species of other mammalian clades (Figure 5A, other squares). In the cerebral cortex, neuronal densities decrease systematically with increasing numbers of neurons across non-primate species but fail to do so across primates [75] (Figure 5A, red and other circles).



In contrast, the density of other cells varies by not even 10-fold across the same structures and species as their numbers of other cells increase, mostly concentrating around 50,000–90,000 cells/mg (Figure 5B, shown in the same scale as A). The much smaller variation in the density of other cells is not due to lack of variation in total numbers of non-neuronal cells in the brain across species; as seen in Figure 5B, absolute numbers of other cells are exactly as variable across mammalian species and brain structures as the absolute numbers of neurons in those structures, by a factor of 100,000. Thus, regardless of how many neurons are found in 1 mg of brain tissue, a similar number of non-neuronal cells are found in that same 1 mg, in any brain tissue (including white matter; see below), in any mammalian species. Intuitively, the most likely scenario that accounts for this finding is that, in 1 mg of any brain tissue in any mammalian species, non-neuronal cells have a similar overall average size (defined as cell body plus any and all ramifications), while neuronal cells can range from very small (as in the cerebellum) to very large (as in the cerebral cortex and rest of brain). The simple mathematical model described above confirmed that the average neuronal and non-neuronal cell size can indeed be estimated as the inverse of neuronal and non-neuronal cell densities, respectively, as detailed below.



Across mammalian species, direct examination of neuronal and non-neuronal densities in different brain structures shows how the former span three orders of magnitude, whereas the latter are concentrated within a single order of magnitude, whether in the cerebellum, cerebral cortex, or rest of brain (Figure 6A). Within a single species (Swiss mouse), neuronal and non-neuronal densities vary together (as assumed in our model that estimates average cell volume from density [69]), such that those individuals with higher neuronal densities in a given brain structure also have higher non-neuronal cell densities in the structure, although always within a much-restricted range, than across species (Figure 6B, shades of orange/magenta; [69]). Neuronal and non-neuronal cell densities are positively correlated across individuals within each of the main brain structures (cerebral cortex, cerebellum, and the rest of brain), despite the much higher neuronal densities in the cerebellum [69]. Consistently, neuronal and non-neuronal densities were also positively correlated across different cortical areas identified by cytoarchitectural features in four C57B/6J mouse individuals (Figure 6B, shades of blue and green; [76]) and in one human cerebral cortex (Figure 7; [77]).



Importantly, despite the much higher neuronal densities found in the cerebellum of the same mouse individuals, densities of other cells there were similar to those found in the cerebral cortex and rest of brain (Figure 6B, compare the squares in shades of red/magenta with other shapes of similar color). Non-neuronal cell densities are similar across brain structures and species as distinct in brain size and distant in evolutionary kinship as the lab mouse and the African elephant, as illustrated in Figure 6B, despite neuronal densities being about 10-fold higher in the Swiss mouse cerebral cortex (orange/magenta circles) than in the gray matter of the elephant cerebral cortex (black circles).



A similar pattern also applies across sites in a single human cerebral cortex [77], where neuronal densities vary by as much as ten-fold across the anterior–posterior axis, but non-neuronal densities vary by only virca (ca.) three-fold and remain in the same range as non-neuronal densities in the elephant and mouse cortex (Figure 7).



Average non-neuronal cell densities within the gray or white matter of the cerebral cortex, separately, are also very stable across species, as shown in Figure 8 across 27 species of marsupials, primates, scandentia, afrotherians, and artiodactyls. The average density of non-neuronal cells is lower in gray matter than in subcortical white matter, at 53,398 ± 15,793 cells/mg and 85,867 ± 18,053 cells/mg, respectively (Wilcoxon, p < 0.0001; Figure 8, compare stars and circles). However, given the high concentration of neuronal cell bodies in the gray matter, a lower average density of non-neuronal cells in the gray matter is still to be expected if the average size of glial cells is identical in both tissues. Only direct, systematic measurements of glial cell size in gray and white matter of different species will be able to settle this issue.



