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Abstract

Radial glial cells (RGC) are at the center of brain development in vertebrates, acting as progenitors for neurons and mac-
roglia (oligodendrocytes and astrocytes) and as guides for migration of neurons from the ventricular surface to their final
positions in the brain. These cells originate from neuroepithelial cells (NEC) from which they inherit their epithelial features
and polarized morphology, with processes extending from the ventricular to the pial surface of the embryonic cerebrum.
We have learnt a great deal since the first descriptions of these cells at the end of the nineteenth century. However, there
are still questions regarding how and when NEC transform into RGC or about the function of intermediate filaments such
as glial fibrillary acidic protein (GFAP) in RGCs and their dynamics during neurogenesis. For example, it is not clear why
RGCs in primates, including humans, express GFAP at the onset of cortical neurogenesis while in rodents it is expressed
when it is essentially complete. Based on an ultrastructural analysis of GFAP expression and cell morphology of dividing
progenitors in the developing neocortex of the macaque monkey, we show that RGCs become the main progenitor in the
developing cerebrum by the start of neurogenesis, as all dividing cells show glial features such as GFAP expression and lack
of tight junctions. Also, our data suggest that RGCs retract their apical process during mitosis. We discuss our findings in
the context of the role and molecular characteristics of RGCs in the vertebrate brain, their differences with NECs and their
dynamic behavior during the process of neurogenesis.

Keywords Radial glia - GFAP - Neurogenesis - Cortical development - Ventricular zone - Neural stem cells

Introduction

Radial glia has a central role in the development of the nerv-
ous system of vertebrates, generating the neurons and glia
that will populate the brain, and guiding the migration of
neurons from their birthplace around the ventricle to their
final positions in the cortical plate [1]. It is well established
that neuroepithelial cells (NEC) proliferate symmetrically
in the neural tube to establish the brain neuroepithelium.
Around the time of neurogenesis NECs lose some epi-
thelial features gaining glial characteristics and transform
into radial glial cells (RGCs) [2]. RGCs will then either
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self-renew expanding their pool or generate committed neu-
ronal or glial progenitors through asymmetric division [3,
4], defined by uneven distribution of subcellular structures
or molecules between daughter cells that influence cell fate
[5, 6]. Although RGCs will produce the vast majority of
neurons and glia [1, 2, 7], it is not clear what is the rela-
tive contribution of NECs and RGCs to neurogenesis during
those early stages of development in the primate, and how
long NECs remain in the primate brain.

Radial glial cells were initially described in the late
nineteenth century as cells with long radial fibers covering
the developing human neuroepithelium. The general mor-
phology of the cells, revealed by the Golgi impregnation
method, especially the long radial fibers with varicosities
and the intermediate forms transforming into astrocytes
during late development suggested a glial identity, and they
were referred to as “Epithelial cells”, “Radial cells”, “Fetal
ependymal cells”, “Spongioblasts”, “Tanycites” and “Faser-
glia” [8-13]. Rakic proposed the unifying term Radial Glia
Cell (RGC) that over time became universally adopted [14].
Subsequent electron microscopy studies showed their mixed
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nature, as they exhibit epithelial features such as adherens
junctions and primary cilium in the ventricular endfeet and
also glial characteristics like pale cytoplasm, intermedi-
ate filaments, gap junctions and abundant glycogen gran-
ules [15-18]. And further molecular characterization have
shown that RGCs share expression of several markers with
NECs, such as nestin [19, 20], RC1 [21] or RC2 [22] that
is a transcriptionally modified form of nestin [2, 23]. How-
ever, RGCs are characterized by the expression of a number
of molecules that are typical of astrocytes, conferring them
their glial phenotype: Brain lipid-binding protein (BLBP)
[24]; astrocyte-specific glutamate transporter GLAST [25];
S100p, glutamine synthase (GS); [26]; vimentin [27]; tenas-
cin-C (TN-C) [28], and GFAP [17].

Radial glial cells are characterized by a long basal pro-
cess that extends from the ventricular zone (VZ) to the
pial surface. While this distance is relatively short in small
mammals such as rodents, it becomes increasingly long
in species with large cerebrum such as primates [29]. In
humans, it extends several centimeters from the VZ, across
the transient subventricular zone (SVZ), intermediate zone
(IZ), subplate and cortical plate to reach the pial surface
[30]. This feature has posed an interesting question still not
completely resolved: what happens with the radial process
during cell division. Early ultrastructural studies suggested
that the radial process was reabsorbed during mitosis and
regrown afterwards [31, 32]. But data from ex-vivo studies
of neurogenesis showed that the radial process remained in
place during the division of the RGC [33, 34]. Recent data
suggest that this apparent controversy might be related to the
developmental timing, with early RGCs reabsorbing their
processes and late RGCs maintaining it [35].

