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Abstract

:

In the field of neuroscience and, more specifically glial cell biology, one of the most fundamentally intriguing and enduring questions has been “how many neuronal cells—neurones and glia—are there in the human brain?”. From the outset, the driving force behind this question was undoubtedly the scientific quest for knowledge of why humans are more intelligent than even our nearest relatives; the ‘neuronal doctrine’ dictated we must have more neurones than other animals. The early histological studies indicated a vast space between neurones that was filled by ‘nervenkitt’, later identified as neuroglia; arguably, this was the origin of the myth that glia massively outnumber neurones in the human brain. The myth eventually became embedded in ideology when later studies seemed to confirm that glia outnumber neurones in the human cortex—the seat of humanity—and that there was an inevitable rise in the glia-to-neurone ratio (GNR) as we climbed the evolutionary tree. This could be described as the ‘glial doctrine’—that the rise of intelligence and the rise of glia go hand-in-hand. In many ways, the GNR became a mantra for working on glial cells at a time when the neuronal doctrine ruled the world. However, the work of Suzana Herculano-Houzel which she reviews in this first volume of Neuroglia has led the way in demonstrating that neurones and glia are almost equal in number in the human cortex and there is no inexorable phylogenetic rise in the GNR. In this commentary we chart the fall and decline of the mythology of the GNR.
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	“The various models of worship which prevailed … were all considered by the people as equally true; by the philosopher as equally false”




One of the most enduring and fundamentally important misconceptions in neuroscience is the number of glial cells in the human brain, purportedly outnumbering neurones by a factor of 10 or even 50 [1,2,3,4]. Unfortunately, the notion of a glia-to-neurone ratio (GNR) in the human brain of 10 or more became ‘general knowledge’ and commonplace in glial literature over several decades. In a way, this myth became a cornerstone of glial research, and, regrettably, the authors of this commentary used the same statement in our textbook in 2007 [5]. Like other glial cell biologists before us, we fell into the trap of blind belief of the accepted doctrine. In our defence, we amended this error in our second, more comprehensive book on glial cell physiology and pathology [6]. What was most surprising to us was that the perception of the high GNR of the human brain was not based on direct counts and experimental observations; rather, it was the result of several conjectures based on limited observation. Interestingly, the very first calculation of GNR made in 1936 defined it as 1.5 [7], which is very far from subsequent speculations and very close to the numbers accepted today. The GNR legend was challenged only about a decade ago by the efforts of the Brazilian neuroanatomist Suzana Herculano-Houzel, who was armed with a powerful cell counting tool known as the ‘isotropic fractionator’ [8,9,10,11]. This technique counts numbers of cell nuclei from homogenised nervous tissue and was initially developed in the middle of 20th century [12,13,14], and subsequently greatly improved by Suzana Herculano-Houzel; she recalls seeing a paper from the 1970s on attempts to isolate DNA from whole brains and thought “don’t count DNA, count nuclei!” This issue of Neuroglia contains a personal account of the dramatic history of glial numbers written by Suzana Herculano-Houzel [15].



The early concept of a high glial content of the human brain had wide repercussions. First and foremost, the high GNR of the human brain has been widely believed to reflect the evolutionary progress of the nervous system (this idea was initially suggested by Franz Nissl [16]), whereby the advance in glial numbers was considered to be directly linked to the rise in intelligence [17,18,19]. These ideas led to even further extremes, when some neuroscientists comprehended glia as the main element of information processing. The most outspoken was Robert Galambos who was convinced that neuroglia represent the primary seat of intelligence, and by extension ‘humanity’:


Glia is … conceived as genetically charged to organize and program neuron activity so that the best interests of the organism will be served; the essential product of glia action is visualized to be what we call innate and acquired behavioural responses. In this scheme, neurons in large part merely execute the instructions glia give them.



[20]







Galambos also authored the most popular misquote of Fritjof Nancen, “glia is the seat of intelligence as it increases in size from the lower to the higher forms of animal”, which never occurred in Nancen’s original book [21].



