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Abstract

As the nervous system evolved from the diffused to centralised form, the neurones were joined by 

the appearance of the supportive cells, the neuroglia. Arguably, these non-neuronal cells evolve 

into a more diversified cell family than the neurones are. The first ancestral neuroglia appeared in 

flatworms being mesenchymal in origin. In the nematode C. elegans proto-astrocytes/supportive 

glia of ectodermal origin emerged, albeit the ensheathment of axons by glial cells occurred later in 

prawns. The multilayered myelin occurred by convergent evolution of oligodendrocytes and 

Schwann cells in vertebrates above the jawless fishes. Nutritive partitioning of the brain from the 

rest of the body appeared in insects when the hemolymph-brain barrier, a predecessor of the 

blood-brain barrier was formed. The defensive cellular mechanism required specialisation of bona 

fide immune cells, microglia, a process that occurred in the nervous system of leeches, bivalves, 

snails, insects and above. In ascending phylogeny, new type of glial cells, such as scaffolding 

radial glia, appeared and as the bran sizes enlarged, the glia to neurone ratio increased. Humans 

possess some unique glial cells not seen in other animals.
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2.1 Evolution of the Nervous System

Several taxonomy charts are currently in use. Here we use the system that classifies all living 

forms into Superkingdoms or Empires of Prokaryota and Eukaryota (Fig. 2.1). The Empire 

of Prokaryota comprises a single Kingdom of Bacteria, whereas the Empire of Eukaryota 

includes the Kingdoms of Protozoa, Animalia, Fungi, Plantae and Chromista [17, 18]. The 

nervous system is the sole prerogative of the Kingdom of Animalia, which is represented by 

radially symmetrical Cnidaria and Ctenophora, and Bilateralia. The bilateralia are further 

subclassified into Protostomia and Deuterostomia, the latter including Echinodermata, 

Hemichordata and, finally, Chordata to which vertebrates belong.

Arguably, the most ancient nervous systems appeared in Ctenophora (comb jellies) and 

Cnidarians (hydras and sea jellies). This was represented by the so-called diffuse nervous 

system, formed by homogeneously distributed network of neurones connected with their 

processes [45]. The principal cells of the diffuse nervous system are multipolar and unipolar 

neurones, organised in several semi-independent networks connected through chemical 

synapses that mainly used peptides as neurotransmitters. The neurones remain the sole 

elements in the diffuse nervous system with no evidence of (and obviously no need for) any 

kind of specialised supportive cells. Of note, the primordial neurones evolved from epithelial 

cells [58], which expressed ion channels and transporters (that formed basis for electrical 

excitability) and the secretory vesicular system that was the morphological substrate for 

chemical neurotransmission [123].

Further evolution of the nervous system saw the change from diffuse nervous system to the 

centralised nervous system. At that stage the first conglomerates of neuronal somatas 

forming ganglia had emerged. The tendency to concentrate nervous elements was observed 

already in some Cnidarian polyps where neural networks appear denser around the oral 

opening. The first true centralised nervous systems, however, appear in early Bilateralia, in 

flatworms, earthworms and roundworms. For example, in roundworms the centralised 

nervous system is composed of several ganglia surrounding the oral orifice. In more 

advanced protostomes (e.g., insects and crustacea), the centralisation advanced further, with 

the polyganglionic brain. In vertebrates the new brain organisations in layers have appeared 

and progressed. The centralisation of the nervous system also signalled the appearance of 

supportive neural cells, the neuroglia.

Characterisation and morphological analysis of glial cells in early invertebrates and in 

phylogenetically lower taxa have been very much hampered by the absence of specific 

markers similar to those found for higher species. The main criteria for identification of glia 

is their close association with and coverage of neuronal elements, these being fundamental 

features of supportive cells. It is most probable that neuroglia has evolved several times in 

different species. Despite very similar functions, the appearance of glial cells is rather 

different between non-vertebrates and vertebrates, for example. Even genes responsible for 

glial differentiation can be distinct. In the insects, for example, development of glia is 

controlled by the gene glial cells missing (gsm—[60, 63]). In contrast, the gsm homologue 

gene is not even expressed in the CNS of mammals [69].
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The very first glial cells provided for support of neuronal cell bodies within the ganglia 

(primeval astrocytes) as well as support of axons (primeval oligodendrocytes/Schwann 

cells). Another important function of primordial glia was formation of peripheral sensory 

organs, or sensilla. The glia-like cells are found in Acoelomorpha, the primitive flatworms, 

which are generally considered to be the earliest (or one of the earliest) Bilateralia. Electron 

microscopy of the brains of Symsagittifera roscoffensis, Convoluta psammophila, 

Amphiscolops sp. and Otocelis rubropunctata (free-living Acoela worms) characterised non-

neuronal cells with electron-dense cell bodies in which nuclei occupy most of the cytosol, 

and lamellar processes extend into neuropil and surround groups of neurites [10, 11]. More 

advanced neuroglia is present in the nematode Caenorhabditis elegans. For example, the 

sheath glia of the cephalic sensilla in C. elegans possess some anatomical and functional 

characteristics that parallel those of astrocyte and oligodendrocyte lineages in the 

mammalian nervous system [133]. In Platyzoa (another member of early Bilateralia), glial 

cells have been found in polyclad flatworms and in some (but not in all) triclad planaria, 

whereas neuroglia seem to be absent in Rotifera (wheel animals) and in many 

platyhelminthes (for example, in tubellarian flatworms, Catenulida or Macrostomida). 

Neuroglia are generally present throughout Ecdysozoa and Lophotrochozoa, being well 

developed in molluscs, in Annelida, and even more developed and rather diverse in 

Arthropoda. In Deuterostomes the organisation of the brain as well as newly emerged spinal 

cord has changed form polyganglia to the layers, as a result of the appearance of the radial 

glia, a new type of neuroglia, which provided both for neurogenesis and migration of 

neuronal precursors to their appropriate layers. In early Chordata, the radial glial cells 

predominate and are present throughout life, while the parenchyma is quite under-developed. 

An increase in brain thickness instigated the emergence of parenchymal glia that diversified 

and became responsible for major homeostatic tasks in the CNS of mammals. The radial 

glial, however, remain active only in the prenatal period and largely disappear after birth. 

Below, we shall provide an account of the evolution of the main types of neuroglia.

