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ORIGINAL ARTICLE
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Abstract

Interlaminar astrocytes (ILAs) are a subset of cortical astrocytes that reside in layer I, express GFAP, have a soma contacting
the pia, and contain long interlaminar processes that extend through several cortical layers. We studied the prenatal and
postnatal development of ILAs in three species of primates (rthesus macaque, chimpanzee, and human). We found that ILAs
are generated prenatally likely from radial glial (RG) cells, that ILAs proliferate locally during gestation, and that ILAs extend
interlaminar processes during postnatal stages of development. We showed that the density and morphological complexity
of ILAs increase with age, and that ILAs express multiple markers that are expressed by RG cells (Pax6, Sox2, and Nestin),
specific to inner and outer RG cells (Cryab and Hopx), and astrocyte markers (51008, Aqp4, and GLAST) in prenatal stages
and in adult. Finally, we demonstrated that rudimentary ILAs in mouse also express the RG markers Pax6, Sox2, and Nestin,
but do not express S1008, Cryab, or Hopx, and that the density and morphological complexity of ILAs differ between
primate species and mouse. Together these findings contribute new information on astrogenesis of this unique class of
cells and suggest a lineal relationship between RG cells and ILAs.
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Introduction

The cerebral cortex has an exceptional cellular complexity. Thus,
a coordinated, developmental plan is required for correct forma-
tion. Astrocytes have been recognized to play a crucial role in
the formation and function of the cerebral cortex. For example,
they are involved in blood-brain barrier maintenance (Hern-
don et al. 2017), synapse formation, elimination, and function
(Pfrieger and Barres 1997; Ullian et al. 2001, 2004; Pfrieger 2010),
calcium flux regulation (Agulhon et al. 2008; Zhang et al. 2017),
and neuropeptide release and reuptake (Verkhratsky and Ned-
ergaard 2018). Together with neurons, astrocytes are actively
involved in information processing (Agulhon et al. 2010; Hamil-
ton and Attwell 2010), through participation in synaptic plas-
ticity (Araque and Navarrete 2010). In the developing central
nervous system, astrocytes are involved in region-specific func-
tions, such as serving as progenitor cells in the subventricular
zone (SVZ) and in the dentate gyrus (Ihrie and Alvarez-Buylla
2008) or guiding cell migration in the cerebellum and in the
retina (Reichenbach et al. 2010). Astrocytes present phylogenetic
patterns and species-specific features, showing higher morpho-
logical complexity in primates than in other mammalian groups
(Oberheim et al. 2006, 2009).

Interlaminar astrocytes (ILAs) are a subset of GFAP* astro-
cytes in the cerebral cortex. ILAs can be identified based on a
soma inlayer I and longinterlaminar processes that extend radi-
ally toward deep cortical layers (Fig. 1a—d). In contrast to other
astrocytes which occupy a restricted intra-laminar domain, ILAs
possess long processes spanning many cortical layers (Colombo
et al. 2000; Falcone et al. 2019). Thus, the major identification
difference between ILAs and other astrocytes is their morphol-
ogy and the anatomical domain they occupy. The interlaminar
processes of ILAs confer a potential role for modulation of
cerebral cortex columnar functions (Colombo et al. 1997). The
initial description of ILAs was performed in the lateral and
ventral cortex of a number of mammals (e.g., species within the
Scandentia and Chiroptera orders) (Colombo et al. 1998, 2000,
2004). Our work showed that ILAs are present in the cerebral
cortex of all mammalian species (Falcone et al. 2019). We pre-
viously classified ILAs into pial and subpial ILA types, based on
their soma morphology and position relative to the pia. Pial
ILAs have an inverted pyramidal shaped soma in close contact
with the pial surface (as shown by Andriezen 1893). Subpial
ILAs have a soma in upper layer I that does not contact the
pia, but include at least one short process that contacts the
pia (as shown by Korzhevskii et al. 2005). We confirmed the
astrocytic molecular properties of pial ILAs and found that, while
the density of ILA soma within layer I was relatively constant
across species, the morphological complexity of ILA processes
varied greatly. In primates with larger brain sizes, specifically
great apes and human, pial ILAs exhibited the highest complex-
ity. We further demonstrated that pial interlaminar processes
contact neurons, pia, and capillaries in adult rhesus macaques,
suggesting a potential role for ILAs in maintenance of the blood-
brain barrier, and facilitating the communication between neu-
rons, astrocytes, capillaries, meninges, and cerebrospinal fluid
(Falcone et al. 2019). We further described two types of ILAs:
typical ILAs and rudimentary ILAs (Falcone et al. 2019). Typical
ILAs are GFAPT, possess long interlaminar processes exiting
layer I, and are only observed in species of the Orders Primates,
Scandentia, Chiroptera, Carnivora, Artiodactyla, Hyracoidea, and
Proboscidea. Rudimentary ILAs possess GFAP™ interlaminar-like
processes that course radially toward deeper cortical layers but

do not exit layer I and are found in rodents and many other
mammalian orders. Rudimentary ILAs in mouse have been pre-
viously referred as “astrocytes of layer I” or “pial astrocytes”
(Garcia-Marqués and Lopez-Mascaraque 2013; Figueres-Onate
et al. 2016; Lanjakornsiripan et al. 2018; Clavreul et al. 2019).
While rudimentary ILAs are present in ventral and dorsal cortex
in all species, typical ILAs are present dorsally only in some
species (Falcone et al. 2019).