GFAP was the first marker associated to astrocytes [36]
and soon after was described in radial glia since the onset
of neurogenesis in primates and humans [15, 17, 37], in
contrast to rodents [38] where it is only detected later in
development when gliogenesis advances [39]. We there-
fore used GFAP staining and electron microscopic (EM)
3D reconstruction of the developing cortex of macaques to
analyze the differentiation of RGCs from NECs and their
relative contribution to neurogenesis at early and middle
fetal stages namely at embryonic day (E) 45 and 65. We
focused on dividing cells in the ventricular zone (VZ) to
target progenitors, trying to identify NECs and RGCs based
on their ultrastructural features and expression of GFAP. Our
findings shed light on the questions posed above. Regarding
the relative population of NECs to RGCs at early stages, we
found a predominant radial glial phenotype both at E45 and
E61/65. In addition, we obtained evidence that the basal
process of radial glia might be reabsorbed during mitosis at
early neurogenesis, giving support to the idea that reabsorp-
tion might be time-dependent. We discuss our findings in
the context of three specific aspects of the biology of RGCs:

GFAP expression across development and across species,
the transition of NECs into RGCs and the dynamics of the
basal process of RGCs during neurogenesis.

Materials and Methods

Six macaque monkey embryos were used for the immunohis-
tochemistry (IHC) and EM study at E37, E42, E45 (n=2),
E61 and E65. Immunoperoxidase labeling of GFAP was per-
formed with rat anti-GFAP (Invitrogen, Eugene, OR, USA;
dilution 1:5000), or rabbit anti-GFAP (Dako Cytomation,
Denmark; dilution 1:1000) polyclonal antibodies. Controls
in which the primary antibody was replaced with normal
serum showed absence of staining. Electron microscopy
and 3D reconstruction were performed as we previously
described [40-42]. We reconstructed 46 dividing cells and
5 interphase cells from GFAP stained tissue, and 2 dividing
cells from negative control tissue. For extended material and
methods see supplementary material.

Results

Variation of GFAP Content in Dividing Cortical VZ
Progenitors

In our samples, GFAP was detected as early as E37 in the
dorsal region of the developing macaque pallium, and by
E42 it was expressed all over the cortical neuroepithelium
(Fig. 1), suggesting the transformation of NECs into radial

a
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Fig. 1 GFAP immunolabeling in the early embryonic rhesus macaque
brain. At E37, the neocortical neuroepithelium of the macaque mon-
key starts expressing GFAP (arrows) in the dorsomedial region (a),
while the latero-ventral developing cortex remains GFAP negative
(b). ¢ At E42, the entire cerebral cortex contains numerous GFAP-
positive radial processes (arrows). pp preplate, vz ventricular zone
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glia. Although the expression of GFAP looked homogeneous
through neocortical VZ cells by light microscopy observa-
tion, electron microscopy (EM) showed its local accumula-
tion in certain cells, while others were immunonegative in
single ultrathin sections (Fig. 2). To investigate the expres-
sion of GFAP in a larger population of dividing cells of the
VZ, we used 3D reconstruction from EM images of unin-
terrupted serial sections. In total, we analyzed 46 dividing
RGCs from different regions of the dorsal telencephalon at
E45 and E61/65 (Fig. 3 and Table S1). For all cells, we quan-
tified the GFAP immunoreaction end-product depositions
per total cell volume as a percentage. At both ages analyzed,
we found that all dividing cells contained variable amount of
GFAP: almost half of the cells had less than 1% GFAP, while
others had up to 20% GFAP per volume (Fig. 3). The aver-
age GFAP immunolabeling in dividing progenitors increased
from E45 to E61/65 (Fig. 4a), as expected since transitioning
from early to mature radial glia. We arbitrarily divided all
3D reconstructed cells in two groups according to the nor-
malized volume of anti-GFAP depositions, distinguishing
23 cells with lower GFAP expression defined as “GFAP-
low” and the 23 cells with higher GFAP as the “GFAP-high”

group. Cells from negative controls reconstructed showed
absence of staining, confirming the specificity of GFAP in
our sample (Fig. S1). Also, we assessed the effect of anti-
body penetration in the labeling (see methodological consid-
erations and Fig. S2 in supplementary material).