2.2 Neuroglia in Invertebrates

2.2.1 Primitive Glia of Flatworm

The flatworms are the most primitive bilateralia with clearly formed centralised nervous 

system with the ‘brain’ represented by cerebral ganglia. The cerebral ganglia of at least two 

flatworms, Fasciola hepatica and Notoplana acticola, apparently contain some type of 

supportive cells that might be considered the ancestral neuroglia [135, 136]. These primitive 

glia, defined as mesenchymal cells, have long processes emanating from the cell body; some 

of these processes encircle the cerebral ganglion, some invaginate into giant nerve cells 

processes, whereas some other send processes into the ganglion and enclose clusters of 

neuronal processes. The ‘glia-like’ mesenchymal cells most likely originate from 

parenchymal cells of the worm and undergo morphological specialisation after contacting 

the nervous elements. Some of these cells contain glycogen and may act as a source of 

energy substrates [139].
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2.2.2 Complex Neuroglia of the Earthworm

In the earthworm Eisenia fetida several types of glia have been characterised according to 

the morphology and localisation of the supportive cells. These neuroglia types were 

classified as neurilemmal-, subneurilemmal-, supporting-nutrifying-and periaxonal sheath-

forming glial cells [26]. The neurilemmal glia are elongated with long processes. 

Subneurilemmal glia are small spindle-like cells with few processes. Supporting-nutrifying 

glial cells are positive for glial fibrillary acidic protein (GFAP, a well-accepted marker for 

mammalian astrocytes) and appear as brushes on the surface of the neuronal perikarya. 

Sheath-forming glial cells are found around giant axons [26]. The membranes of glial cells 

form close contacts with neuronal membranes, these possibly being involved in gliato-

neurone transport. Glial cells in the earthworm contain multiple intracellular vesicular 

structures with diameters between 200 and 400 nm, some with dense cores, perhaps 

indicating glial secretion.

2.2.3 Proto-astrocytes in Caenorhabditis Elegans

The nervous system of C. elegans has been precisely mapped with a wealth of details and 

meticulously categorised with structural information allowing identification of each neural 

cell [147]. The neuroglia of C. elegans were described and characterised based on light and 

electron microscopy (none of these glial cells express markers of mammalian glia), with 

these cells being defined as neural in origin lacking morphological characteristics of 

neurones, for example pre-synaptic structures [138, 147]. The nervous system of C. elegans 

contains 302 neurones, 50 supportive (glial) cells derived from the ectoderm and six 

supportive cells of the mesodermal origin [101, 134, 147]. The central nervous system of C. 

elegans comprises the nerve ring located in the frontal part of the body. The nerve ring 

receives processes of peripheral sensory neurones and also contains cephalic and motor 

neurones, axons of which convey efferent signals through the ventral and dorsal nerve cords.

Most of the neuroglial cells (that is 46 cells out of 56) of C. elegans are associated with the 

sensory system (Fig. 2.2). These cells are classified into 26 socket cells and 20 sheath cells 

that (together with neuronal processes) form sensory organs known as sensilla [112]. Four 

glial cells of the ectodermal origin known as cephalic sheath (CEPsh) cells are localised in 

the nerve ring (Fig. 2.2 and 2.3). The anterior processes of CEPsh cells cover cephalic 

neuronal dendrites and form sensilla in the lips of the animal. Posterior processes of CEPsh 

cell with lamellar morphology ensheath the nerve ring and send processes to the neuropil, 

where they contact and possibly enwrap synapses [101, 134]. The CEPsh cells control ion 

homeostasis in perisynaptic regions and are involved in neuronal development and 

morphogenesis. Complete ablation of glia in of C. elegans results in complex morphological, 

developmental, sensory and behavioural deficits, although it does not affect survival of the 

worm [4].

The glia of C. elegans have numerous differences from neuroglial cells of higher animals. 

Porto-astrocytes of the worm do not express GFAP; their physiology has both neuronal and 

non-neuronal properties—for example, Ca2+ signals in C. elegans glial are generated by 

Ca2+ entry through voltage-gated channels, while functional intracellular Ca2+ stores appear 

to be rudimentary or absent (Fig. 2.4, [133]). Glial cells of the worms, of course, do not form 
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the glia limitans barrier because of the absence of the circulatory system. Main homeostatic 

functions of C. elegans glial cells similarly remain unknown; arguably, they may include K+ 

buffering and neurotransmitter catabolism [134]. At the same time several genetic pathways 

controlling development and differentiation of glia are shared between the worm and 

mammals. For example, the transcription factor LIN-26 contributes to glial cell development 

and ablation of the lin-26 gene may turn glial cells into neurones [75]. Another gene 

expressed in worms, the hlh-17 gene (the promotor of which was used to generate markers 

for CEPsh glia [86]) has homology to the mammalian regulator of glial development Olig2 

[101, 154].

Neuroglia in C. elegans is responsible for the following functions: (i) establishment of the 

location of neuronal structures; (ii) regulation of size and morphology of sensory endings; 

(iii) creation of a barrier that bundles and separates neuronal elements from other cells; and 

(iv) modulation of neuronal activity. Conceptually, these functions are similar to the 

functions of glia in higher invertebrates and in vertebrates. Glial cells in C. elegans support 

development of the nervous system. In particular, glial cells modulate sensory activity by 

controlling the development of cellular compartments surrounding sensory cilia [114]. The 

sensory organs of the worm are singular aspects of the nematode nervous system, and their 

correct development is impaired in the absence of glia; moreover, development of sensory 

structures requires the expression of gene sets both in neurones and in glia [102]. Factors 

released by glia control sensory dendrites attachment during migration of neurones in 

development [53].

The four CEPsh glial cells (see above and Figs. 2.2, 2.3) differentially express netrin 

(UNC-6). Two ventral CEPsh cells express netrin, which regulates axon guidance, while the 

dorsal pair of CEPsh glia lacks the expression of this protein [52, 146, 154, 52, 146, 154].

There are some hints indicating that the CEPsh cells modulate dopamine-dependent 

behaviours in the worm, including feeding pattern and certain forms of learning [41]. 

Disruption of the hlh-17 gene, expressed in CEPsh cells affected the egg-laying behaviour, 

instigated deficits in feeding behaviour and plasticity, and disrupted gustatory associative 

learning. The CEPsh glia are closely associated with four CEP neurones, which mediate the 

aforementioned behaviours through release and up-take of dopamine, and hence CEPsh glia 

seem to modulate neuronal function [41, 134].