ILA development has been documented postnatally, however
very little is known about ILAs during prenatal development
(Colombo et al. 1997). Here, we provide a thorough analysis
of pial ILA features across development and consider poten-
tial sources for ILA developmental origin in three species of
primates: rhesus macaque (Macaca mulatta), chimpanzee (Pan
troglodytes), and human (Homo sapiens). We provide evidence that
pial ILAs have a prenatal origin, and that their density and mor-
phological complexity increase during postnatal development.
We show that ILAs express markers common for both stem/pro-
genitor cells and astrocytes during development and retain the
expression of these markers in the adult. We demonstrate that
pial ILAs proliferate in the prenatal cortex but no longer express
the proliferation marker Ki67 at full term in the rhesus macaque.
Finally, we examined the phylogenetic relationship between
typical ILAs in primates and rudimentary ILAs in the mouse and
found they share the expression of some key stem/progenitor
cell and astrocyte markers but not others. Rudimentary ILAs
exhibit a reduced density and morphological complexity across
development in the murine brain compared to primates. These
novel findings provide evidence that pial ILAs are generated
prenatally in primates, possibly by RG cells, and that their mor-
phology, developmental trajectory, and marker expression is
only partially conserved between primates and rodents.

Methods
Specimens

Several developmental stages were included for each species:
n=7 (3 animals per stage) for mouse, n= 19 for rhesus macaque,
n=9 for chimpanzee, and n=12 for human. Species and
developmental stages included in this study are shown in
Supplementary Table 1. Individuals of 9-10 year of age were
considered adolescent and of 28-31 years adult for chimpanzee;
15 years of age were considered adolescent and 50-52 years adult
for human. All procedures for collecting rhesus specimens (M.
mulatta) were approved by the Institutional Animal Care and
Use Committee at the University of California, Davis, and were
consistent with the requirements of the Animal Welfare Act.
Activities related to animal care including diet and housing
were performed as per standard operating procedures at the
California National Primate Research Center. Normally cycling,
adult female rhesus monkeys (M. mulatta) with a history of
prior pregnancy were bred and identified as pregnant according
to established methods (Tarantal et al. 2005). Fetal tissues
were collected by hysterotomy using established protocols
those from postnatal animals were obtained at scheduled
tissue harvests. Mouse brains were also collected at UC Davis
under approval of the UC Davis Institutional Animal Care and
Use Committee. Chimpanzee postmortem brain specimens
were provided by the National Chimpanzee Brain Resource
(www.chimpanzeebrain.org). American Psychological Asso-
ciation and National Institute of Health guidelines for the
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Figure 1. ILA linear density increases across development. ILA linear density (number of ILA cells per mm of pia mater in different developmental stages. (a)
Representative image of GFAPT IHC used to count ILAs. The arrowheads point at ILA somas along the pial surface. ILA linear density in developmental stages of
(b) rhesus macaque (M. mulatta), (c) chimpanzee (P. troglodytes), (d) human (H. sapiens), and (e) mouse (Mus musculus). (f) ILA linear density in adult mouse, macaque,
chimpanzee, and human. GD = gestation day; P = postnatal day; y =year(s); GW = gestation week.

ethical use of chimpanzees were adhered during all aspects
of this research. Human control samples were obtained from
the Department of Pathology and Laboratory Medicine at the
University of California, Davis. These were specimens from
subjects that did not present any significant neurological
history. All human tissue specimens were collected through
consented autopsies with Institutional Review Board approval
and in established biobanks.

Tissue processing

Mouse and macaque specimens used in the current study were
euthanized and intracardially perfused with saline followed
by 4% paraformaldehyde (PFA) in 0.1 M Phosphate-buffered
saline (PBS). The brains were then removed and postfixed by
immersion in 4% PFA for 2-4 days at 4 °C (depending on brain
size), washed by 0.1 M PBS, and cryoprotected in 30% sucrose
in 0.1 M PBS at 4 °C for at least 2 days. Specific anatomical
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regions were dissected: ventral frontal cortex rostral to the
anterior commissure for mouse and dorsal frontal cortex. Tissue
blocks were cryoprotected and embedded into Killik OCT (#4585,
ThermoFisher, Waltham, MA), frozen with 2-methylbutane,
serially sectioned on a Leica cryostat at 40 pm and mounted
on coated glass slides (#12-550-15, ThermoFisher). Chimpanzee
and human samples were collected postmortem (postmortem
interval <14 h for chimpanzee and <24 h for human), and
immersion fixed in 10% buffered formalin solution for at
least 10 days. These specimens were transferred to a 0.1%
sodium azide-0.1 M PBS at 4 °C for storage. Cortical area 10 in
chimpazee and Broadmann area 9 in human were dissected.
Before sectioning, samples were cryoprotected in a graded
series of 10%, 20%, and 30% sucrose solutions and cut frozen.
Tissue blocks were sectioned (40 ym or 16 pm-thick sections
for chimpanzee and human, respectively), perpendicular to
the main axis of the gyrus present in the block, using a
Leica SM200R freezing sliding microtome (Buffalo Grove, IL)
or a Leica cryostat. Chimpanzee brain sections were placed
into individual centrifuge tubes containing cryoprotectant
solution (30% dH,0, 30% ethylene glycol, 30% glycerol, 10%
0.244 M PBS), numbered sequentially, and stored at <-20 °C
until histological or immunohistochemical processing. Post-
mortem examination showed no evidence of neuro-anatomical
abnormalities. Human sections were mounted on coated glass
slides.