To estimate the experimentally elusive average cell sizes from the densities of neuronal and non-neuronal cells in brain structures that are easily measured with the isotropic fractionator, we used chi-square minimization of a simple model that related variations in those two densities, which allowed us to calculate average masses of individual neuronal and non-neuronal cells in the tissue analyzed [73]. Cell size (mass) in this model includes the soma, all arbors, and pericellular space of each cell, so that all tissue mass is accounted for by either neuronal or non-neuronal cells. The model considers that the relationship between the inverse of neuronal density and average neuronal cell mass depends on the fraction of tissue composed by neurons (that is, the neuronal mass fraction of the tissue). Using chi-square minimization to solve the set of equations relating measured densities and estimated average cell sizes and neuronal mass fraction, and applying the results to our most current dataset, we estimate that while the average mass of individual neuronal cells is highly variable across structures and species, spanning three orders of magnitude (from 0.6 to nearly 600 ng), the average mass of individual non-neuronal cells varies little, centered around 4.5 ng (Figure 9). For instance, we estimate that average neuronal cell mass in the cerebral cortex (including the white matter) is 8.3 ng in the mouse, 48.8 ng in the human species, and 338.8 ng in the African elephant, while the average non-neuronal cell weighs an estimated 4.4, 5.0, and 5.8 ng in the three species, respectively. According to these estimates, the average neuron in the human cerebral cortex has a similar mass to the average neuron in the cerebral cortex of the agouti (49.8 ng). Thus, even in a single structure, such as the cerebral cortex, neurons vary in their three-dimensional size from very small to very large in different mammalian species, while non-neuronal cells remain, on average, fairly small. It will be interesting to see how this enormous variation in predicted average neuronal cell size in the face of very steady average glial cell sizes relates to differences in gene expression across cell types uncovered by single-cell transcriptomics studies as they expand to a wider range of species.



Importantly, our model led to the realization that a consequence of the small variation in non-neuronal cell density, and thus average non-neuronal cell mass, is that the fractional neuronal mass of brain tissue is also remarkably similar across widely different brain structures and species, centered around 0.69 ± 0.09: that is, in 50% of all brain structures and mammalian species studied, the percentage of tissue mass composed by neurons varies narrowly between 63% and 74%. A useful mental picture of fractional neuronal and non-neuronal mass (or volume) of brain structures is the relative size of the piles of neurons and non-neuronal cells that would be obtained by passing the brain structure through a magical sieve that sorted individual cells neatly into two piles. According to our estimates, the neuronal and non-neuronal piles would amount to about 2/3 and 1/3 of any brain structure, in any mammalian species. Our estimates of average neuronal and non-neuronal individual cell mass and neuronal mass fraction for the current set of mammalian species can be found in Supplementary Table S1.



2.1. Relative Frequencies of Glial Cell Subtypes


Of course, non-neuronal cells are a collection of a few different cell types, not all of them glial. Ependymal cells are expected to be largely absent from our dataset, since we physically remove the choroid plexus of all ventricles in our dissections prior to quantification. Dura-mater and arachnoid are also removed in our dissections, but not the pia-mater, so the superficial glia limitans is presumed to be included. Removing the arachnoid excludes all major blood vessels, but endothelial and endothelium-associated cells of capillaries are part of the parenchyma, and as such are necessarily included in our counts. Still, previous estimates that the microvasculature occupies only a very small fraction of the parenchyma suggested that endothelial cells and vasculature-associated cells were a very small minority of all cells in brain tissue [78]. A minority of vascular cells amongst non-neuronal cells was also found by quantitative single-cell RNAseq in mouse somatosensory cortex and hippocampus (six and 15 times as many oligodendrocytes, astrocytes, and microglial cells as endothelial cells, respectively [32]). Upcoming evidence from our lab confirms that both the vascular fraction and the density of endothelial cells are low and fairly constant across structures in the mouse brain [79]. While these same upcoming data indicate that, in all structures, endothelial cells are a larger proportion of all cells than the ca. 2% expected from microvascular volume (which agrees with the impression that endothelial and vascular-associated cells are very small cells, much smaller than neurons and glia), they still are a minority in brain tissue [79]. In the mouse, we found that about 2/3 of non-neuronal cells are glial indeed, and because the microvascular fraction (or capillary density) is believed to be at best constant across species, if not decreasing in larger brains [80], an even larger majority of non-neuronal cells can be expected to be glial in brains larger than the mouse brain.



Considering that the majority of non-neuronal cells are non-ependymal glial cells, and that the volume fraction of brain tissue occupied by capillaries is so small (2–4% at best) that it is virtually negligible, it follows that the invariant density of non-neuronal cells as a whole (as shown in Figure 5A) is likely to reflect an invariant density of glial cells. Using Iba1 as a marker of microglial cells in frozen samples of our previously processed brain samples in a wide range of mammalian species, we have found the density of Iba1 + microglial cells to be invariant and low across brain structures and species, at about 4500–5000 microglial cells per milligram of tissue, on average, or about 7% of all non-neuronal cells [39]. Our upcoming findings across a range of species are consistent with isolated reports that microglial cells are a small minority of glial cells, totaling only about 5% of glial cells in the gray matter of the human cerebral cortex [81]. In this case, there are three major scenarios that would yield the fairly constant non-neuronal cell densities that we observe in the different structures of mammalian brains.