The C. elegans is also in possession of a rather unique class of glial cells, which connect 

neurones with myocytes. These so-called GLR cells are of the mesodermal origin [1]. The 

GLR cells are integral part of the nervous system of the C.elegans; these cells are involved 

into the development of the nerve ring and the muscle-based feeding organ of the worm 

known as pharynx. The most idiosyncratic feature of GLR cells is that the cells are being 

sandwiched between and connected to both neurones and muscle cells in the head by gap 

junctions. This arrangement arguably represents a signalling circuit for producing 

specialised fine motor movements of the frontal part of the worm during foraging [120, 

148]. The GLR-neuronal circuit contains both coincidence detection and shunting activity 

that is based on gap junction intercellular communication [115]. Gap junctional connectivity 

between glial cells and neurones are not limited to invertebrates only; there are some 
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indications of this form of neuronal-glial communications in higher animals [113] as well as 

in developing nervous system of the mammals [95, 105]. The special set of cells connecting 

neurones and muscle cells is present in vertebrates including mammals; these are the 

telocytes initially discovered by Santiago Ramón y Cajal in the gut as interstitial cells of 

Cajal at the beginning of the twentieth century; the telocytes are found now in various 

tissues [113].

2.3 Homeostatic Proto-astrocytes in Annelida

The nervous system of the medicinal leech Hirudo medicinalis includes the anterior and 

posterior brains and the chain of 21 ganglia that are positioned in between (Fig. 2.5a). The 

anterior brain is made of six ganglia fused into two neuronal masses, while seven fused 

ganglia in the tail form the posterior brain. Somatic ganglia innervate corresponding 

segments of the leech body [22, 30]. Every ganglion contains ~400 neurones (with exception 

of the 5th and 6th ganglia innervating the reproductive system, which have about 700 

neurones) and ten glial cells. These glial cells are (Fig. 2.5b): (i) two connective glial cells, 

which ensheath axons; (ii) six packet cells covering neuronal cell bodies and (iii) two giant 

glial cells [30]. Glial cells of the leech nervous system are interconnected by gap junctions 

assembled from innexins [37, 65, 79] thus creating a panglial syncytium. The nervous 

system of the leech additionally contains some amount of microglial cells that can be 

activated in response to lesions [76]. Within the ganglia the homeostatic support is 

maintained by packet glia and giant glial cells which in this function resemble mammalian 

astrocytes. The packet glial cells buffer extracellular K+, especially at high extracellular K+ 

concentrations [97, 124]. The giant glial cells have somata of 80–100 μm in diameter; these 

somata are localised in the centre of the ganglion. The processes of giant glial cells are 300–

350 μm long; they extend through the entire neuropil and contact neuronal dendrites [93]. 

The neuropil is partitioned by these processes into several functional domains. In addition, 

glial processes sometimes invaginate into neuronal somata creating a structure described as 

‘trophospongium’ [59]. The membrane of giant glial cells is highly permeable to K+, which 

underlies hyperpolarised resting potential of about−75 mV. Giant glial cells express multiple 

types of neurotransmitter receptors including ionotropic glutamate, acetylcholine and 

serotonin receptors as well as metabotropic receptors to glutamate, serotonin, myomodulin 

and possibly P2Y-like purinoceptors and A1-like adenosine receptors [30, 92]. Giant glial 

cells regulate many homeostatic responses, including regulation of pH involving 

plasmalemmal Na+–HCO3
− co-transporter, Na+–H+ and Cl−–HCO3

− exchangers [28, 31, 

32]. They also regulate neurotransmitters uptake and catabolism through plasmalemmal Na
+-dependent glutamate and Na+-dependent choline transporters [33, 56, 149]. Giant glial 

cells respond to neuronal activity and to evoked behaviours by changes in membrane 

potential [29] and by generation of cytosolic Ca2+ signals that occur in both somata and 

processes [34]. In contrast to mammalian glia, and rather similar to C. elegans CEPsh glial 

cells, the main source of Ca2+ signal generation in leech glia is associated with the opening 

of plasmalemmal Ca2+ channels. Termination of Ca2+ signal is mediated by plasmalemmal 

Ca2+ pump and Na+/Ca2+ exchanger. The intracellular Ca2+ stores seem to play a minor role 

in Ca2+ dynamics of leech glia [34, 80].
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2.4 Proto-astrocytes in Insects

The brain of Drosophila contains ~90,000 cells of which 10% belong to neuroglia; some 

glial cells also exist in the peripheral nervous system. Neuroglia of Drosophila are classified 

(Fig. 2.6) into the following classes [39, 43, 49, 108]: (i) Wrapping glia of the peripheral 

nervous system; (ii) Surface glia, which make the brain-hemolymph barrier, is further 

subclassified into perineural glia (small cells lying on the ganglionic surface) and 

subperineural or basal glia (which are large sheet-like cells connected with septate junctions 

that form the barrier); (iii) Cortex glia that contact neuronal cells somata in the CNS, with 

each glial cell establishing contacts with many neurones; (iv) Neuropil glia, which are 

located in the neuropil and cover axons and synapses. The neuropil glia are further 

subdivided into ensheathing or fibrous and astrocyte-like glia, which forms a perisynaptic 

glial cover. Finally, (v) Tract glial cells cover axonal tracts connecting different neuropils. 

The cell mapping using the glia-specific GAL4-UAS system derived numerical calculation 

of various glial cell types in the Drosophila CNS. The perineural glia accounted for ~17%, 

subperineural—2%, cortex glia—20%, astrocyte-like glia—34% and ensheathing glia for 

27% of total glial cells [70].

The cells of the above classes ii, iii and iv (i.e. surface glia, cortex glia and neuropil glia) are 

homeostatic cells being thus similar to astrocytes in mammals; the degree of morphological 

specialisation is, however, greater with specialised cell types responsible for distinct set of 

functions. A layer of perineural glia covers and delineates the brain as an organ. This 

coverage is provided by ~100 perineural glial cells, which create a physical barrier of the 

CNS. Perineural glia and primary surface glia of the ventral nerve cord are derived from 

embryonic neuro-glioblasts. Both types of primary glial cells increase in size, but not in 

number, during the larval stage. These cells are retained throughout metamorphosis and 

become the functional adult glia [35]. Primary perineural glia are mitotically active in the 

larva, undergo a late phase of proliferation during late larval stage, and differentiate into the 

optic lobe wrapping glia and then into optic lobe distal satellite glia [104].