Immunostaining

One section from each animal and age was stained with
cresyl violet (Nissl staining) for histological reference. Sections
adjacent to the Nissl-stained section were used for immunos-
taining. For enzymatic immunohistochemistry staining, we
followed a previously established protocol, as described in
Falcone et al. (2019). For human sections, heat-mediated antigen
retrieval was performed (110 °C, 8 min). We used primary
antibodies anti-GFAP (rabbit polyclonal 1:400, Z0334, former
DAKO now Agilent, Santa Clara, CA, RRID:AB_10013382); anti-
51008 (rabbit polyclonal 1:300, ab52642, Abcam, Cambridge, MA,
RRID:AB_882426), and secondary antibody biotin-conjugated
donkey anti-rabbit (1:150, Jackson ImmunoResearch #711-066-
152; RRID_AB2340593). We amplified with avidin-biotin complex
(ABC, #PK-61-00, Vector Laboratories), and developed with DAB
substrate (#SK-4105, Vector Laboratories).

For immunofluorescence staining, we followed a previously
established protocol (Falcone et al. 2019), with the following
primary antibodies: anti-Aqp4 (rabbit polyclonal 1:400, #3594,
Millipore-Sigma, RRID:AB_91530); anti-Cryab (mouse mono-
clonal 1:300, ab13496, Abcam, RRID:AB_300400); anti-GFAP
(rabbit polyclonal 1:400, Z0334, Agilent, RRID:AB_10013382);
anti-GFAP (mouse monoclonal 1:400, G3893, Millipore Sigma,
RRID:AB_477010); anti-Glast (rabbit monoclonal, 1:200, #181036,
Abcam); anti-Hopx (mouse monoclonal, SC398703, Santa Cruz,
RRID:AB_2687966); anti-Ki67 (rabbit polyclonal 1:400, ab15580,
Abcam, RRID:AB_443209); anti- Nestin (rabbit polyclonal 1:1000,
ab92391, Abcam, RRID:AB_10561437); anti-Pax6 (rabbit poly-
clonal 1:300, PRB-278P, Covance, RRID:AB_291612); anti-S1008
(rabbit polyclonal 1:300, ab52642, Abcam, RRID:AB_882426);
anti-Sox2 (rabbit monoclonal 1:100, ab92494, Abcam, RRID:AB_
10585428). Secondary antibodies used were: AlexaFluor#488
or AlexaFluor#594 conjugated polyclonal anti-rabbit/mouse
antibodies (1:600, Jackson Immuno Research, RRID:AB_141708,
RRID:AB_141633, RRID:AB_2340621, RRID:AB_2340850) and

DAPI used (1:1000, #10236276001, Hoffmann-La Roche, Basel,
Switzerland) to stain nuclei. The primary antibody was omitted
as negative control for each immunostaining experiment.

Dil and DiO administration

Dil (#468495, Millipore-Sigma) and DiO (D4292, Millipore-Sigma)
were injected in the VZ or pial surface of 100 pm-thick sections
of macaque brains (GD50 and GD131). The Dil and DiO diffused
into the sections over 24 h at 37 °C, and imaged immediately at
the 24 h time point (as described below).

Microscopic imaging

In the case of immunoenzymatic staining, brightfield micro-
graphs were acquired on an Olympus microscope (Olympus Cor-
poration, Tokyo Japan), equipped with a high-resolution camera
using a x40 oil objective. Brightfield images were taken as Z-
stacks of an average of 10 1.8 pym-spaced focal planes for nonhu-
man primates and mouse and an average of five 1.8 pm-spaced
focal planes for human, and merged with the StackFocuser
plugin on Fiji software. For immunofluorescence, images were
taken with a Nikon C2 or a Nikon A1 confocal microscope (Nikon,
Melville, NY), with x60 oil and x100 oil objectives, as Z-stacks
of at least 10 1.8 mm-spaced focal planes and merged in MAX-
modality on Fiji software. In Figure 1f, a single optical section
was analyzed per species.

Quantification

For linear density analysis, both typical and rudimentary
ILA in contact with the pia mater were counted at different
developmental stages, for each species. We defined density
as the number of ILA per pial length (mm). ILA density was
measured in three randomly selected, 5 mm wide images per
specimen.

Neurolucida analysis

At least 20 ILA cells were randomly selected from ventral
(mouse) and dorsal (for all species) frontal cortex. ILAs were
identified by the soma attached to the pial surface, and by
processes extending towards deep cortical layers. Cells were
chosen based on the presence of GFAP immunostaining and
no staining artifacts. Each cell was scanned under a x40 oil
objective by moving across the depth of the Z plane with
Neurolucida 8 software (MBF Bioscience, Willinston, VT) and
an Olympus microscope equipped with a high-resolution
digital camera, a mechanical stage, and an x-y-z axis encoder.
The following parameters were analyzed on Neurolucida
Explorer software: number of primary processes (# primary
processes), number of branching nodes (# nodes), number
of total process endings (# ends), total length covered by
the processes (total process length), and a complexity index
(complexity, calculated as Complexity=[Sum of the terminal
orders + Number of terminals] * [Total process length/Number
of primary processes]). 2D images of the 3D reconstructions were
generated and are shown in Figure 2.