In the first, simplest scenario, all glial cell types have constant densities across brain structures and species, even if densities differ for each cell type (Figure 10A,B). In this case, the relative cell fractions represented by each glial cell type would also be constant, if different across cell types. While many researchers expect or indeed assume that astrocytes are the most common of all glial cell types [43,44,45,82], there is quantitative evidence to the contrary: in the human cerebral cortical gray matter, oligodendrocytes represent about 75% of all glial cells, and astrocytes are only about 20% [81]. Similarly, many other studies on the rat cerebral cortex found that oligodendrocytes constitute the majority of the glial cell population [83,84,85]. In this scenario, the average size of each glial subtype remains constant across structures and species.



The second scenario indicates that while one cell type retains a constant average cell size and therefore a constant cell density, another varies, but that second cell type is infrequent enough that the overall non-neuronal density still appears fairly constant (Figure 10C,D). The scenario depicted in Figure 10C would be consistent both with an initial report that some astrocytes are larger in human than in mouse cerebral cortex [86], and the evidence that oligodendrocytes are the predominant glial cell type in the cerebral cortex, at least in some species [81,83,84,85].



Finally, the third, more complicated scenario is one in which the two main glial cell types, astrocytes and oligodendrocytes, vary in average cell size, and thus in cell density, but in different directions, compensating for each other and yielding a fairly constant overall cell density (Figure 10E,F). In the scenario where astrocytes become smaller as they become more numerous, oligodendrocytes would necessarily become larger at the same time (Figure 10E); alternatively, in the scenario where astrocytes become larger as they become more numerous (as suggested by [86]), oligodendrocytes would necessarily become smaller at the same time (Figure 10F).



At the moment, all of the scenarios above remain plausible. While our data lead us to presume that the same scenario would apply to all brain structures and mammalian species examined, it remains possible that different scenarios apply to different brain structures. However, the finding that non-neuronal cell densities are remarkably consistent not only across species but also across brain structures within the same individuals makes that unlikely.



Our upcoming data on over 30 mammalian species indicate that astrocytes, identified by ALDH1L1 immunoreactivity that is largely coincident with nuclear expression of S100b, are a somewhat higher percentage of all non-neuronal cells than microglial cells are, but with a more variable percentage across species, although they still occur at fairly invariant densities, with cells spaced apart evenly [40]. These data are so far consistent with oligodendrocytes being the large majority of all non-neuronal cells across brain structures and species, including cortical gray matter [81,87], but possibly also constituting a variable percentage of the non-neuronal cell population. The somewhat variable densities of astrocytes across species are also compatible with the earlier finding that human astrocytes appear larger than mouse astrocytes [86]. However, one must keep in mind that because of the extremely ramified cell morphology, estimates of astrocyte cell size are highly dependent on measuring criteria. In the oft-cited study above, human cortical astrocytes appear more branched than rodent astrocytes when GFAP-positive ramifications are quantified—but those are now known not to represent the entirety of the vast branched ramifications of astrocytes, and, indeed, the images of dye-filled cells in the same study show astrocytes of much more similar sizes in human and mouse cortices [86]. This is an important point to reconciling the findings of higher GFAP-positive branching with ours of nearly invariant cell densities, which relate to the three-dimensional distribution of highly branched cell volume that is known not to be properly captured in GFAP stains. As this point, therefore, our preliminary data suggest that the scenarios depicted in Figure 10A,C are the most likely, where oligodendrocytes predominate among non-neuronal cells in all brain structures, including the gray matter of the cerebral cortex.




2.2. Glia/Neuron Ratio


In several brain structures of several mammalian species, non-neuronal cells are indeed more numerous than neurons. To be clear, however, contrary to many claims in review articles and opening paragraphs of original papers [88,89,90,91], the mammalian central nervous system is not composed of 10% neurons and 90% glia, or any variation thereof. Table S1 lists some actual numbers and their sources. For instance, in the human brain, non-neuronal cells do outnumber neurons by 11.2:1 in the ensemble of brainstem, diencephalon and striatum (the rest of brain), and by 3.7:1 in the entire cerebral cortex (including the subcortical white matter), but, conversely, there are only 0.2 non-neuronal cells to every neuron in the cerebellum (Table S1). Because the rest of brain holds not even 1% of all neurons in the human brain, non-neuronal cells are only as numerous as neurons in the human brain as a whole [55]. Importantly, humans fit the pattern that applies to all other species, as discussed below.



The proportion between numbers of glial cells and neurons has been considered a meaningful property of nervous tissue since well before the actual functions of glial cells were understood, if only because this proportion appears to be so variable across species. Observing that human cerebral cortex had a higher proportion of glial cells per neuron than other species, Friede [52] initially proposed that that was a feature of “more advanced” cortices, but the later analysis of other species with even larger cortices indicated that the ratio was rather related to sheer mass [51]. Since then, the idea that has gained traction in the literature is that the glia/neuron ratio (GNR) in the cerebral cortex, sometimes unduly extended to the GNR of the whole brain, increases together with total brain mass: the larger the brain (or the animal), the more glial cells that accompany each neuron [2,51,92,93]. The argument, while intuitive, is convoluted: larger animals tend to have larger brains, which are supposedly made of larger neurons [50,51], which are assumed to have a higher metabolic cost per cell than neurons in smaller brains, which would require more glial cells to supply the energetic requirement of each neuron [92,93]. Importantly, the rationale behind the assumption that larger neurons come with more glial cells per neuron was rooted on another implicit notion: that the vast majority of those glial cells that accompanied each neuron were astrocytes, responsible for providing different types of support to neuronal activity and synaptic transmission.