Immediately beneath the perineural glial layer, the subperineural glia forms the hemolymph-

brain barrier that controls exchange of substances between the CNS and the rest of the body 

[3, 131]. The subperineural glial cells have a flat morphology and are connected with 

innexin-based septate junctions, which seal the barrier. Molecular components of septate 

junctions include Neurexin IV, Gliotactin, Neuroglian and both of α and β subunits of Na
+/K+ ATPase [8, 44, 132]. Loss of function of subperineural glia results in aberrant 

physiological properties such as the alternation in the permeability of extracellular dextrans 

[132] and reversed polarity of the electroretinogram [150, 151]. The G-protein coupled 

receptors moody expressed in the surface glia is essential for proper barrier formation. Glial 

cells in moody locus mutant flies exhibit disruptive actin cytoskeleton, which leads to 

reduced number of septate junctions and a leaky and malfunctional brain-hemolymph barrier 

[6, 50, 126]. Mutations in the ATP-binding cassette (ABC) transporter gene mdr65 

expressed in surface glia alters the passage of substrates and increases the sensitivity of the 

haemolymph-brain barrier to toxic pharmaceuticals, thus playing a role in neuroprotection 

[85]. The glial barrier in the insects is functionally analogous to the endothelial blood-brain 
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barrier in vertebrates. This glial barrier in Drosophila is particularly important in guarding 

the CNS against substantial fluctuations in systemic K+ that occur after feeding [39].

The specialised type of parenchymal glia, known as cortex glia covers neuronal somata; 

these cells are very much different from mammalian CNS glia in that a single cell can 

provide coverage for many neuronal cell bodies. The cortex glial cells also make contact 

with the hemolymph-brain barrier and provide trophic support to neurones. The cortical glial 

cells generate activity-dependent intracellular Ca2+ oscillations and regulate seizure 

susceptibility [88]. Similarly to the perineural glia, primary cortex glial cells enter a phase of 

proliferation during the late larval period, likely forming the secondary population of adult 

cortical glia. Glial cells in the insect CNS also plaster tracheoles, which deliver oxygen to 

the nerve tissue [111].

The neuropil glia in Drosophila are represented by the ensheathing glia and the astrocyte-

like glia, both of which are critical elements for the neuropil homeostasis, synaptogenesis 

and synaptic transmission. Physical contacts between neuropil glia and axons as well as with 

axon fascicles allow these glial cells to function in a variety of synaptic contexts to regulate 

neuronal activity and survival. The flat ensheathing glial cells line the borders of the 

neuropil thus segregating it from the cortex. In addition, ensheathing glia enwrap glomeruli 

in the antennae lobe. The astroglia-like cells are morphologically similar to parenchymal 

astrocytes in vertebrates with elaborated arborisation; these cells extend processes into the 

neuropil and provide for synaptic coverage [36]. Astrocyte-like glia express plasmalemmal 

amino acid transporters to regulate uptake and release of neurotransmitters to modulate 

synaptic activity. The ensheathing glia express the engulfment receptor Draper and dCed-6, 

which control clearing axonal debris due to injury in adult brains. The astrocyte-like glia, 

also express Draper, which regulates pruning of axons during the development [137] Both 

types of neuropil glia, the ensheathing glia and astrocyte-like glia share the same origin 

being the progenies of the embryonic lateral glioblast. The lateral glioblast-generated 

primary glia undergo several rounds of mitotic divisions to produce a cluster of cells that 

differentiate into the ensheathing glia and astrocyte-like glia. The primary glial cells are 

subject to programmed cell death and are not retained into adulthood [9]. Instead, a 

secondary wave of proliferation from larval neuro-glioblasts is responsible for generating 

adult ensheathing and astrocyte-like glia [104].

Neuroglial cells in Drosophila exhibit classical intracellular ionic excitability, which 

contributes to neuronal-glial interactions. Different types of insect glia demonstrate 

spontaneous and evoked Ca2+ signalling mediated by both intracellular Ca2+ release (mostly 

in soma) and plasmalemmal Ca2+ entry [88]. Mutation in glial Na+/Ca2+-K+ exchanger 

(NCKX), which arguably mediates plasmalemmal Ca2+ flux in cortical glia, results in 

seizures [88]. The astrocyte-like glial cells in Drosophila demonstrate prominent Ca2+ 

oscillations, seen as fast fluctuations of intracellular Ca2+ in processes. Acute induction of 

Ca2+ influx into these astroglia-like cells triggered rapid behavioural paralysis and 

suppressed neuronal activity [156].

Homeostatic functions of glial cells in Drosophila CNS include regulation of ionic balance 

and control over clearance, recycling and metabolism of neurotransmitters. In the retina, for 
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example, glial cells are providing for recycling of the principal neurotransmitter histamine. 

Histamine, released from photoreceptors, is accumulated by glial cells, processes of which 

enwrap relevant synapses [87]. After entering the glial cytoplasm histamine is converted into 

β-alanyl-histamine (also known as carcinine) by Ebony (N-β-alanyl-biogenic amine 

synthetase)-catalysed reaction [13]. This carcinine is then shuttled back to photoreceptors, 

which is mediated by a plasmalemmal carT (in humans—organic anion transporter family 

Slc22a) transporter [130]. In the photoreceptor cell, carcinine is hydrolysed to histamine by 

Tan (acyltransferase) protein [140]. Mutations in the components of this histamine/carcinine 

shuttle impair vision of the fly Drosophila [19, 157]. Genetic alterations of glial cells in 

Drosophila glia which interfere with vesicle trafficking (by specific expression of 

temperature-sensitive dynamin) and ionic transport (by glia-specific expression of bacterial 

Na+ channel) alter circadian rhythm [96].

Another important function of homeostatic neuroglia lies in regulation of neurotransmitters 

turnover and catabolism. For example, Drosophila neuropil glia express plasmalemmal 

transporters for excitatory amino acid transporters dEAAT1and dEAAT2 [66, 127], as well 

as glutamine synthetase [27], all these being key components of glutamate-glutamine 

shuttle. The plasmalemmal glutamate transporters are preferentially localised at glial 

perisynaptic processes [121]; decreased expression of these transporters triggers 

neurotoxicity, degeneration of the neuropil and premature death [78]. In addition, Drosophila 

glia regulate the homeostasis of inhibitory neurotransmitter γ-aminobutyric acid (GABA) 

through activity of relevant transporters [103]. The glia-specific cascades regulating 

glutamate transport are involved in control of sexual behaviour and courtship of the flies. 

These cascades are represented by glial cystine-glutamate transporter, which controls 

ambient glutamate concentration and therefore affects the strength of glutamatergic 

transmission. Loss of function mutation of these transporters (observed in a mutant known 

as a genderblind, gb) results in ‘homosexual’ courting [47].