Electron microscopy allows to evaluate the morphology
and distribution of the chromatin and centrioles in divid-
ing cells to assess their mitotic phase (Fig. S3). Hence, we
found 10 cells in metaphase, 23 cells in anaphase, 8 cells in
telophase and 5 cells in cytokinesis (Fig. 3). Interestingly,
when considering GFAP content as mitosis progresses, a
moderate correlation emerged: cells in metaphase showed
on average low levels of GFAP that increased in the subse-
quent phases as mitosis progressed (Spearman rho=0.48, p
(2-tailed) =0.00076; Fig. 4b). Experimental conditions (Fig.
S2) or age did not seem to be a factor, as a trend was still
observable when considering both ages independently (E45
rho=0.43, p (2-tailed)=0.016, n=31; E61/65 rho=0.51,
p (2-tailed) =0.055, n=15; Fig. 4a). Therefore, this find-
ing suggests that GFAP accumulates in the soma as mitosis
progresses, probably related to the retraction of the basal
process (see below).

Fig.2 GFAP content is very variable in dividing VZ progenitors.
a Differential expression of GFAP (arrows) in dividing cells in the
VZ of E45 rhesus monkey embryo. Mitotic cells with low and high
GFAP content are depicted semitransparent yellow and red, respec-
tively. b—d Estimation of GFAP content in distinct cells using 3D
reconstruction from uninterrupted serial sections. b Example of low
GFAP expressing cell emitting potentially long radial process (rp)
truncated in the serial sections. ¢, d High GFAP expressing cells
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emit short retracting-like process (rtp in ¢) or growth cone-like pro-
cess (gc) and numerous filopodia (f in d). Insertions show 3D recon-
structions of the cell bodies with GFAP immunoreaction end-product
depositions (arrows; brown in the 3D images). Analyzed cells are
numbered according to Table S1 and represented with basal aspect
upwards. aj adherens junctions at the ventricular surface, /C inter-
phase cells
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Fig.3 Montage of 3D reconstructions of the 46 cells analyzed. Age
and cortical regions are indicated in the left side, and images of the
cortical layering and thickness in the right side. GFAP immunolabe-
ling is depicted in brown and cells are oriented with the basal seg-
ments upwards. Mitotic phases (M metaphase, A anaphase, T telo-
phase, C cytokinesis) are indicated for each cell. Cells are ordered
in ascending order of relative volume of GFAP immunolabeling
(Table S1). Note the variability in the amount of immunolabeling and

the morphology of the basal processes. Cells number 21, 22 and 23
show minute content of GFAP (albeit above background labeling;
see Supplementary data for details). Truncated radial processes are
indicated with horizontal red lines. Cells may emit growth cone-like
processes (gc), retracting-like processes (rtp) or thin filopodia (f)
terminated within the analyzed tissue segments. cp cortical plate, iz
intermediate zone, pp preplate, svz subventricular zone, vz ventricular
zone

Fig.4 Changes of GFAP con- a 25- b 25+
tent per volume (%) with age n=31 n=15 n=10 n=23 n=8 n=5
and mitotic phase. a Average —~ 204
of GFAP content (horizontal X ° 9 20+ °
line) almost doubles from E45 = ° - °
to E61/65 (p=0.17). b Average & 154 2 E 15 S
GFAP content (horizontal line) 8 s
. o o .. 8 o
increases as cell division pro- o 10+ 8 ° o 10 ® o _
gresses (Spearman rho=0.48, E o —— < ° o _ oo
p (2-tailed)=0.00076). This O 5 ° ° é 5] °
trend was still present when 0%, o ) -ad
considering ages separately (see s 8 008 S5 .l 3 ) .
main text) 0- 0- o : ©
E45 E61/65 9 2 2 o
‘\’b (\0 ‘\’b <&
Embryonic age “‘é@Q vg\"'Q «Q}PQ 4)\6‘}(\
O

@ Springer



2516

Neurochemical Research (2021) 46:2512-2524

We also looked at a possible asymmetric distribution of
GFAP in the dividing cells. As neurogenesis is ongoing at
E45 and E61/65, one can assume that most of the divisions
in the VZ surface will be asymmetrical to produce either
neurons directly, or more likely intermediate progenitors,
that do not express GFAP [43, 44]. We found asymmetric
distribution of GFAP in 3 cells in anaphase (out of 23 ana-
phase cells studied), when the morphology of the daughter
cells starts to be defined (Fig. S3), but we did not observe
asymmetry of GFAP content in the 13 cells in telophase and
cytokinesis, where the daughter cells can be easily identified
(Fig. 3). These findings suggest that segregation of GFAP is
not common in progenitors, and the disappearance of GFAP
in differentiating daughter cells might be consequence of
quick depolymerization and degradation of GFAP after divi-
sion is concluded.

Retraction of the Basal Process in Dividing Cortical
VZ Progenitors

The apical endfeet of the cells analyzed presented adherens
junctions and a cilium protruding to the ventricle during
interphase (Fig. 5). We could not detect tight junctions, but
instead we observed close junctions [31], located apical to
the adherens junctions, consisting in a narrow apposition of
the neighbor cell membranes separated by an intercellular
space of 5-8 nm. (Fig. 5).