It will thus be crucial to separate GNRs in different brain structures and species per glial cell type. As mentioned above, a low, stable density of microglial cells in all brain structures that we find across mammalian species [39] suggests that these cells perform functions that are volume-related, which is compatible with the macrophage-like properties of these cells [94,95]. A similar finding for astrocytes would suggest that the function of these cells is also volume-related, with each individual cell capable of servicing only a limited amount of tissue. Concluding our systematic analyses of the densities of astrocytes, oligodendrocytes, and microglial cells separately will allow us to understand what glial cell types occur in numbers that accompany numbers of neurons, density of neurons, volume of tissue, or, eventually, numbers and density of synapses.



Until then, and whatever the biological origin of the much larger variation in neuronal density compared to non-neuronal density across brain structures and species, we could already establish that a mathematical consequence of that difference is that overall GNR varies essentially with the inverse of local neuronal density. Because lower neuronal densities indicate larger neurons, that means that larger neurons are accompanied by more non-neuronal cells than smaller neurons [73,96]. Importantly, the same relationship applies across all brain structures in all mammalian species analyzed so far, as illustrated in Figure 11.



Further, because neuronal densities may differ so much across structures of similar mass, numbers of neurons, and even in brains of similar size (Figure 11A), and considering that the fraction of non-neuronal cells that are not glial cells is minimal, there is no systematic, universal relationship between GNR and brain or structure mass (Figure 11A, top), contrary to common past assertions in both the scientific literature and journalistic reports that larger brains show higher GNRs [89,97,98]. While that initially appeared to be the case for the cerebral cortex alone, at a time when only a handful of species were analyzed [50], systematic examination of species representing all mammalian clades benefitting from the ease of the isotropic fractionator method showed that neuronal densities do not universally decrease with increasing brain size [53,54,55,56,57,58,59,60,61,62,63,64]—which would have been the requirement for universally increasing GNRs with increasing brain size. Despite the ease with which authors once could claim that the human brain had 10 times more glia than neurons [42,99,100], there are at best similar numbers of neuronal and glial cells in the human brain as a whole [55].



The glia/neuron ratio does vary universally across species, across structures, and even across subregions of the same structure as a function of neuronal density (Figure 11A, bottom). The existence of such a continuum, with no evidence of grade shifts across structures, species, or clades, argues strongly for a highly conserved mechanism governing how glial cells are added to tissue in development and evolution [63,73,96].



We have found recently that different neuronal densities in the cerebral cortex are not accompanied by significantly different energetic costs per neuron [101], which makes it unlikely that the larger glia/neuron ratios that accompany larger neurons are due to a higher metabolism in larger neurons, at least not across species. Instead, as noted above, it is more likely that GNRs vary as a simple consequence of the relative constancy in average glial cell size. In this scenario, glial cells are added to different tissues and species at similar densities, occupying a parenchyma that is initially mostly neuronal, but composed of neurons of highly variable individual cell size. The GNR in any given brain structure within the brain of any mammalian species is thus a simple consequence of the average cell mass of the neurons that formed the initial volume invaded by glial cell precursors, and the precise average cell mass of glial cells [73].




2.3. Why Should Glial Cell Size Be Constrained?


Life spontaneously changes over time—that is, evolves—and it is a rare feature of living beings that is found to remain constant. When one does, it is indicative of a constraint at the physical (mechanical properties of tissue), biochemical (binding site constancy), or biological level (physiology). The degree of folding of any cerebral cortex, for instance, is strictly tied to the combination of cortical surface area and thickness—even though these are free to vary—according to physical minimization of free energy as the tissue forms under uneven pressures [102]. The genetic code is possibly fixed by the matching of the spatial conformation of dinucleotides and amino acid precursors [103]. As suggested above, glial cells of different types might be constrained in size due to a biological limitation imposed by their volume-related function. Astrocytes provide electrolyte homeostasis, neurotransmitter reuptake and turnover, and metabolic support related to synaptic transmission, all strictly local functions, even if coordinated across cells connected electrotonically [2,104]; neurons, by virtue of their long, uneven projections, by definition impact physiology of both near and distant sites. Oligodendrocytes myelinate and provide energy to surrounding axons that contact them once they differentiate from neural/glial antigen 2-positive (NG2+) progenitor cells that actively probe their local environment and respond to loss of contact with oligodendrocytes by proliferating [29,105]. Microglial cells are phagocytic and thus perform volume-related tissue clearance. All of these are highly energy-demanding functions that possibly limit the volume of the individual cells performing them: there is only so much energy that an individual cell can use to perform functions that are determined by the relationship between the volume monitored by the cell and its surface area, which is costly to maintain polarized. While a similar cost applies to neurons, their activity can be self-regulated by decreasing the firing frequency; astrocytes and oligodendrocytes, on the other hand, are forced to accompany that activity. Presumably, astrocytes that became too large might enclose too many synapses to be able to support and maintain them effectively; oligodendrocytes that became too large would come into contact with too many fibers to myelinate; microglial cells that became too large might not have the power required to phagocyte all debris that they encounter.