Statistical analysis

In Figures 3-6 and 8, data from each developmental stage were
averaged, and standard deviations and standard errors (s.e.m.)
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Figure 2. ILA morphological complexity increases across development. Representative Neurolucida ILA reconstructions depicting the developmental progression of
ILA morphology in (a) mouse, (b) macaque, (c) chimpanzee, and (d) human. Full lines = pia surface. Dashed lines =Layers I and II boundary. Scale bar applies to all

images =100 pm.

calculated in case of n>3. In Figures 3-5, data obtained from
single cells at the same developmental stage/age and same
species were averaged, and standard deviations and standard
errors calculated. Section thickness differed among species but
was similar within each species. Statistical analysis was always
performed for sections within species.

Results were compared across different development
stages/ages within the same species using independent (2-
sample) t-tests. Statistical significance was set at an « level of
0.05. In the case of single developmental stages, standard values
were not calculated. When significant, specific P value obtained
for each t-test analysis was reported.
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Figure 3. ILA morphology complexity increases across mouse development. (al-a8) Representative images of GFAPT rudimentary ILAs and reconstructions at different
developmental stages of mouse. The pia mater is represented by a line on top of each image. (b-e) Numerical data calculated by Neurolucida analyzer per single cell
in mouse; specifically: (b) average number of nodes (independent t-tests comparing P1 and P3: P <0.02; P3 and P12: P <0.03); (c) average number of ending points
(independent t-tests comparing P3 and P12: P < 0.02); (d) average total process length (independent t-tests comparing P1 and P3: P < 0.02; P3 and P5: P < 0.04; P3 and P12:
P <0.002); (e) average complexity index (independent t-tests comparing P1 and P3: P < 0.03; P3 and P5: P < 0.03). Error bars =s.e.m. * =P value < 0.05. Scale bar applies to
all images =50 pm.

Results with an anti-GFAP antibody. We identified ILAs as GFAP* astro-
cytes with the soma in layer I in strict contact with the pia, and
with short and/or long processes traveling perpendicular to the
pia toward deeper cortical layers (as shown in Fig. S1 and Fig. 1a).
We quantified the density and morphological complexity of ILAs We quantified ILA linear density—the number of ILA somata per
across development in frontal cortical tissue immunostained linear mm of pial meninges in coronal sections—across third

ILA density and morphological complexity increase
during development in primates
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Figure 4. ILA morphology complexity increases across rhesus macaque development. (al-a4) Representative images of GFAPT ILAs and cell reconstructions at different
developmental stages of macaque. (b—e) Numerical data calculated by Neurolucida analyzer per single cell in macaque monkey; specifically: (b) average number of
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index. Error bars=s.e.m. * =P value < 0.05. Scale bar applies to all images =50 pm.
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Figure 5. ILA morphology complexity increases across chimpanzee development. (al-a3, bl and b2) Representative images of GFAPT ILA and cell reconstructions at
different developmental stages of chimpanzee (al-a3) and human (b1 and b2). The pia mater is represented by a line on the top of each image. (c-j) Numerical data
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trimester prenatal and early postnatal developmental stages of
macaque (gestation day (GD)150, postnatal day (P) 15, 21, 30, 90,
and 10 years of age), chimpanzee (0-1, 1, 2,5,6,9, 11, 28, 30 years),
and human (gestation week (GW) 31.5, 2, 5, 10, 15, 50 and 52
years), (see Supplementary Table 1). We found that ILA linear
density gradually increased postnatally and during adulthood.
From birth to adult, ILA density doubled in rhesus macaque
and human, and quadrupled in chimpanzee (Fig. 1b-d). Using
Neurolucida software, we reconstructed the morphology of at
least 10 ILAs located in the prefrontal cortex from each devel-
opmental stage for each species. We quantified the number of
primary processes, the number of nodes, the number of process
ends, the sum of the length of all the major processes per ILA,
and the complexity index for each cell. In all primate species,
we found that while the number of primary processes did not
significantly change during development and later (Fig. S2a-c),
the number of nodes and ends and the total process lengths
progressively increased across developmental stages reaching
the highest level in adult (Fig. 2b-d, Fig. 4a-d, Fig. Sa—e, g-i). In line
with these findings, the complexity index of ILA morphology
was the highest in adult cortices (Fig. 2b-d, Fig. 4e, Fig. 5f,j). In
both chimpanzee and human brain, the increased complex-
ity of ILAs in adult versus adolescent individuals was signifi-
cant (chimpanzee: +312.1%, P < 0.001; human: +113.3%, P < 0.04),

(Fig. 5f,)).