The basal aspect of the studied cells were heterogeneous
and four different morphological types could be established
based on the presence of: (i) smooth basal surface without
protrusions or with thin filopodia (0.1-0.2 um in diameter;
19 cells); (ii) radial process ending in a growth cone-like
structure usually accompanied by filopodia (8 cells); (iii)
potentially long radial process (0.5-1.0 um in diameter; 16
cells) truncated in the serial sections that might reach the
pial surface); or (iv) retracting-like radial process (5 cells)
(Table S1). Thin filopodia may appear single or numerous
in certain cells and do not contain detectable GFAP. Radial

Fig.5 Close junctions in radial
glial cells at E37 (a) and E45
(b). Close junctions with an
intermembrane space of 5-8 nm
were found in the most apical
region of the ventricular endfoot
at all ages analyzed. Arrows
point to GFAP labeling. aj
adherens junction, ¢ centrioles,
ci cilium, ¢j close junction
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processes were always single and GFAP-positive (Figs. 2,
3). Retracting-like processes had a characteristic ultrastruc-
ture with several rounded-up lobes that differ from the sharp
tips associated with filopodia in growth cone-like processes
(see labels and compare cells 5 and 14 in Figs. 2 and 3).
The presence of retracting-like basal processes in some
cells (e.g. cells 19 and 20 in Fig. 3) and processes ending in
growth cone-like structures (e.g. cells 12 and 14 in Fig. 3)
suggests that the basal process in dividing progenitors may
be a dynamic structure at the ages analyzed. We assessed
chromatin morphology and centrosome positions to establish
the mitotic phase of the studied cells and we found that all 16
cells that maintain potentially long radial process were in the
initial stages of mitosis, meta- or anaphase, while none of the
13 cells in telophase or cytokinesis had a long process (see
labels in Fig. 3). This suggests that radial processes might
exist at the beginning of mitosis but they are retracted and no
longer present at the time of cell division, and would regrow
in the daughter cells. However, growth cone-like structures
were detected in cells at meta-, ana- and telophase, when
the process is supposed to be retracting, suggesting that the
reabsorption of the process might not be a smooth process
and can be accompanied by episodes of growth.

When correlating with GFAP levels at E45, cells emitting
potentially long radial processes had the lower expression
of GFAP, while cells showing either short or no processes
had higher expression of GFAP. As illustrated in Fig. 3,
most of the cells exhibiting a potentially long radial process
(e.g. cells 3 and 18 in Fig. 3) are labeled in yellow indicat-
ing low GFAP content. Only cells #41-44 at E65 exhibit a
putative long radial process in the cells labeled in red with
high GFAP content. This appears counterintuitive to the idea
that higher expression of GFAP would contribute to a more
robust cytoskeletal scaffolding in RGCs with a long pro-
cess. However, since technical constrains only allow us to
study the cell body and proximal segment of the basal pro-
cess, this might reflect the accumulation of depolymerized
GFAP in the soma during retraction of the basal process.
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Nevertheless, some cells lacking a potential long radial pro-
cess show low GFAP levels (e.g. cells 16 and 32 in Fig. 3),
suggesting there might be a regulation of GFAP expression
and/or degradation independent of the mitotic/morphologic
stage of the cell.

Thus, the combined findings that dividing cells in the VZ
surface contain some degree of GFAP and lack tight junc-
tions in their endfeet, substituted by close junctions, strongly
suggests that most if not all dividing cells in the VZ surface
are RGCs, from early neurogenic stages. In addition, our
data support a dynamic behavior (retraction/regrowth) of
the radial processes during progenitor division at early neu-
rogenic stages, and suggest that the retraction of the basal
process contributes to the large differences in GFAP levels
between VZ progenitors.

Variable GFAP Content in Interphase Progenitors

In the course of our analysis, we found interphase progeni-
tors, identifiable by their apical endfoot bearing adherens
junctions and a primary cilium, which exhibited variable
amounts of GFAP immuno-precipitate, including cells
that lacked presence of GFAP in single ultrathin sections.
To assess the possibility of some interphase progenitors
not expressing GFAP in the VZ, we performed 3D recon-
struction of 5 arbitrarily chosen interphase cells showing
immuno-negativity in single ultrathin sections of the cell
body. We found relatively low GFAP content in all these
cells: between 0.1 and 0.9% of anti-GFAP deposition by
volume (Fig. S4 and Table S1). Thus, similar to mitotic cells,
interphase cells exhibit large differences in GFAP content,
and we could not find GFAP-negative cells.