These constraints might be determined genetically, as any spontaneous variation in genes related to cell size regulation specifically in glial cells leads to negative outcomes that are incompatible with life. Interestingly, though, there is an alternative hypothesis that glial cell size is maintained fairly constant by self-regulation. One likely source of self-regulation is the very energetic cost of maintaining volume-related glial cell function. Another is the fact that the presumed sources of high energy demand, synaptic transmission, are the very synapses which are induced in large numbers by astrocytes themselves [106,107]. Thus, in development, numbers of synapses are initially low; increase in a given tissue volume as that tissue becomes populated by astrocytes, which induce their formation and supports it with cholesterol; then support the increased metabolic demand of those neurons, recycle the transmitters, and maintain ion homeostasis [106,107,108].



Alternatively, glial cell size might be not self-regulated, but constrained by cell-autonomous means, in which case it would be their restricted size that would impose constraints on neurons. In that scenario, for example, an intrinsic limitation to changes in three-dimensional cell size and surface area of astrocytes might constrain the number of excitatory synapses that can be induced and supported per unit volume in neural tissue, which is consistent with the few reports so far of fairly restricted synaptic densities across species [44,109,110]. That would result in fewer synapses per neuron in a given volume of tissue as neurons became bigger both across brain structures and species, which in turn would contribute to keeping metabolic costs low in those neurons.



Another possibility is that (macro) glial cells are restricted in size and various other characteristics because of the circumstances of their differentiation, late in development, according to the current view that there is progressive restriction to gene expression during development. Indeed, early models of restriction of developmental potential through progressive repression of transcription along cell lineages put forward the counterintuitive notion that progressive diversification of cell types comes with progressive restriction of what each progenitor cell can generate [111]. An alternative proposition held that lineage potentials were expressed individually in a predetermined sequence as progenitor cells matured [112]. Cell lineage studies in brain development soon showed that there is indeed progressive restriction of cell fates, with a narrowing range of cell types and characteristics that culminates in specification of the final, mature identity of different cells [113,114]. Strikingly, in vertebrate brains, macroglial cells are the last cell types to be specified in development [115]: astrocytes in the lineage that earlier gave rise to excitatory neurons, and oligodendrocytes in the lineage that previously formed inhibitory neurons (Figure 12). Our quantitative analyses of developing rats [116,117] and mice [118] show that all brain tissues are indeed 95% neuronal at birth, with significant numbers of non-neuronal cells only appearing during the second postnatal week.



Progressive restriction of cell fates and cell differentiation occur with global chromatin remodeling that results in progressively compacted, repressed chromatin that corresponds with activation of lineage-specific genes and repression of lineage-inappropriate genes [125,126,127]. Such progressive restriction of genome transcription is consistent with the recent findings, discussed earlier, that the early-generated neuronal cells express a wider variety of transcripts than the later-generated glial cells [31,32]. However, cells with astrocytic phenotype are known to also function as neural progenitor cells in some regions of the brain [121,128,129,130,131], which suggests that, if these are true astrocytes, then their genome is still not irreversibly restricted in its pattern of gene expression.



Finally, while the scenarios above consider that glial cells are the exception in their size-invariance (given the general expectation that biological features tend to diversify over time), the inverse must still be considered: that all cells (or most cell types) are by default constrained in size across species as diverse as mice and elephants, and neurons are the exception in how much they can vary. In line with that possibility, some evidence, compiled from isolated studies using different methods, suggests that many cell types do share similar individual cell volume across species [132,133], but systematic studies of cell size employing the same method across a wide range of species are still lacking. Using the isotropic fractionator, our preliminary findings suggest that, like glial cells, the density of cells that form liver tissue is remarkably similar across species [134].



It has been suggested that constant cell size, accompanied by cellular metabolic rates that decrease with increasing body size, is a property of quickly dividing cells, whereas slowly dividing (or cell-cycle arrested) cells have increasing cell volume but constant cellular metabolic rates [133]. In that case, you do not mess with the glia—or with hardly anything else in the body; only neurons, and maybe a few other cell types, such as adipocytes [133], might escape that limitation. Whatever the scenario that actually applies, the enormous difference in ranges of cell densities in the nervous system indicates that while neurons are free to vary in size, glial cells are not. Two new fundamental questions thus arise regarding the lack of diversity in glial cell types, sizes, and distribution in brain tissue, at least compared to neuronal diversity: how come—and so what?