ILAs express both stem cell and astrocyte markers
during development in macaque

We characterized the molecular expression patterns of GFAP*
ILAs in macaque by immunostaining the tissue with stem/pro-
genitor cell markers (Pax6, Sox2, Nestin, Cryab, Hopx) and astro-
cyte markers (S1008, Aqp4, Glastl) across all ages. We found
that most ILAs expressed the stem cell markers Pax6 and Sox2
during development and in adult. The percentage of Pax6™ and
Sox2* ILAs was slightly lower in adult than in prenatal stages
(87.1% Pax6™ and 98.2% Sox2* at late third trimester, (GD150);
54.6% Pax 6% and 89.5% Sox2* in adult, Fig. 6a,b,g,h). GFAP* ILAs
in rhesus macaque also expressed Nestin, with the proportion
of ILAs expressing Nestin lower in adult (72.3% in the third
trimester versus 47.7% in adult, Fig. 6¢,i). We found that GFAP™
ILAs also expressed markers that are expressed by inner and
outer RG cells in the developing cortex (Cryab and Hopx (Pollen
et al. 2015; Thomsen et al. 2016)). These markers were widely
expressed by ILAs during early stages of development with
expression maintained in adult (Cryab, 82.6%; Hopx, 52.2% in
adult, Fig. 6d,e,j,k). These data suggest the possibility that ILAs
arise from a late RG cell subpopulation, but other sources, such
as cortical astrocytes, cannot be excluded. We also analyzed
the expression of well-known astrocyte markers (Aqp4, Glast1,
5100p) across development in the rhesus macaque cortex. Near
term, at GD150, 100% of ILAs expressed Aqp4 and Glast (data
not shown), while less than one-third of GFAP* ILAs expressed
S1008 (26.7%). In postnatal rhesus macaques 100% of GFAP*
ILAs expressed the Agp4 and Glast markers, and 100% expressed

51008 at 2 and 3 weeks postnatal age, and in adult (Fig. 6f,] and
Fig. S6a-f).

ILAs have a prenatal origin in primates

To elucidate when ILAs are born we collected cortical tissue at
specific prenatal stages of both rhesus macaques (GD50 [late
first trimester], GD68, GD73, GD80, GD92, GD93, GD97, GD105
[second trimester|, GD109, GD121, GD123, GD131 and GD150
[third trimester], total n=12), and human (GW15, GW17, GW19,
GW21, GW22.5 and GW31.5) frontal cortex, and stained sections
with GFAP and S1008 markers (see Supplementary Table 1).

GFAPT interlaminar processes were observed in early pre-
natal stages. However, GFAP labeled both ILAs and RG fibers
(Cunningham et al. 2013; Falcone et al. 2019) (Fig. 7). At GD50
(late first trimester) and GD68 (mid-second trimester) in the
rhesus macaque, almost all of GFAP™ RG fibers contacted the pial
surface, while at GD109 (beginning of the third trimester) and
beyond we observed fewer GFAP* RG fibers in the cortical plate
(Fig. 7a,c,e). To determine whether GFAP* interlaminar processes
observed in early prenatal stages belonged to GFAP' ILAs and
were not fibers of GFAP* RG cells, we deposited the lipophilic
tracers Dil in the ventricle and DiO in the pia, in 4% PFA-fixed
tissue obtained from late first trimester (GD50) and mid-third
trimester (GD131) rhesus macaque brain. We found that RG
fibers contacting the pial surface were both green and red in the
late first trimester (Fig. 8c). However, in the third trimester, Dil
signal was confined in close proximity to the ventricle and DiO
signal was located in the meninges and cortical plate, suggesting
that few RG fibers were in contact with the pia (Fig. 8d). These
data demonstrate that GFAP" fibers emanating from the pia in
the third trimester belong to ILA cell bodies in layer I.

To further distinguish between GFAP* ILA processes and
GFAP' RG fibers we stained tissue with an antibody against
$1008, which labels astrocytes but not RG cell fibers. At (GD93
late second trimester) and thereafter, S1008" astrocytes were
distributed throughout the cortical plate. S1008+ cells similar in
morphology to ILAs were located at the pial surface in tissue
obtained from GD109 macaque and GW21 human, (Fig. 8a,b).
S10087 cells at the pia had an inverted pyramidal cell morphol-
ogy with the base of the pyramid contacting the pial surface and
extended short and branched processes but these did not exit
layer I.

Overall, these experiments are consistent with the concept
that ILAs are present prenatally in rhesus macaque.

ILAs proliferate locally at the final destination

To determine if ILAs proliferate during development, we double-
stained coronal slices obtained from across rhesus macaque
prenatal and postnatal ages (GD80, GD109, GD123, GD150, P15,
P21, P30, P90, adult, total n=13, see Supplementary Table 1)
with antibodies for GFAP and the mitotic marker Ki67, and
quantified the proportion of GFAP*/Ki67* double positive ILAs.
As described above, ILAs were defined by GFAP expression and

and adult: P <0.006 in [c]; GW 31.5 and 2 years: P < 1.1 x 103, 2 and 5 years: P < 0.04, 15 years and adult: P < 6.6 x 10°® in [g]); (d, h) average number of ending points
(independent t-tests comparing 5 and 6 years: P <0.02, 11 years and adult: P <0.002 in [d]; GW31.5 and 2 years: P <0.0003, 2 and 5 years: P <0.05, 15 years and adult:
P<1.1 x 10" in [h]); (e, i) average total process length (independent t-tests comparing 6 and 9 years: P <0.02, 9 years and adult: P <0.05 in [e]; GW31.5 and 2 years:
P <0.0002, 2 and 5 years: P < 0.006, 15 years and adult: P <0.001 in [i]); (f, j) average complexity index (independent t-tests comparing 2 and 9 years: P <0.01, 9 and 11
years: P <0.05, 11 years and adult: P <0.02 in [f]; GW31.5 and 2 years: P <0.0001, 2 and 5 years: P <0.03, 15 years and adult: P <0.04 in [j]). Error bars=s.e.m. * =P value

<0.05. Scale bar applies to all images =50 pm.
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clear morphological parameters including a soma contacting the
pia and an interlaminar process. We found that 50%, 30%, and
21% of ILAs expressed Ki67 at GD80 (second trimester), GD109,
and GD123 (third trimester), respectively (Fig. 8e-h). We did not
observe GFAP*/Ki67+ double positive ILAs after 120 gestation
days. ILA proliferation was not detected in any postnatal or
adult rhesus macaque specimens. These data suggest that ILAs
undergo a phase of active proliferation that overlaps with the
cortical neurogenic period (~GD50-GD100, or late first through
late second trimesters (Rakic 1988; Kornack and Rakic 1998)) and
ceases by the end of gestation.