Discussion

Radial glial cells (RGC) are the main neurogenic and glio-
genic progenitor in the vertebrate brain. They originate from
neuroepithelial cells (NEC) that populate and proliferate to
expand the embryonic neural tube. After the closing of the
neural tube in the prospective telencephalon, NECs transi-
tion to radial glial cells that will proliferate mostly asym-
metrically, generating one radial glia cell and either one
neuron or one intermediate progenitor cell that will self-
renew and ultimately divide symmetrically to produce two
neurons [1, 43].

The transition from NECs to RGCs implies that RGCs
will retain some epithelial features such as their polarized
morphology with an apical endfoot in the ventricle bearing
adherens junctions and a primary cilium, and a longer basal
process reaching to the pial surface. They will also main-
tain the expression of the intermediate filament nestin [19,
20], However, RGCs lose other epithelial features like the

presence of tight junctions in the endfoot [45], while they
gain typical astroglial characteristics like specific intermedi-
ate filaments vimentin and GFAP [17, 27], gap junctions or
the presence of abundant glycogen granules [15-18].

Radial glia is therefore a peculiar cell type, with a mix
of epithelial and glial features that is however ubiquitous
in the developing vertebrate brain and plays a fundamental
role as mother of both neurons and macroglia, astrocytes and
oligodendrocytes. In addition, their radial processes serve
as a guide for neurons to migrate from their birthplace in
the ventricular surface to their final positions in the cortical
plate [14]. This feature generates developmental radial units
in the brain that serve to transfer the protomap of progenitors
in the ventricular surface to the map of their progeny in the
final destinations in the brain [46].

Expression of GFAP in Radial Glial Cells
in the Vertebrate Brain

Glial fibrillary acidic protein is a type III intermediate fila-
ment similar to vimentin and desmin that is pretty conserved
in the vertebrate lineage with the exception of Lampreys and
Anurans [47, 48]. In non-mammalian vertebrates, several
studies have shown that developmental radial glia express
some degree of GFAP from early stages in fish [49-52],
reptiles [53-55] and avians [56]. Amphibians offer a more
complex picture: we lack data about caudata (newts and
salamanders) regarding GFAP expression in developing
radial glia (although is present in adult RGCs that remain as
the main form of glia in this group [57]. However, anurans
(frogs and toads) and some caecilians suffered a deletion
of GFAP at the time of their differentiation from caudata,
around 290 million years ago. Although they lack the GFAP
gene, there is no observable phenotype, and they show the
expected glial response after lesions, only lacking upregula-
tion of GFAP [48]. This explains the lack of immunostaining
in some studies [58], while the positive results in others [47,
59] have been proven to be caused by unspecific staining
with GFAP antibodies that label other intermediate filaments
such as vimentin, desmin, peripherin or a-internexin [48].
It is interesting to mention that in fish, amphibians and rep-
tiles, which continue neurogenesis in certain regions during
their entire life span [60], RGCs persists in the adult brain.
Astrocytes start to appear throughout the brain in reptiles
and they will become the dominant form of glia in avians
and mammals [55, 61].

Overall, although GFAP is present in developing RGCs
throughout non-mammalian vertebrates, it has been con-
sistently reported that its expression typically increases
postnatally when RGCs and astrocytes establish themselves
as the glial complement in these species [55, 62]. In pri-
mates, including humans, glial cells are more numerous
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than neurons and play crucial roles in brain homeostasis
and defense against pathological insults [63].

In mammals, early studies on GFAP revealed it was
present in RGCs in the developing cortex of humans and
macaque monkeys [15-17, 37]. However, subsequent
studies in other species like mice, rat, guinea pig or fer-
ret showed radial glia lacking expression of GFAP that
only appears at the end of neurogenesis when radial glia
starts to transform into astrocytes [38, 64—68]. And this
pattern seems to be the typical in mammals, where GFAP
is selectively expressed in mature astrocytes, typically at
low levels [36, 69], but it is highly upregulated in case of
injury [70, 71]. Radial glia in mammals almost completely
disappears after gliogenesis, however, specialized forms
of radial glia subsist in certain brain regions such as tany-
cytes in the hypothalamus, [72], Bergmann cells in the
cerebellum [73], Schwann cells [74], and reactive Muller
cells in the retina [75].

Overall, the pattern that arises in vertebrates is that devel-
opmental RGCs express vimentin as the major intermediate
filament. After neurogenesis, as developmental RGCs transi-
tion to adult RGCs or astrocytes, vimentin is progressively
replaced by GFAP as the major intermediate filament in
adult astrocytes/RGCs [55, 62, 68, 71]. The lower expression
of GFAP in developmental RGCs in non-mammalian ver-
tebrates seems to disappear in the mammalian line, except
in primates, where GFAP is highly upregulated during the
transformation of NECs into RGCs [16, 17]. The expression
of GFAP in RGCs in the primate line is linked to changes in
the GFAP promoter. Specifically, the human GFAP promoter
has been used to induce strong GFAP expression in RGCs
in mice [76, 77].