The evolutionary advance of glia is far more complicated, and humans are by no means in possession of the largest GNR (Figure 1). The number of glia varies substantially between different species and the GNR does not simply increase with increasing brain size. The nervous system of invertebrates has, as a rule, relatively smaller numbers of glial cells, with a GNR between 0.001 and 0.1 (56 glia per 302 neurones in Caenorhabditis elegans [22,23]; 10 glial cells per 400–700 neurones in every ganglion of the leech [24]; ~9000 glial cells per 90,000 neurones in the central nervous system (CNS) of Drosophila [25,26]). At the same time, the buccal ganglia of the great ramshorn snail Planorbis corneus contains 298 neurones and 391 glial cells [27], thus having a GNR of 1.3, very similar to that of humans. Similarly, in vertebrates there is no hard-and-fast increase in the GNR with increasing brain size; for example, in the cortex, the GNR is about 0.3–0.4 in rodents, ~1.1 in cat; ~1.2 in horse, 0.5–1.0 in rhesus monkey, 2.2 in Göttingen minipig, ~1.5 in humans, and as high as 4–8 in elephants and the fin whale [28,29,30,31,32,33,34]. The largest absolute number of glial cells has been counted in the neocortex of whales [31,35]); sterological cell counts in the neocortex of the long-finned pilot whale (Globicephala melas) brain determined there are approximately 37.2 × 109 neurons and 127 × 109 glial cells [35], and this gives a high GNR of 3.4 which is as expected from neuronal density [36]. In the human brain, the total number of glia is comparable (or even slightly less) with the number of neurones—i.e., the neuronal counts are in a range of ~80 billions—whereas neuroglia are ~60 billions with substantial regional differences. However, it should be noted that the variance in numbers is remarkably high, with numbers of neurones in the neocortex, for example, varying between 20 and 30 billions in cognitively preserved individuals [37]. Remarkably, when compared to the evolutionary new brain, the more primitive parts of the human brain have a higher proportion of neuroglia, with a GNR approaching 7–10 in the brainstem, or even more according to some studies [10,38]; very recent observations, using both stereology and isotropic fractionation, gave a GNR of ~5 in the spinal cord of cynomolgus monkey and almost 7 in humans [39]. These trends argue against the concept that a high GNR reflects evolutionary advance and increased intelligence. Nonetheless, it is important to be aware that evolution brought with it substantial changes in the morphology and complexity of astroglia in the human cortex, which also contains several idiosyncratic types of glial cell [40,41,42]. However, astrocyte three-dimensional morphology has been systematically studied in too few species so far and none in brains larger than humans. How large and complex astrocytes of whales might be remains unknown. Possibly (though not necessarily), the differences between astrocytes are related to brain size, not clade, but that is a different story.



Another unexpected consequence of the erroneous perceptions arising from the GNR in the human brain concerns the relative number of the main glial cell types—astrocytes, oligodendrocytes and microglia. Again, the numerical prevalence of astroglia is repeatedly stated in many papers, but this appears to be based on no observations whatsoever (see Table 6 in [10]). Seemingly the most numerous glia are oligodendrocytes (40–60%), with astrocytes accounting for 20–40% and microglia for ~10%, although there is of course considerable variability between brain regions, developmental stage and species. For example, in area 17 of young monkeys, astrocytes account for 40% of total glia, oligodendrocytes for 53% and microglia for ~7%. In cortical layers 1 to 3 of adult monkey astrocytes were calculated at 57%, oligodendrocytes at 36% and microglia at 7%, whereas in the layer 4 (which has higher degree of myelination) 30% of glia are astrocytes, 62% are oligodendroglia and the remaining 8% are microglia [43].



In conclusion, legends, myths and superstitions are arguably the most long-lasting and resilient forms of conserving and passing on false knowledge. Without doubt, this has greatly affected the evolution of humanity and continues to shape the progress of natural science. It is hoped that the work highlighted in this commentary and Suzana Herculano-Houzel’s review article [15] will help reverse one of the most enduring misconceptions that glial cells massively outnumber neurones in the human brain. We opened this commentary with a quote from Gibbon’s The Decline and Fall of the Roman Empire; we think it is fitting to end with a quote from Darwin on the vicissitudes of ignorance and false knowledge.




“Ignorance more frequently begets confidence than does knowledge: it is those who know little, and not those who know much, who so positively assert that this or that problem will never be solved by science.”.



Charles Darwin (1871), The Descent of Man, Volume 1 (Introduction)
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Figure 1. Glia-to-neurone ratio in invertebrates and vertebrates. The glia-to-neurone ratio (GNR) is not clearly related to phylogeny; the great ramshorn snail has a GNR equivalent to the human cortex, and the GNR is over five-times greater in the Minke whale. 
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