We measured the total density of Ki67* cells in layer I and
we found that, although it decreases over time, Ki67* cells are
still present after birth (from a maximum of 150 cells/mm? at
GD80 to a minimum of 11 cells/mm? in the adult, Fig. S3c). We
immunostained the same macaque brain slices for both S1008
and Ki67 to look for non-ILA proliferating astrocytes across
cortical layers I to VI after birth. We detected a few S1008+/Ki67+
astrocytes in all layers until P30 (Fig. S4a—f). We also observed
few GFAP*/Ki67+ astrocytes in layer VI until P30. Taken together
these data indicate that no-ILA cortical astrocytes could be one
of the postnatal sources of ILAs (Fig. 9, Hypothesis 3).

Primate ILAs share some features with mouse
rudimentary ILAs

To investigate potential phylogenetic relationships among typ-
ical ILAs in primate and rudimentary ILAs in mouse, we per-
formed a series of quantitative analyses of ILAs in mouse similar
to the studies performed in primate tissues. We compared the
linear density of ILAs in primates to that of rudimentary ILAs
in the ventral cortex of the mouse (see ages below). While a
progressive increase of linear density was observed across devel-
opment in all primate species, we did not detect a significant
change in the linear density of rudimentary ILAs in the postnatal
mouse (P1, P3, P5, P8, P12, P90 Fig. le). In addition, the data
indicate that the density of rudimentary ILAs in the adult mouse
was significantly lower than that of typical ILAs in primates
(—78.4+3.8%, P <4.9%10~%, Fig. 1f).

We next compared the morphological development of typical
and rudimentary ILAs using Neurolucida to reconstruct develop-
ing ILA morphology. We found that, in contrast to typical ILAs,
branching (number of nodes and number of ends) and total
length of the interlaminar processes of murine rudimentary
ILAs only slightly increased between P1 and P12 in mice, and
then remained stable to adulthood (P90, Fig. 2a, Fig. 3a—d). This
resulted in significantly increased morphological complexity
from P1 to P3 (+160.44+74.26%, P <0.03), and from P3 to P5
(+88.70 £+ 35.27%, P < 0.03). However, morphological complexity
of murine rudimentary ILAs remained stable after P5 (Fig. 3e).
Interestingly, we found that the morphology of ILAs in mature
mouse cortex (both ventral and dorsal) was similar to the mor-
phology and cell soma position of immature typical ILAs in
the prenatal primate cortex, suggesting a possible evolutionary
relationship between these two cell types.

To investigate shared features among typical and rudimen-
tary ILAs, we stained mouse cortex (P1, P5, P30, n=3 per age) with
the same molecular markers we used in rhesus macaque. We
found that rudimentary ILAs shared similar patterns of Pax6,
Sox2, Nestin, Aqp4, and Glastl expression that we observed
among primate ILAs (Fig. 6m-s). Pax6™ ILA cell density did not
significantly change over development, although there was
a slight increase with age (from 78.3+4.1 at P1 to 83.8+1.6

in adults, not significant, Fig. 6p). The density of Sox2* ILAs
decreased from 80.2 +3.8 at P1 to 61.7 + 7.3 in the adult (P < 0.02,
Fig. 6g), and the density of Nestin® ILAs also significantly
decreased in adult mice compared to P1 (—40.6 £9.7%, P <0.01).
Rudimentary ILAs in the mouse always expressed Agp4 and
Glastl from P1 through adulthood. However, Cryab, Hopx2,
or S1008, which are expressed by typical ILAs in the rhesus
macaque, were not expressed by mouse rudimentary ILAs at
any of the developmental stages included in our study (Fig. 6s).

We investigated the timing of generation of rudimentary
ILAs immunostaining prenatal stages E16.5, E17.5, and E18.5,
and observed the appearance of the first rudimentary ILAs
at E18.5 (Fig. 3a1), although in very limited numbers. We next
assessed the proliferative status of rudimentary ILAs using Ki67
immunostaining in mouse from E18 through adult. We observed
the totality of rudimentary ILAs positive for Ki67 at E18.5, high
rates of proliferation at P1, a significant decrease of proliferation
at P5, and did not observe any Ki67"-GFAP* rudimentary ILAs
after P5 (from 50.7 +4.6 to 8.1+ 1.6% in P1 and P5, respectively,
P <0.01, Fig. S5), indicating the absence of adult ILA proliferation
in the mouse.

We concluded that some but not all features present in
typical primate ILAs are shared by mouse rudimentary ILAs.

Discussion

In this study, we described the development of the morphologi-
cal maturation of ILAs in mouse, rhesus macaque, chimpanzee,
and human. We also determined the stem/progenitor cell and
astrocyte markers that are expressed by ILAs in mouse, rhesus
macaque, and human. These data allowed us to investigate
similarities and differences between primate typical ILAs and
mouse rudimentary ILAs, and provided evidence for a prenatal
origin of ILAs in primates.