2.4. What Lies Ahead


The newfound ability to rapidly, reliably, and systematically measure numbers and densities of neuronal and non-neuronal cells in the main brain structures in dozens of mammalian species has provided a wealth of data that finally offer a solid foundation for the field. Those direct measurements have allowed us to estimate how cell sizes vary and compare across brain structures, species, and cell types: neurons are highly diverse in their average cell mass, while non-neuronal cells are hardly variable. These observations match those of budding catalogs of transcripts in single cells that find multiple clusters of neuronal cell types that are rich and diverse in the genes they transcribe, but only a handful of non-neuronal cell types are defined by their much more restricted transcriptomes. With several new hypotheses in hand, informed by the collection of these new developments, future studies that directly investigate the variation in size and three-dimensional complexity of glial cells of different types in different species and clades and how they relate to particular gene transcripts will shed new light on the origins of glial cell diversity or lack thereof. The combination of the two approaches into quantitative studies of the abundance of different cell types according to multiple genes and markers expressed in isolated cells or cell nuclei is an exciting possibility for the near future, particularly taking advantage of novel microscopy techniques such as multiplex ion beam imaging (MIBI) that allow the investigation of the expression of as many as a few dozen markers by the same cells or nuclei in fixed tissue collected from different species. Finally, upcoming methods that allow transcriptomic analysis of fixed cells and isolated nuclei [135] should allow the expansion of those studies to a much wider variety of species and brain structures, also allowing us to take advantage of the ever-growing collection of isolated cell nuclei that we have quantified in our lab. There are exciting times ahead for quantitative neuroanatomists again.
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Figure 1. Morphological neuronal types are more numerous than morphological glial cell types. Non-exhaustive representations of some morphological neuronal types in shades of yellow-orange (top three rows) and glial cells (bottom row) in purple, green, and red. First row, left to right: bipolar cell, short axon cell, pyramidal cell, Purkinje cell. Second row, left to right: amacrine cell, multipolar/motor cell, granule cell. Third row, left to right: basket cell, unipolar cell. Bottom row, left to right: protoplasmic astrocyte, like those found in grey matter; fibrous astrocyte, like those found in white matter; microglia; oligodendrocyte. Drawings inspired by those of Ramon y Cajal and del Rio-Hortega [23,24,25,26]. 






Figure 1. Morphological neuronal types are more numerous than morphological glial cell types. Non-exhaustive representations of some morphological neuronal types in shades of yellow-orange (top three rows) and glial cells (bottom row) in purple, green, and red. First row, left to right: bipolar cell, short axon cell, pyramidal cell, Purkinje cell. Second row, left to right: amacrine cell, multipolar/motor cell, granule cell. Third row, left to right: basket cell, unipolar cell. Bottom row, left to right: protoplasmic astrocyte, like those found in grey matter; fibrous astrocyte, like those found in white matter; microglia; oligodendrocyte. Drawings inspired by those of Ramon y Cajal and del Rio-Hortega [23,24,25,26].



[image: Neuroglia 01 00014 g001]







[image: Neuroglia 01 00014 g002 550] 