The specific expression of GFAP in astrocytes (and pri-
mate radial glia) suggests an important role in those cells.
However, so far the function of GFAP has been elusive. In
the 90 s, four different groups created KOs of GFAP in mice
[78-81], and all had similar results: animals grew, behaved
and reproduced normally, without major deficits, although
a decrease in long term depression in the cerebellum was
reported [82]. Those models were based on regular KO tech-
nology that imply lack of GFAP since early development,
allowing compensation to mitigate the effects of the deletion.
A similar scenario is present in anurans, where the lack of
the GFAP gene might be compensated early on by other
intermediate filaments such as vimentin. Inducible mouse
KOs would be a better approach, since deletion of GFAP
would be sudden during development or at adult stages, and
would not allow for a quick compensatory response. How-
ever, inducible models are not available, maybe because the
lack of phenotype in traditional models tempered the interest
for further research. In this note, it is interesting to men-
tion that KO mice for Vimentin and even the double KO for
both Vimentin and GFAP showed a similar absence of clear
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phenotype, although some alterations of the glial response
to injury were recorded [83, 84].

Overall, it seems that GFAP is not required for the func-
tion of RGCs or astrocytes, likely because it might be
replaced by other intermediate filaments such as vimentin
or desmin without consequence. However, if present, there
is little flexibility for changes in the GFAP molecule, and
variations of a single amino acid can result in severe or
lethal forms of Alexander disease [71]. This rare disease
is associated in 90% of cases with changes of one or sev-
eral aminoacids of the GFAP protein, that at tissue level are
manifested as Rosenthal fibers: accumulations of GFAP and
other intermediate filaments such as vimentin and synemin
occurring in astrocytes that can be detected both with light
and electron microscopy. Alexander disease has homoge-
neous prevalence by age, sex or ethnicity, and produces a
variety of symptoms that depends on the age and region of
onset and includes developmental delay, seizures and intel-
lectual disability (reviewed in [71]).

In this context, it is not clear if the upregulated expression
of GFAP in primate RGCs is functionally relevant. However,
it seems reasonable to speculate that the change in the regu-
latory elements of the GFAP gene could be beneficial for the
enlarging primate brain, as radial glia in large brains extend
several centimeters during cortical development, and the
radial processes would benefit from a stronger cytoskeleton
supported by GFAP [43]. Comparison with other species
with large brains could give clues to support this hypothesis.
Unfortunately, embryonic studies of large mammals are not
common for obvious technical and logistical reasons, and as
far as we know, only sheep and horse have been analyzed. In
the sheep, three studies showed divergent results: one indi-
cated that GFAP is present in radial glia at ES0, although it
is not illustrated [85] while two other reports showed expres-
sion in what looks like astrocytes, but only scarce and short
putative radial fibers could be identified at different time
from 8 to 20 weeks of gestation [86, 87]. Regarding horse,
GFAP + cells were described in the developing pallium, but
the figures in the paper suggests that radial glia does not
express GFAP [88]. This limited sample of large brain mam-
mals is not conclusive, and data from other groups such as
cetaceans would be informative to validate this hypothesis.
However, with all the available evidence, it seems that the
early and strong expression of GFAP in primate radial glia
might be an eccentricity in the peculiar distribution of GFAP
in the vertebrate brain.

Transition of Neuroepithelial Cells to Radial Glial
Cells

Our data show that GFAP is detected as soon as neurogene-
sis starts in the dorsal developing macaque cortex [89, 90] in
agreement with previous data from our lab [17, 91]. The fact
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that all the dividing cells we found in the ventricular zone
(VZ) were positive for GFAP, even if at low levels, suggests
that the NEC to RGC transition occurs quickly, and therefore
RGCs would become the main progenitors already during
the early steps of neurogenesis. The presence of cells with
low expression of GFAP undetectable in single ultrathin sec-
tions likely represents the population of cells lacking GFAP
expression in the VZ of the macaque monkey previously
described by our lab [16, 91].

One of the features of the transition from NECs to RGCs
is the loss of functional tight junctions [45, 92, 93]. Early
morphological studies in amphibians and chick showed
that by the closing of the neural tube, tight junctions disap-
pear while large gap junctions become smaller in the apical
aspect of NECs [93, 94]. Later studies on mice confirmed
these results, showing also the disappearance of occludin
expression, a protein specific of tight junctions [45]. Sev-
eral ultrastructural studies have reported the lack of tight
junctions in RGCs in mice that seem to be replaced by
close junctions [31], with an intermembrane space between
3—4 nm to 20 nm that could correspond to gap junctions [31,
95-97]. Other report described tight junctions in the early
human embryo between 8 and 15 gestational weeks, but the
data is not definitive, as the images provided suggest that the
junctions are cut at oblique angle, and therefore do not show
clear membrane appositions [98]. Our data shows close junc-
tions with an intermembrane space of 5-8 nm located apical
to the adherens junctions at all ages studied, E42, E61/65
(Fig. 5) and also at E80 (data not shown). They resemble
the junctions described in amphibians by Decker and Friend
[93] and by Hinds in similar positions in the ventricular sur-
face of the mouse at E13 and E15 that he described as poten-
tial gap junctions [31, 99]. However, neither their study nor
our data allows identification of any specific feature of gap
junctions.