ILA density and morphological complexity increase
across postnatal development in primates

We found an increase in the density and complexity of ILAs
across development and in adult in rhesus macaque, chim-
panzee, and human. Colombo and colleagues previously showed
an increase in the length of interlaminar processes across life
in ceboid monkeys (Saimiri boliviensis and Cebus apella) and in
humans (Colombo et al. 1997). Our data on the morphological
characteristics of ILAs across development are consistent with
these findings. Based on cell reconstructions, we contribute
novel detail and quantitative data on ILA morphology. The grad-
ual increase in the morphological complexity of interlaminar
processes suggests that ILA processes are changing during a
time when experience can impact growth. Our data are con-
sistent with the concept that plasticity in growth of the ILA
process may occur at specific developmental time points (i.e.,
adolescence in macaques) or may proceed gradually across the
whole lifespan (i.e., in humans).

ILAs are generated prenatally in macaque and human
cerebral cortex

Studies on ILAs are relatively scarce, specifically regarding the
prenatal development of these cells. Studies of ILAs in postnatal
primate brains have been conducted (Colombo et al. 1997, 2005),
and prenatal development of layer I astrocytes as a whole have
been characterized with Golgi staining of the human cerebral
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Figure 7. ILAs develop prenatally in macaques and human. (a,b) x40 magnification pictures of immunoenzymatic staining anti-GFAP and anti-S1008, DAB amplified,
showing ILA somas in prenatal stages of (a,b) M. mulatta and (c,d) H. sapiens. Scale bars = 50 pm. (€) x 100 magnification pictures of immunoenzymatic staining anti-GFAP
at GD68 of M. mulatta, showing RG fibers attached to the pia (e1) and emanating from the ventricular zone (e2). Scale bar applies to both images =100 pm.

cortex (Marin-Padilla 1995). ILA development has not been inves-
tigated in rhesus macaque. Here, we provide novel data on
the presence, morphology, and molecular expression of ILAs in
prenatal macaque and human cerebral cortex. Through S1008
and GFAP immunostaining, we identified newborn ILA somata

attached to the pial surface in prenatal macaque and human
dorsal cortex. Our data add novel details and developmental
time points to previous studies, such as Marin-Padilla’s Golgi
study that described early and late waves of glial cell generation
in layer I of prenatal human cortices (Marin-Padilla 1995). Our
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be locally generated in the cortex by directly transforming RG (Hypothesis 1, green), by an IP step (Hypothesis 2, light blue), by astrocytic IP step (Hypothesis 3, pink),
or from other sources external to the cortex (Hypothesis 4, gray). Hypothesis are not mutually exclusive.

data indicate that ILAs are generated before birth, extend pro-
cesses that exit layer I during postnatal stages of development
in both macaque and human, and that the growth and increased
morphological complexity of these processes continues for sev-
eral years after birth.

ILAs proliferate prenatally

We quantified the number of Ki67+/GFAP* double-positive ILAs
in the prenatal rhesus monkey cortex and found that approxi-
mately 50% of ILAs were proliferative at GD80 (second trimester),
~30% at GD109 (third trimester), and there were no further
mitotic ILAs after GD123. These data indicate that ILAs prolif-
erate locally at their final destination, similar to other cortical
astrocytes (Ge et al. 2012; Ge and Jia 2016). Furthermore, our
data indicate that after the cessation of proliferation, ILAs elab-
orate processes that become increasingly complex over time.
The absence of proliferation in the postnatal stage was not
expected since we have observed that ILAs express markers
associated with stem/progenitor cells during both postnatal
development and in adult (see Results, Fig. S3). It remains pos-
sible that ILAs retain the capacity to proliferate under specific
conditions, such as in response to injury, similar to other cor-
tical astrocytes (Sofroniew and Vinters 2010; Sofroniew 2015;
Burda et al. 2016).

ILAs may be generated by RG cells

We hypothesize that primate ILAs are generated by RG cells. This
hypothesis is supported by ILA expression of markers for inner
RG cells (Cryab) and outer RG cells (Hopx) at all stages of develop-
ment. The generation of ILAs from RG cells may occur through
a variety of pathways including direct cellular transformation,
or indirect lineal descent. Direct transformation of RG cells into

ILAs is supported by a combination of ILA expression of various
RG cell markers early in development (Pax6, Sox2, Nestin, Cryab,
Hopx, Fig. 9a, Hypothesis 1), and by previous data going back
many decades showing progressive translocation and trans-
formation of RG cells (Schmechel and Rakic 1979; Voigt 1989;
Noctor et al. 2004). On the other hand, ILAs could be generated
indirectly from RG cells through intermediate progenitor cells
(Fig. 9a, Hypothesis 2). The expression of Pax6 and Sox2 in no-
ILA cell populations (e.g., intermediate neural progenitor cells
and astrocytes, respectively (Georgala et al. 2011; Manuel et al.
2015; Chen et al. 2019)) is also in agreement with the presence of
an intermediate progenitor cell.