The neuroglia in insects is fundamental for metabolic support of neurones and for 

neuroprotection. In the retina of the honeybee, glial cells supply photoreceptors with alanine, 

which subsequently is converted to pyruvate for use in the Krebs cycle and production of 

energy [141]. Targeted ablation of glial cells in the fly instigates extensive neuronal death 

[12]. Similarly, neuronal loss and progressive neurodegeneration are observed in mutants 

with aberrant or non-functional glia (mutants designated as drop dead, swiss cheese and repo 

[14, 71, 150]). Insect neuroglia provides for nervous tissue defence through reactive gliosis 

and phagocytosis activated in response to lesions [72, 81].

Neuroglia in Drosophila form the neurogenic niche, a specialised anatomical location where 

stem cells reside, proliferate and differentiate [20, 90]. The cortex glial cells in particular 

regulate neuroblast proliferation; the neuroblasts establish a specific adhesive contact with 

cortex glia, this process involving phosphoinositide 3-kinase (PI3-kinase) and DE-cadherin. 

The cortical glia also regulate neuroblast proliferation through secretion of nutritional signal 

molecules, such as insulin-like peptides (ILPs) or the glycoprotein encoded by anachronism 

locus [38, 128, 129]. Cortex glia also produce and secrete ILPs in response to nutrition; 

these peptides activate the PI3 K/AKT signalling in neuroblasts, thus stimulating neuroblast 

growth and proliferation. The insulin/insulin-like growth factor (IGF) receptor pathway is 
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necessary for neuroblasts to exit quiescence [20]. Likewise, a fat-body-derived signal 

required for neuroblast activation is linked to rapamycin (TOR) signalling cascade [128]. 

Another type of glia, the optic lobe-associated cortex glia, promote neuroepithelial 

proliferation and neuroblast formation by activating epidermal growth factor receptor. 

Drosophila microRNA mir-8 (the homolog of vertebrate miR-200 family) is expressed in a 

subpopulation of optic-lobe-associated cortex glia processes, which ensheath the 

neuroepithelium. In the absence of glial mir-8, excess proliferation and ectopic neuroblast 

transition were detected, suggesting that optic-lobe-associated cortex glia use signalling via 

mir-8 to communicate with the neuroepithelium. The optic-lobe-associated miR-8-positive 

cortex glia thus acts as a niche component that contributes signals for the growth and 

morphogenesis of the neuroepithelium [89]. Taken together, these findings suggest that glia 

are indispensable components of the neurogenic niche in insects; glial cells regulate 

formation, proliferation and differentiation of neuroblasts.

Drosophila glia also positively regulates and promotes synaptogenesis as well as synaptic 

maturation through activation of a homologue of the Gabapentin receptor α2δ1 [73].

The glia-regulated signalling cascade involving the peripheral glia expressing Eiger, the first 

invertebrate tumour necrosis factor (TNF) superfamily ligand [61], and the motorneurone-

specific Drosophila TNF-α receptor (TNFR) Wengen [64], regulates neuromuscular junction 

synaptogenesis. This glia-initiated TNF signalling depends on caspase and mitochondria to 

regulate neuromuscular junction degeneration, further demonstrating the importance of glia 

in regulating neuromuscular junction synaptogenesis [67].

2.5 Astrocytes in Chordata and Low Vertebrates

In the CNS of Chordata, Hemichordata and Echinodermata, the main (and often the only) 

type of neuroglia is represented by radial glial cells. The radial glia, although occurring at 

some developmental stages in the insects and being identified in some protostomes (for 

example, in Annelida and Scalidophora [54]), is mainly associated with vertebrates [116]. In 

the Echinodermata (sea urchin, star fishes or sea cucumber), radial glial cells are the only 

glia in the CNS. These radial glial cells produce and secrete the Reissner’s substance [84, 

145], which mainly contains the glycoprotein known as SCO-spondin, that acts as cell 

adhesion modulator [46]. This Reissner’s substance has been identified in radial glia 

throughout Chordata from cephalochordates to Homo sapiens. Glia of Echinodermata have a 

characteristic radial morphology with elongated shape; these cells have long processes 

penetrating the whole thickness of the neural parenchyma, and orienting perpendicularly to 

the surface of the neuroepithelium and high level of expression of intermediate filaments in 

the cytoplasm [83, 84].

Radial glia represent the main type of neuroglia in the CNS of many early vertebrates, which 

are almost completely devoid of other types of parenchymal glia. This in particular is 

characteristic for the brains with thin parenchyma. In Elasmobranchii (chondrichthyan/

cartilaginous fish, such as sharks and rays), the brains are sub-classified into the type I, or 

‘laminar’ brain (with thin brain wall and large ventricles) and the type II or ‘elaborate’ brain 

(with thicker parenchyma and smaller ventricles) [2, 16]. In type I brains radial glia 

Verkhratsky et al. Page 10

Adv Exp Med Biol. Author manuscript; available in PMC 2020 April 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



predominate, whereas type II brains contain numerous well-developed parenchymal glia 

resembling astrocytes [2]. Emergence of parenchymal astrocytes in elaborate brains 

probably reflects an increased homeostatic challenge of the enlarged nervous tissue that 

cannot be met by radial glia. This constrains homeostatic capabilities of the radial glia and 

hence prompts an increase in numbers and complexity of parenchymal astrocytes [118].

Similarly radial glia are well developed in bony fish, with teleosts (e.g., zebra fish) being a 

particular example. The radial glia of the zebrafish, extend their processes through the entire 

thickness of the brain from the ependymal cells of the ventricles to the pial surface. In these 

radial glial cells high expression of GFAP has been detected; in addition, these cells possess 

glutamine synthetase contributing to glutamate homeostasis, and express aquaporin-4 

contributing to water homeostasis, [48]). Zebrafish does not possess parenchymal glia (i.e., 

astrocyte-like cells) and hence radial glial cells are specially important for the responses of 

zebrafish nervous tissue to injury. Brain lesions in the teleost do not instigate astrogliosis. 

The stab wounds are closed in several days without formation of the scar; because of rapid 

increase in the neurogenesis, that generates new cells to fill up the wound [7]. Of note the 

blood-brain barrier in teleosts is formed by endothelial cells lining brain capillaries, which is 

similar to all higher vertebrates.

2.6 Astrocytes in Higher Vertebrates and Hominids

An increased complexity of the brain, which developed in parallel with increased intellectual 

power and increased homeostatic and energy demands stipulated high diversification of 

neuroglia in mammals [99, 100, 117, 119]. Glial cells became heterogeneous in their form 

and function. This evolutionary advance in astroglial complexity is specifically prominent in 

the brains of higher primates and humans [99, 144].