Dynamics of the RGC Basal Process During Cell
Division

The earliest description of radial cells in the developing neu-
ral tube by His in 1889 already made a difference between
the elongated radial cells that he called spongioblasts and
the rounded dividing cells located in the ventricular surface
he called germinal cells. However, soon afterwards scien-
tists concluded that both were the same cell type at different
cell cycle phases [13, 100]. Sauer proposed the interkinetic
nuclear movement to explain how the transition occurs
[101], and the idea of radial cells rounding up and losing
their radial process during mitosis became associated to the
dynamics of NECs and RGCs.

Sauer described mitotic cells in the VZ as round up,
assuming the radial process would be reabsorbed before
mitosis [101]. With few exceptions (see [102]), subsequent

ultrastructural studies in several species including chick,
rabbit and mouse confirmed Sauer observations, show-
ing round mitotic cells without traceable radial processes,
and intermediate stages of process retraction and growth
at early mitotic phases and early interphase cells respec-
tively [31, 32, 99, 103-105]. Specifically, in the cortical
ventricular surface of the mouse at E13, Hinds and Ruf-
fet described that dividing cells in interphase and early
prophase had a long basal process, cells in metaphase had
short or no processes while cells in anaphase and early
telophase were all rounded [31].

Subsequent ex-vivo studies using fluorescent markers to
visualize the dynamics of RGC proliferation in the devel-
oping cortex, showed a different scenario, in which radial
progenitors would divide without losing the radial process
[33, 34, 106, 107]. However, these studies described differ-
ent events, particularly after division. Noctor and coworkers
described that the basal process was inherited by the pro-
genitor remaining in the proliferative zone [33, 107], while
Miyata and coworkers reported the process is inherited by
the cell migrating basally to the cortex [34]. Also, Das and
collaborators, studying the retina of zebrafish, described
that all clear analyzed progenitor divisions showed a basal
process, and it was inherited by one daughter cell, while the
other daughter cell grew a process quickly after division
[106]. However, other studies analyzing developing retina
in newborn rats indicated that in about 80% of the cells they
could not detect a basal process during mitosis [108]. Inter-
estingly, Das and collaborators reported one case in which
the cell that did not inherited the basal process divided again
after 18 h. [106], and Cayouette and coworkers indicated that
when they could follow the daughter cells in cases in which
the basal process was present, the process was consistently
inherited by the cell that occupied a more basal position
[108], suggesting that, when the process is present during
division, is typically inherited by the differentiating daughter
cell that will take a basal position, similar to the findings of
Miyata and collaborators [34].

Our data strongly suggests that the process is retracted
during mitosis. The fact that all cells in telophase or cytoki-
nesis lack long processes and exhibit mostly round mor-
phologies or short retracting processes and filopodia clearly
agrees with previous EM studies described above. The only
caveat to this hypothesis is the presence of short processes
with growth cones in cells in meta-, ana- and telophase that
suggests growth at a time when the process is expected to
be retracting. Cells growing a basal process during cell divi-
sion have not been observed and it is unlikely since is meta-
bolically expensive and during mitosis the cell machinery is
focused on the complex dynamic of cell division, the con-
densed chromosomes do not facilitate gene expression and
protein synthesis is highly reduced [109]. One possibility to
explain this observation is that the retraction of the process
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is not a smooth phenomenon, and can alternate with brief,
spurious bouts of growth. This alternation between growth
and retraction is characteristic of growing processes [110]
and might be also present in retracting ones.