Postnatal intermediate progenitor cells may include cortical
astrocyte subtypes (Fig. 9a, Hypothesis 3). The existence of an
astrocytic intermediate progenitor cell is supported by a num-
ber of factors including: the increased number of ILAs during
postnatal stages in the absence of ILA proliferation; increased
ILA numbers after the RG cell population is thought to have
been exhausted in the macaque brain; by the presence of pro-
toplasmic and fibrous astrocytes in the cortex earlier than the
first ILAs appear in layer I; by the presence in the cortex of
GFAP* astrocytes with migrating morphology (Fig. S4g,h), and
by the presence of GFAP*/Ki67% and S10081/Ki67+ astrocytes
after birth (Fig. 9a, Hypothesis 3). These hypotheses are not
mutually exclusive. Indeed, Marin-Padilla recognized two dis-
tinct types of layer I astrocytes in the developing cortex: an
early type, which he proposed arises in situ from transformation
of pre-existing RG cells that lose contact with the ventricu-
lar surface (consistent with our Hypothesis 1, Fig.9); and a
later type, which arise from a later migration of VZ/SVZ glia-
restricted precursor cells destined for layer I (consistent with
our Hypothesis 2, Fig. 9) (Marin-Padilla 1995). We cannot rule
out the possibility that ILAs originate from other subcortical
regions and migrate tangentially into the cerebral cortex (Fig. 9a,
Hypothesis 4).


https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa231#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa231#supplementary-data

Development of Cortical Interlaminar Astrocytes in Primates Falcone etal. | 393

Mouse and primate ILAs share the expression
of only a subset of the molecular markers

In our previous study focused on ILA evolution (Falcone et al.
2019), we provided detailed morphological reconstructions of
ILAs across 46 mammalian species, defining the morphological
and anatomical similarities between typical ILAs and rudimen-
tary ILAs. Understanding the phylogenetic relationship between
these two ILA types is important for reconstructing their evo-
lutionary emergence, and also raises the opportunity to use
rodent models to study typical ILA function. Previous studies
have suggested that layer I astrocytes in the mouse (including
rudimentary ILAs) transformed into primate ILAs across evo-
lution (Marin-Padilla 1995; Colombo et al. 1997; Falcone et al.
2019). Our data provide additional details on the similarities
and differences between these two types of ILA. We found
that mouse rudimentary ILA share the expression of only a
subset of the molecular markers that are expressed by typical
ILAs. Rudimentary ILAs in mouse express Pax6, Sox2, Nestin,
Aqgp4, and Glastl, but do not express Cryab, Hopx, and S1008
markers as primate typical ILAs. We showed that the devel-
opmental trajectory of rudimentary and typical ILAs differs.
For example, while morphological complexity of typical ILAs
increases throughout life, does not for mouse rudimentary ILAs.
In addition, we showed that the morphological features of rudi-
mentary ILAs in the mature mouse brain are similar to typical
ILAs in the immature macaque brain, suggesting the existence
of an ancestral population for both rudimentary and typical
ILA. These findings are also consistent with the concept that
during evolution typical ILAs acquired new features that are
shared by different groups of primates. Further developmental
studies from more primate species are needed to clarify if these
features can be generalized across the entire primate Order. The
difference in morphology, developmental trajectory, and marker
expression between rudimentary ILAs in mouse and typical ILAs
in primates indicate that these key differences should be taken
into account when considering cross species research on the
functional properties of typical ILAs.

Technical considerations

Some technical issues should be considered to gain a broad
interpretation of the data presented in this study. GFAP marker
labels the main astrocytic processes without delineating the
finest processes, thus excluded in our analysis. We tested Aqp4,
GLAST, and CD44 markers to the purpose of expanding our
morphological analysis to fine processes, but these markers pro-
vided a punctate expression (Fig. S6) that did not allow analysis.
Only a fraction of macaque ILAs are labeled by S1008 prenatally,
although all of them express this marker postnatally. Therefore,
we may not detect the totality of prenatal ILAs approaching
the pia (see Fig. 8). However, S1008 marker was used to better
identify the presence of ILAs (i.e., time of appearance).

Future perspectives for ILA functions

ILA-specific functions are currently unknown. We previously
discussed potential ILA functions being common to other astro-
cytes, e.g., neurotransmitter reuptake and release, water distri-
bution, reactive oxygen species removal, blood-brain barrier reg-
ulation, extracellular ion buffering, and others, or specific func-
tions such as development and maintenance of cortex columnar
organization, inter-layer long-range communications, or a role
in the glymphatic system function (Falcone et al. 2019). ILAs

have long processes that run perpendicularly to the pia and
transvers upper cortical layers what may confer ILAs with a role
in minicolumn development and maintenance. Moreover, ILA
strict contact with the pia mater and their long processes, and
their Aqp4 expression, suggest a potential involvement for ILAs
in glymphatic system function. In addition, the maintenance of
stem-cell marker expression in adult ILAs, suggest a potential
role on regeneration properties after injury. Future studies will
be crucial to elucidate the functions of ILAs in health and
disease.

Conclusion

In this study, we provided comprehensive data on the develop-
ment of ILAs in three primate species (macaque, chimpanzee,
and human) and how these cells compare with rudimentary
ILAs in mouse. We showed that ILAs have a prenatal origin
from radial glial cells, they proliferate only prenatally, and that
their density and morphological complexity increase during
postnatal development. We demonstrated that ILAs express
both stem cell (Pax6, Sox2, Nestin, Cryab, and Hopx) and astro-
cyte (S1008, Glast, and Agqp4) markers since early development
through adult. We also show that the morphology, developmen-
tal trajectory, and marker expression is only partially conserved
between primate ILAs and mouse rudimentary ILAs.

Supplementary data

Supplementary data mentioned in the text are available to sub-
scribers in CERCOR online.
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