Figure 2. Homogeneous distribution of glial cells, but not neurons, across the cerebral cortex. (A) Neuronal nuclei (NeuN) and aldehyde dehydrogenase 1 family member L1 (Aldh1l1) immunoreactivity in the mouse cerebral cortex are shown at 63× magnification with all cells stained with 4′,6-diamidino-2-phenylindole (DAPI) (c,f), neurons stained for NeuN in red (d,g), astrocytes stained for Aldh1l1 in green (e,h), and both labels merged in (a,b). Inserts in (a) are enlarged in (b) and (f) and illustrate a portion of the grey matter (b–e) and of the white matter (f–h); (B) NeuN and ionized calcium-binding adapter molecule 1 (Iba1) immunoreactivity in the mouse cerebral cortex are shown at 63× magnification with all cells stained with DAPI (c,f), neurons stained for NeuN in red (d,g), microglia stained for Iba1 in green (e,h), and both labels merged in (a,b). Inserts in (a) are enlarged in (b–e) and (f–h) and illustrate a portion of the grey and white matter, respectively. Scale bars: 150 μm (a in A and B), 50 μm (b–h in A and B). 
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Figure 3. Single-cell transcriptomics identify many clusters of interneurons and of excitatory neurons, but only a few glial cell subtypes. Numbers of cell subtypes in each cluster are indicated in parentheses. Oligodendrocyte subtypes appear to be different maturation stages along the same lineage. A non-exhaustive list of specific cytoplasmic and nuclear markers is provided for neurons and each glial cell type. Data from [31,32,35,36,37,38,39,40]. Snap25: Synaptosomal-associated protein 25; Vip: Vasoactive intestinal peptide; Sst: Neuropeptide somatostatin; Pvalb: Parvalbumin; ALDH1L1: Aldehyde dehydrogenase 1 family member L1; Aqp4: Aquaporin-4; GFAP: Glial fibrillary acidic protein; Cx3cr1: Chemokine (C-X3-C motif) receptor 1; Itgam: Integrin subunit alpha M; Ctss: Cathepsin S; Plp1: Proteolipid protein 1; Mog: Myelin oligodendrocyte glycoprotein; Opalin: Oligodendrocytic myelin paranodal and inner loop protein; NeuN: Neuronal nuclei; Tceal5: Transcription elongation factor A like 5; Snurf: SNRPN upstream reading frame; MFGE8: Milk fat globule-EGF factor 8 protein; Megf10: Multiple EGF like domains 10; S100b: S100 calcium binding protein B; Sox9: SRY (sex determining region Y)- box 9; Irf8: Interferon regulatory factor 8; Nlrp3: NLR family pyrin domain containing 3; Irf5: Interferon regulatory factor 5; Hcls1: Hematopoietic cell-specific Lyn substrate 1; Spi1: Spi-1 proto-oncogene; Iba1: Ionized calcium binding adaptor molecule 1; Olig1: Oligodendrocyte transcription factor 1; Olig2: : Oligodendrocyte transcription factor 2; Nkx6-2: NK6 homeobox 2; Sox10: SRY (sex determining region Y)- box 10; St18: Suppression of tumorigenicity 18. 
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Figure 4. Phylogeny of the mammalian species for which numbers of neuronal and non-neuronal cells presented in this review have been reported. Clades are color-coded similarly in all figures. Drawings by Lorena Kaz. 
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Figure 5. Density of non-neuronal cells is much less variable then neuronal densities in the mammalian brain. (A) Neuronal densities per milligram of tissue are enormously variable across brain structures and mammalian species. Each point represents the neuronal density in one structure (cerebral cortex, circles; cerebellum, squares; or rest of brain, triangles) in one of 60 mammalian species belonging to 8 different clades, as indicated, plotted against the total number of neurons found in that brain structure. (B) Other cell densities per milligram of tissue vary little across the same brain structures and species. Each point represents the neuronal density in the brain structures and species as shown in the left, plotted as a function of the total number of non-neuronal cells found in that structure. All data obtained with the isotropic fractionator. Data from [53,54,55,56,57,59,60,61,62,63,64]. 
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Figure 6. Density of non-neuronal cells per milligram of tissue varies little in the mammalian brain. (A) Neuronal densities (horizontal axis), but not other cell densities (vertical axis), are enormously variable across brain structures and mammalian species. Each point represents the neuronal and other cell (non-neuronal) density in one structure (cerebral cortex, cerebellum, and rest of brain, the latter being composed of medulla, pons, mesencephalon, striatum, and diencephalon) in one of 60 mammalian species belonging to eight different clades, as indicated. Filled circles, whole cerebral cortex (including subcortical white matter and hippocampus); empty circles, gray matter of cerebral cortex (including hippocampus); asterisks, white matter of cerebral cortex; filled triangles, rest of brain; empty triangles, substructures of rest of brain, as above; filled squares, cerebellum; empty squares, hippocampus. (B) Neuronal and other cell densities across brain structures and regions in the mouse and elephant brains, and in individual mice. Each point in black represents neuronal and other cell density in different structures, cortical regions, or subsections of the cerebellum in one African elephant brain hemisphere [61]; each point in shades of orange to magenta represents neuronal and other cell density in the cerebral cortex (circles), cerebellum (squares), or rest of brain (triangles) of one hemisphere of each of 19 individual male mice of similar age [69]. Each point in one of four shades of blue or green represents neuronal and other cell density in one of 19 cortical areas in the brain in one of four mouse individuals [76]. 
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Figure 7. Density of non-neuronal cells varies little across sites in the gray matter of the human cerebral cortex. Same as in Figure 6, right, with the addition of data for the gray matter of the human cerebral cortex [77], for which each point represents the neuronal and other cell (non-neuronal) densities in one 2 mm thick coronal section. In each section, the gray matter of the cerebral cortex was separated into prefrontal (red, anterior to callosum), frontal (orange, anterior to central sulcus), parietal (blue, posterior to central sulcus), occipital (green, posterior 1/3), V1 (dark green, within occipital region), temporal (pink), insular (magenta), and hippocampal (lavender). 