The reason for the different results between EM stud-
ies like ours and ex-vivo imaging data is not totally clear,
although it might be related to different methodology, spe-
cies and systems analyzed. Recently, Subramanian and col-
laborators proposed that timing is the key factor, as they
show that NECs normally retract their processes when ana-
lyzed in early human telencephalic VZ at 8§—10 gestational
weeks (GW), while RGCs, showing longer radial processes,
tend to maintain their basal process when dividing later on,
between 9 and 10 GW [35]. Similar results were found in
brain organoids after 5 or 10 weeks in culture: NECs in the
early organoids retracted their process while later RGCs
in the late organoids preserved their basal process during
division [35]. Although this might be correct, still it is not
clear why ultrastructural studies carried out during equiva-
lent or even later stages of neurogenic RGC proliferation,
including ours, consistently show rounding mitotic RGCs
with evidence of basal process retraction and regrowth after
cytokinesis. Live imaging of the basal process during mito-
sis is difficult, as it becomes almost undetectable, thin and
varicose [33, 34, 107]. This suggest that during mitosis it
might become extremely thin, like a long filopodium, that
is either broken during the processing of the tissue for EM
study, or is missed in the analysis. However, as described
above, we and other authors [31, 32] were able to observe
and reconstruct such thin filopodia, but failed to find a long
process in late mitotic cells. Therefore, we believe that there
might be a more complex picture in which most radial glial
cells retract their processes, while some maintain them dur-
ing the whole division process.

GFAP Content Changes Along the Cell Cycle

We observed a correlation between the content of GFAP
and the mitotic phase of the dividing cells. Cells entering
mitoses showed in average low content of GFAP in the
soma that progressively increased as they advance in the
mitotic phases, reaching average highest levels at telophase
and cytokinesis (Fig. 4c). In fact, glioma cells in vitro show
an inverse relation between GFAP expression and prolif-
eration [111-113] and primary cultures of astrocytes from
mice lacking GFAP show increased proliferation [114]. In
addition, since the chromosomes duplicate and condensate
for division, de novo GFAP synthesis does not seem a likely
possibility. One possible explanation is that the increase in
GFAP in the soma originates from the accumulation of depo-
lymerized GFAP from the retraction of the basal process
during the mitotic cycle. The relative accumulation of GFAP
in the basal region of the dividing cell, close to the process
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when it is present, supports this possibility. Our observations
in dividing cells only revealed 3 cell in anaphase with asym-
metric distribution of GFAP between daughter cells, but we
could not detect asymmetry in the distribution of GFAP in
cells in telophase and cytokinesis, when daughter cells are
more clearly identifiable and closer to scission. Since most
cell division at these times is supposed to be asymmetric,
it suggests that in most cases, GFAP may be inherited by
daughter RGCs but also initially by differentiating daughter
cells, either intermediate progenitors or neurons. It is likely
though that the degradation of GFAP occurs quickly during
the last steps of cytokinesis or early after division, since
intermediate progenitors and neurons by definition do not
express or contain GFAP. Nevertheless, some cells lacking
a radial process show low GFAP levels (Fig. 3), suggesting
there might be more processes at play regulating the content
of GFAP, independent of the mitotic/morphologic stage of
the cell. Studies in astrocytes in culture has described disas-
sembly of GFAP by phosphorylation during mitosis, espe-
cially around the cleavage furrow [115, 116], and organized
distribution of GFAP structures during cell division, that
suggested a participation in the mitotic process [117, 118].
Our data do not show a particular organization of GFAP
in dividing cells, and we found large heterogeneity in the
amount and distribution of GFAP, precluding any possible
functional conclusion.

We also observed large differences in the amount of
GFAP content in cells in interphase, suggesting a possible
role in progenitors during quiescence. One possibility is
different timing after cell division. According to our data,
at cytokinesis, progenitors exhibit relatively large amounts
of GFAP in the soma but lack a basal process. After mito-
sis, GFAP content in the soma might change as GFAP is
trafficked to the growing basal process, explaining the dif-
ferences we observe. It is possible that the interphase cells
with low content of GFAP observed here represent quiescent
progenitors with a grown process that may exhibit relatively
high content of GFAP in the process but low GFAP levels in
the soma, as has been consistently observed in cells of the
astroglial lineage [71].

In summary, in this study we revisit important questions
regarding the biology and dynamics of cortical progenitors
in vertebrates. We started with data obtained with a very
specific technique: EM analysis of GFAP stained VZ cells
of the developing macaque neocortex. However, combin-
ing 3D cell reconstruction and ultrastructural analysis with
GFAP expression, we produced a limited but unique data set
that served as a primer to discuss some interesting questions
about early neocortical progenitors in the vertebrate brain,
such as the relationship between NECs and RGCs, the dif-
ferential expression of GFAP in progenitors between species
or the dynamics of the basal process in RGCs.
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Further studies are required to conclusively answer these
questions, but our current data and review, although limited
in its scope, allows shed some light on specific questions and
hopefully will inspire more studies on these topics. We are
currently using longitudinal transcriptomic analysis during
macaque neurogenesis that will help pursuing that aim and
more generally, shed light on how differential gene expres-
sion in the RGC population configures the VZ/SVZ proto-
map that will instruct the neurons aimed for different regions
and layers in the cortex, and the subsequent production of
specific types of glial cells.
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