The number of glial cells varies substantially between different species and the GNR does 

not simply increase with increasing brain size (Fig. 2.7). Albeit already discussed in Chap. 1, 

we here revisit the glial-to-neurone ratio (GNR) in the nervous system. In invertebrates, it 

varies between 0.001 and 0.1 (56 glia per 302 neurones in C. elegans [101]; 10 glial cells per 

400–700 neurones in every ganglion of the leech [30]; ~9000 glial cells per 90,000 neurones 

in the central nervous system (CNS) of Drosophila [39, 70]). There are exceptions though: 

the buccal ganglia of the great ramshorn snail Planorbis corneus contains 298 neurones and 

391 glial cells with GNR of 1.3 [110]. In vertebrates 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 [21, 40, 51, 62, 77, 107]. The 

largest absolute number of glial cells has been identified in the neocortex of whales [40, 31, 

35]; for example the neocortex of the long-finned pilot whale (Globicephala melas) contains 

~ 37.2 × 109 neurones and 127 109 glial cells with GNR of 3.4 [91]. In the human brain, the 

total number of glia is more or less the same as number of neurones (about ~80 billion of 

neurones and ~60 billion of glia) with remarkable regional differences. Of note, the more 

primitive parts of the human brain have a higher GNR of 7–10 in the brainstem, or even 

more according to some studies [106]. The GNR of ~5 was determined for the spinal cord of 

cynomolgus monkey and GNR of almost 7 for spinal cord in humans [5]. These trends argue 

against the concept that a high GNR reflects evolutionary advance and increased 
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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 highly specialised types of glial cell which are absent in the 

brains of lesser vertebrates.

Human astrocytes are much larger and far more complex than astroglial cells in, for 

example, rodent brain (Fig. 2.8). In the human brain the average diameter of the domain 

belonging to a human protoplasmic astrocyte is ~2.5 times larger than the domain formed by 

a rat astrocyte (142 vs. 56 μm). The volume of the human protoplasmic astrocyte domain 

was ~16.5 times larger than that of the corresponding domain in a rat brain. Human 

protoplasmic astrocytes have ~10 times more primary processes, and correspondingly much 

more complex processes arborisation than rodent astroglia. Similarly, fibrous astrocytes, 

localised in the white matter are ~2.2 times larger in humans when compared to rodents. 

Due to this increased complexity human protoplasmic astrocytes enwrap ~2 millions of 

synapses localised in their territorial domains, whereas in rodents single astrocyte covers 

only 20,000–120,000 synaptic contacts [15, 99].

Special subpopulations of astrocytes are found in the brains of higher primates and humans 

(Fig. 2.9). The first type of these specialised astroglial cells is known as interlaminar 

astrocytes [23–25]. The somata of these interlaminar astrocytes are localised in the layer I of 

the cortex, which has low density of neuronal cell bodies and high density of synaptic 

connections. Somata of interlaminar astrocytes are rather small not exceeding 10 μm, from 

these somata emanate several short and one or two very long processes. These long 

processes, which can be as long as 1 mm penetrate through the cortex, and terminate in 

layers III and IV. At the tips of these long processes special structures known as the 

‘terminal mass’ or ‘end bulb’ have been detected. These terminal masses often contain 

mitochondria. Physiological properties of interlaminar astrocytes remain completely 

unknown. It has been suggested that they may form astroglial component of neuronal 

columns that are regarded as cortical functional units. It has been further speculated that 

interlaminar astrocytes may contribute to long distance signalling and integration within 

cortical columns.

The second type of specialised human astrocytes is represented by polarised astrocytes, 

represented by unior bipolar cells, somata of which are in cortical layers V and VI close to 

the white matter. These cells possess one or two very long (up to 1 mm) and very thin (2–3 

μm in diameter) processes that end in the neuropil. In addition these processes have 

numerous varicosities with yet unknown functions [99, 144].

In contrast to neuroglia neurones did not increase their size that much. Similarly, the density 

of synaptic contacts in rodents and primates is similar (the mean density of synaptic contacts 

in the rodent brain is ~1397 millions/mm3, whereas in humans synaptic density in the cortex 

is around 1100 millions/mm3). Likewise, the number of synapses per neurone is not much 

different between primates and rodents. The average size of human neurones is ~1.5 times 

larger than in rodents. Thus, at least morphologically, evolution resulted in much more 

prominent changes in glia than in neurones, which most likely has important, although yet 

undetermined, significance.
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2.7 Evolution of Myelination and Oligodendroglia

The emergence and evolution of myelination is linked to an increase in animal size that 

requires faster nerve conductance; increase in action potential propagation velocity can be 

achieved either through an increase in axon diameter, or through introduction of saltatory 

nerve impulse propagation. Increase in axon diameter reduces resistance of the axon 

proportionally to the square of diameter, with the conductance velocity being directly 

proportional to the square root of the axon diameter [57]. In the Loligo squid, for instance, 

thick axons of 0.5 mm in diameter sustain action potential propagation velocity of about 30 

m/s. Large axons, however, present several problems to the complex nervous system. Firstly, 

the conduction through large axons is energetically costly, because Na+/K+ pump 

responsible for ion gradients maintenance consumes substantial amounts of ATP [82]. 

Secondly, large diameter axons are associated with prominent space constrains incompatible 

with a rather compact design of advanced CNS.

The saltatory propagation of action potential, which allows high speed nerve impulse 

conductance, solves both problems due to restriction of ion fluxes to small portions of 

axonal membrane. Namely, axons are covered with multiple layers of lipid membranes, 

interrupted by gaps known as nodes of Ranvier. The nodal membranes have high densities of 

voltage-gated Na+ and K+ channels responsible for action potential generation [94]. The 

lipid-rich membranous lamellae insulate parts of the axons in between the nodes, thus 

increasing axonal transverse resistance and reducing transverse capacitance.

The very first structures unsheathing the axons and allowing saltatory propagation of action 

potentials emerged early in evolution. Arguably, the first organisms in possession of this 

mechanism are prawns, which appeared in the Cambrian period (500–540 million years 

ago). At that time, the giant prawn, Anomalocaridids, was the sole and the most dangerous 

predator of the sea [142]. These predatory prawns had about 1 m in length, and they were 

endowed with large compound eyes. These eyes were exceptionally big (according to the 

fossil studies the visual surface was 22 mm long and 12 mm wide) being composed of tens 

of thousands of hexagonal ommatidial lenses ~70–110 μm in diameter [109]. Feeding 

thousands of axons into the CNS of these animals most likely required insulating 

ensheathing of axons.