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Figure 8. Average density of non-neuronal cells in the gray and white matter of the cerebral cortex varies little across mammalian species. Each point represents the total number and average density of other cells (non-neuronal) in the gray matter (unfilled circles) or in the white matter (asterisks) of the cerebral cortex of 1 of 27 mammalian species belonging to six different clades, as indicated by the colors. Data from [59,60,62,63]. 
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Figure 9. Estimated average mass of neuronal and non-neuronal cells and neuronal fraction in brain structures across mammalian species. (A) Average mass of individual neurons in each brain structure, estimated as 0.649 × (N/ng)−1.004 according to [73], plotted as a function of number of neurons in the structure for each species; (B) average mass of individual non-neuronal (other) cells in each brain structure, estimated as 1.648 × (O/ng)−1.370 according to [73], plotted as a function of number of neurons in the structure for each species, and shown in same scale as in (A); (C,D) fraction of structure mass composed by neuronal cells, estimated as 0.265 × (O/ng)−1.356 according to [73], plotted as a function of the number of neurons in the structure (C) or of the estimated average mass of individual non-neuronal cells in the same structure (D). Each point represents values in one structure (cerebral cortex, cerebellum, rest of brain in one of 60 mammalian species belonging to eight different clades, as indicated. Filled circles, whole cerebral cortex (including subcortical white matter and hippocampus); filled triangles, rest of brain; filled squares, cerebellum. 
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Figure 10. Possible scenarios of variation in densities of glial cell subtypes across mammalian species. Assuming that vasculature-associated cells are a small percentage of non-neuronal cells [78], non-neuronal cell density variation should reflect, almost exclusively, variations in densities of each glial cell subtype and their relative abundance. Each graph shown here represents a possible relationship between cellular density and number of non-neuronal cells in the tissue. Each glial cell type is represented by a color (oligodendrocytes in red, astrocytes in purple, and microglia in green). The invariant density of non-neuronal and glial cells as a whole, as found in previous studies across brain structures and mammalian species, is represented by the black dotted line. Microglial cell density has been found to be constant and low regardless of the number of microglial cells in the structure, across mammalian brain structures and species [39], which implies that the average microglial size tends to stay stable, such that microglial density remains constant, as shown in all three scenarios. Scenario 1 (A,B): Densities of all three glial cell subtypes remain invariant in relation to their number of cells; the predominant glial cell type is either oligodendrocytes (A) or astrocytes (B). In both scenarios, average cell sizes of each glial cell type remain constant across brain structures and species; the total, constant, density of glial cells as a whole is the simple sum of the densities of each glial cell subtype. Scenario 2 (C,D): One glial cell subtype maintains a constant, and high, density (whether oligodendrocytes, C, or astrocytes, D), while the other subtype varies in density across brain structures and species, decreasing or increasing systematically with the number of those cells. Decreasing cell densities reflect increasing cell sizes. In these scenarios, the average glial cell density remains constant, as the variation in density of either astrocytes or oligodendrocytes is masked by the high density of the most numerous glial population. Scenario 3 (E,F): Densities of both astrocytes and oligodendrocytes vary as a result of the varying average size of these cells, but they compensate for each other in a way that their added densities remain invariant across structures and species. 
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Figure 11. Scaling of the ratio of other (non-neuronal) cells per neuron across species and brain sites. Ratio of non-neuronal cells per neuron varies systematically, not with structure mass (A), but with neuronal density across structures and species (B), as well as across sites in individual brains (C). Each data point represents one brain structure and species, as in Figure 9 (top, left) or one brain region within the same individual (right: mouse, gray; elephant, black; human cortex, colors), as in Figure 6 and Figure 7. Data from [53,54,55,56,57,59,60,61,62,63,64,69,77]. 
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Figure 12. Schematics of the time sequence of generation of different neuronal and non-neuronal cell types in vertebrate brains. Neurons and macroglia (astrocytes and oligodendrocytes) have an ectodermal origin. A single stem-cell gives rise to neural stem-cells that, in turn, depending on their location in the neural tube (dorsal or ventral), give rise to pyramidal neurons and astrocytes or interneurons and oligodendrocytes, respectively. Pyramidal neurons can be generated directly from radial glial cells or from a basal progenitor early during development. Basal progenitors can divide and produce astrocytes later during development. Oligodendrocytes and interneurons are produced from ventral neural stem cells that give rise directly to interneurons early during development and later to oligodendrocytes. Microglia have a mesodermal origin and are produced in several waves throughout development. Embryonic microglia originate from a myeloid stem cell that differentiates into yolk sac macrophage and microglial precursors. This myeloid stem cell also differentiates into hematopoietic stem cells in the fetal liver and later into microglial precursors that originate microglial cells. After birth, the third wave of microglia production has an origin in the bone marrow from monocytes or other progenitors. SC: Stem cell; NSC: Neural stem cells; RG: Radial glia; BP: Basal progenitor; YSMP: Yolk sac macrophage precursor; MP: Microglial precursor; HSC: Hematopoietic stem cell; BMM/P: Bone marrow monocyte/progenitor. Data from [82,119,120,121,122,123,124]. 
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