Modern Crustacean (e.g., prawns, shrimps and crabs) retain this arrangements having 

elaborated axonal ensheathment. In the prawns of the genus Penaeus (such as Japanese tiger 

shrimp, or Chinese white shrimp), axons are surrounded by glial membranes and by a large 

submyelin space positioned between the axonal membrane and the first layer of glial 

membrane. The ion currents thus are trapped in this space as if the normal axon is 

surrounded by a giant axon (the submyelin space acts in essence as a low-resistance 

pathway), this topography allows for an unprecedented speed of action potential propagation 

of up to 210 m/s [74, 152, 153]. The submyelin spaces are tightly sealed at the nodes thus 

allowing the saltatory conductance. The node (which in invertebrates is called the 

‘fenestration node’) diameter and internodal distance is proportional to the axon diameter 

and, in prawns, vary between 5 and 50 μm and 3 and 12 μm, respectively. The thickness of 

the glial membranous sheath is ~10 μm; it is comprised of 10–60 stacked membrane layers 
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separated by 8–9 nm. Like in vertebrates, voltage-gated sodium channels in prawns are 

concentrated at the nodes where their density can reach thousands of channels/μm2. There is 

a fundamental difference between vertebrates and prawn axonal coverage. In vertebrates the 

single Schwann cell (peripheral nerves) or a process of an oligodendrocyte (CNS) spirals 

around the axon forming multiple membranous lamellae. In the prawns a single myelinating 

glial cell sends multiple processes forming multiple layers, with each process encircling the 

axon once, meeting itself on the opposite side in a seam [55]. Another difference is location 

of the nuclei of myelinating cell. In vertebrates it is located as a rule at the outer edge of 

myelin sheath, whereas in prawns the nuclei are randomly dispersed between membrane 

laminae [153].

Axons covered with multilayered glial membranes (although these glial cells do not produce 

myelin) are operative in some other invertebrates. In the earthworm Lumbricus terrestrils the 

central axons of 50–100 μm in diameter are enwrapped with 60–200 layers of cell 

membranes produced by many glial cells, nuclei of which are scattered along the axon [122]. 

In this structure the nodes are not clearly seen; nonetheless, the conductance velocity reaches 

~20–45 m/s, which is higher compared to thicker giant axons of Loligo squid. The glial 

axonal coverage was also found in marine Annelida phoronids; in these animals axons are 

covered with 9–20 membranous layers [42]. Similar number of layers of glial membranes 

covers the axon of the aquatic sludge worm Branchiura sowerbyi [158].

Emergence of myelin is associated with relatively developed vertebrates. Compacted myelin 

sheaths are absent in lower vertebrates, such as hagfish and lampreys, and begun to develop 

in sharks and bony fish. There are some arguments indicating that the most ancient forms of 

myelin sheath emerged in placoderms (now extinct jawed armoured fish from the early 

Silurian period ~420 million years ago). These fish form the base for chondrichtyan and 

bony fishes. The fossil records indicate that the diameters of the foramina for oculomotor 

nerves in the jawed fish and in jawless Osteostraci fish (which do not have myelin) are the 

same (about 0.1 mm), whereas the length of nerve in placoderms was 10 times larger, that 

highlights the necessity for myelin to maintain the same speed of action potential-mediated 

signal transduction [155]. Further reasoning suggests the connection between appearance of 

the jaw in early Gnathostomata (jawed vertebrates, which embrace all higher vertebrates 

living today, including mammals) and myelination. By acquiring myelinated nerves, the 

jawed fishes arguably acquired better ability to hunt the prey, while keeping the axonal 

diameter the same or even smaller compared to their jawless predecessors [155].

Coverage of axons with glial membranes emerged in early evolutionary forms. In the 

beginning this coverage arguably supported axonal mechanical stability and provided energy 

support. At the same time glial membranous lamellae increased action potential propagation 

velocity, and once emerged, myelination provided obvious evolutionary advantages. One of 

the advantages was an increase in compactness of the nervous system and decrease in energy 

expenditure for restoring ion balances.
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2.8 Evolution of Microglia

The evolutionary origins of microglia remain largely unexplored. It is possible to suggest, 

however, that appearance of innate immune and phagocytic cells in the nerve tissue 

coincided with the emergence of barriers separating early brains from the circulation. Such 

barriers restricted pathways for entry of immune/defence cells into the brain parenchyma, 

thus calling for a specialised intra-brain defence system. This problem was solved after 

immune cells found the way to migrate and retain in the nerve tissue; exposure to the 

specific neurochemical environment as well as epigenetic trends most likely stimulated 

acquisition of specific microglial phenotype. Evidence for phylogenetically early microglial 

cells is available for Annelida (leech), Mollusca (Bivalvia and snails) and some Arthropoda 

(insects) (see [68] for detailed review).

The nervous system of medicinal leech contains substantial numbers of microglial cells. The 

microglia of the leech is represented by small spindle-like shape cells. Insults to the leech 

nervous system trigger microglial activation; these cells migrate to the site of the insult and 

become phagocytes. The weak silver carbonate staining (a classical microglial staining 

technique developed by Pío del Río Hortega) is generally used to visualise activated 

microglia in leech. In response to infectious attack the leech microglial cells were found to 

produce and secrete antimicrobial peptides [125].

Well developed microglia were also found in nerve ganglia of molluscs. In the marine 

bivalve Mytilus edulis microglial cells can be activated and their migration can be instigated 

in response to various molecular signals including nitric oxide, opioids, cannabinoids and 

cytokines. Similarly, migrating microglia were observed in the snail Planorbarius corneus 

and in the insect Leucophaea maderae. The microglial cells (morphologically distinguished 

by phagocytic inclusions) of snail Planorbis corneus, were mainly concentrated in the 

neuropil of nerve ganglia while mechanical lesion increased the number of these phagocytic 

cells [110].

2.9 Conclusions

Most ancient glial cells developed as a supportive element of the sensory organs. The 

centralisation and increase in complexity of the nervous system created high demand for 

homeostatic support which was met by diversification of glial cells. Such a diversification 

resulted in multiple phenotypes in invertebrates, which are in possession of very specialised 

glial cells such as giant glial cells in the leech or cortex glia in Drosophila. These glial cells 

of invertebrates have performed many supportive functions from regulation of ion and 

neurotransmitter homeostasis to metabolic support and regulation of neuronal development. 

In the invertebrates glial cells formed brain to body barriers which stipulated the emergence 

of specialised immune and defence cells known as microglia. Increase in complexity of 

brain connectome and increase in axonal density were factors defining evolutionary benefits 

of the myelin sheath and development of myelinating cells. The evolution of myelination 

formed the basis for increased complexity of the nervous system that relies on interneuronal 

connections. In early Chordata radial glia become the main sub-type which was instrumental 

in formation of the layered brain. Subsequent increase in brain thickness promoted evolution 
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of homeostatic astroglia. Finally, in the brain of primates and especially in the brain of 

humans, astrocytes become exceedingly complex and new types of astroglial cells involved 

in interlayer communication/integration have evolved.
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Fig. 2.1. 
Tree of life and evolution of the nervous system and of neuroglia. Adapted from Verkhratsky 

and Butt [143]
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Fig. 2.2. 
Glial cells in Caenorhabditis elegans. The “brain” of C. elegance is represented by the nerve 

ring. Most of the glial cells are part of sensory organs known as sensilla. Each sensilla has 

two glial cells: the sheath cell and socket cell. In the anterior part there are 4 CEP (cephalic) 

glial cells that ensheath nerve ring. The nerve ring also has 6 GLR glial cells which establish 

gap junctional contacts between ring motor neurones (RME) and muscle cells
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Fig. 2.3. 
The CEPsh glia. a A cartoon of an adult worm showing the four CEPsh glial cells (green) 

positioned in the anterior of the worm (inset). The CEPsh cell bodies with their velate 

processes are positioned around the central nerve ring (red) which they enwrap along with 

the proximal section of the ventral nerve cord. Additionally, each CEPsh glial cell possesses 

a long anterior process, emanating to the anterior sensory tip, which closely interacts with 

the dendritic extension of a nearby CEP neuron (blue). Arrows indicate the dorsal (red 

arrow) and ventral (orange arrow) side of the worm. b A confocal image showing green 

fluorescent protein expression driven by the hlh-17 promoter to visualize the four CEPsh 

glial cells (worm strain VPR839). The anterior (head) of a juvenile (larval stage 4) worm is 

shown; the worm is turned ~45° from “upright” such that all four CEP sheath cells are 

visible. The sheath portion of the cells that form a tube around the dendritic endings of the 

CEP neurones are seen at the left of the image. The dorsal (red arrow) and ventral (orange 

arrow) CEPsh cell bodies are seen. The thin sheet-like extensions that surround and invade 

the nerve ring are seen in the rightmost part of the image. Scale bar, 20 μm. Image adapted 

from [134]
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Fig. 2.4. 
L-type voltage-gated Ca2+channels (VGCCs) play a role in depolarization-induced 

intracellular Ca2+ elevations in CEPsh glial cells. a The hlh-17 promoter can be used to 

drive expression of a red fluorescent protein marker (red, mCherry) in the CEPsh glia along 

with a fluorescent-protein based Ca2+ sensor (green, GCaMP2.0). DIC, differential 

interference contrast. An anterior portion of an L4 stage worm (VPR108 strain) is shown. b 
CEPsh glial cells in mixed culture prepared from embryos can be identified based on their 

mCherry/GCaMP2.0 expression. c Time-lapse of GCaMP2.0 fluorescence emission from 

CEPsh glial cells. Paired-pulse application of a depolarization stimulus, high extracellular 

potassium (HiK+, 100 mM; horizontal bar), to CEPsh glial cells results in an elevation of 

intracellular Ca2+ levels (black squares). Nemadipine-A (NemA), a pharmacological L-type 

VGCC blocker, can be used to test the channels present in glial cells in culture; Con, sham 

stimulated control. (right, bar graph). Ratio of the peak Ca2+ level in response to the second 

HiK+ application (P2) over the first application (P1). *Indicates a significant difference. 

Adapted from [133]
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Fig. 2.5. 
Neuroglia in medicinal leech Hirudo medicinalis. a General structure of the nervous system. 

b Structure of a segmental ganglion, which contains three types of glial cells: the giant glial 

cell; packet glial cells and connective glial cells. Adapted from Verkhratsky and Butt [143]
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Fig. 2.6. 
Neuroglia in Drosophila and mammals
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Fig. 2.7. 
Phylogenetical advance of neuroglia. Glia-to-neurone ratio in the nervous system of 

invertebrates and in the cortex of vertebrates. Glia-to-neurone ratio is generally increased in 

phylogeny; more or less this ratio linearly follows an increase in the size of the brain
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Fig. 2.8. 
Comparison of rodent and human protoplasmic astrocytes. a Typical mouse protoplasmic 

astrocyte. GFAP, White. Scale bar, 20 μm. b Typical human protoplasmic astrocyte at the 

same scale. Scale bar, 20 μm. c, d Human protoplasmic astrocytes are 2.55-fold larger and 

have 10-fold more main GFAP processes than mouse astrocytes (human, n = 50 cells from 7 

patients; mouse, n = 65 cells from 6 mice; mean ± SEM; *p < 0.005, t test). e Mouse 

protoplasmic astrocyte diolistically labelled with DiI (white) and sytox (blue) revealing the 

full structure of the astrocyte including its numerous fine processes. Scale bar, 20 μm. f 
Human astrocyte demonstrates the highly complicated network of fine process that defines 

the human protoplasmic astrocyte. Scale bar, 20 μm. Inset, Human protoplasmic astrocyte 

diolistically labelled as well as immunolabelled for GFAP (green) demonstrating 

colocalisation. Scale bar, 20 μm. Reproduced, with permission from [99, 144]
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Fig. 2.9. 
Morphological heterogeneity and subtypes of astrocytes in the cortex of higher primates. a 
Pial surface and layers 1–2 of human cortex. GFAP staining in white; DAPI, in blue. Scale 

bar, 100 μm. Yellow line indicates border between layer I and II. b Interlaminar astrocyte 

processes. Scale bar, 10 μm. c Varicose projection astrocytes reside in layers V and VI and 

extend long processes characterized by evenly spaced varicosities. Inset: Varicose projection 

astrocyte from chimpanzee cortex. Yellow arrowheads indicate varicose projections. Scale 

bar, 50 μm. d Typical human protoplasmic astrocyte. Scale bar, 20 μm. e Human fibrous 

astrocytes in white matter. Scale bar, 10 μm. (modified with permission from [98]. Left panel 

schematically shows different astrocytes and their relatuons to cortical layers. Adapted from 

[143]
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