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of cortical neurogenesis. Microglia begin colonizing the forebrain after neural tube closure and

Cortical proliferative zones have been studied for over 100 years, yet recent data have revealed
that microglial cells constitute a sizeable proportion of ventricular zone cells during late stages
during later stages of neurogenesis populate regions of the developing cortex that include the
proliferative zones. We previously showed that microglia regulate the production of cortical cells
by phagocytosing neural precursor cells (NPCs), but how microglia interact with NPCs remains
poorly understood. Here we report on a distinct subset of microglial cells, which we term periventricular microglia, that are located near the lateral ventricle in the prenatal neocortex. Periventricular microglia exhibit a set of similar characteristics in embryonic rat and fetal rhesus
monkey cortex. In both species, these cells occupy ~60 μm of the ventricular zone in the tangential axis and make contact with the soma and processes of NPCs dividing at the ventricle for
over 50 μm along the radial axis. Periventricular microglia exhibit notable differences across species, including distinct morphological features such as terminal bouton-like structures that contact mitotic NPCs in the fetal rhesus monkey but not in rat. These morphological distinctions
suggest differential functions of periventricular microglia in rat and rhesus monkey, yet are consistent with the concept that microglia regulate NPC function in the developing cerebral cortex
of mammalian species.
KEYWORDS

cerebral cortex, fetal development, neural precursor cells, nonhuman primate, periventricular
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1 | I N T RO D UC T I O N

The present study investigates the cellular composition and intercellular relationships in the prenatal cortical proliferative zones with

Precursor cells in the developing cerebral cortex were identified near

respect to periventricular microglia in embryonic rat and the fetal rhe-

the surface of the lateral ventricle over 100 years ago (see His, 1889).

sus monkey. Here, we further characterize periventricular microglia

Since that time, the morphology, distribution, and function of precur-

and quantify contact points between microglia and actively dividing

sor cells, and the cellular composition of the proliferative zones in the

NPCs in prenatal rat and fetal rhesus monkey at the same stage of

developing neocortex have been a central focus of investigation. Our

cortical neurogenesis. These studies revealed abundant contacts

understanding of the principal characteristics of neural precursor cells

between periventricular microglia and mitotic NPCs, demonstrating

(NPCs) was originally derived from analysis of nervous tissue staining

that microglia are an integral component of the prenatal cortical prolif-

techniques such as Golgi whole-cell labeling. New insight emerged

erative zones, which are consistent with the concept that microglia

through technical advances that included electron microscopy, immu-

impact cortical development.

nohistochemistry, electrophysiology combined with whole-cell labeling, reporter gene whole-cell labeling, and reporter expression linked
to specific genes. While major advances have been achieved from the

2 | MATERIAL AND METHODS

application of new technologies specific to research on the developing
brain, our understanding of basic fundamentals of forebrain development, such as cellular composition and cell–cell interactions in the
proliferative zones, remains incomplete.
Microglial cells are the resident innate immune cells of the central
nervous system (Wolf, Boddeke, & Kettenmann, 2017). Microglia are
derived from the yolk sac in mouse (Alliot, Godin, & Pessac, 1999;
Ginhoux et al., 2010), begin to colonize the murine cerebral cortex by
embryonic day (E) 11.5 (Arno et al., 2014; Swinnen et al., 2013), in rat
by E13 (Cunningham, Martinez-Cerdeño, & Noctor, 2013b), in rhesus
monkey during the first trimester (prior to 50 days gestation)
(Cunningham et al., 2013b), and in the human cerebrum by 6 weeks
of gestation (Andjelkovic, Nikolic, Pachter, & Zecevic, 1998; Verney,
Monier, Fallet-Bianco, & Gressens, 2010). In each species, microglia
initially colonize specific regions and laminae of the developing brain
that include the cortical proliferative zones (Cunningham et al.,
2013b). Microglia participate in developmental programs that include
the establishment of axonal pathways (Squarzoni et al., 2014), synapse
development and maintenance (Paolicelli et al., 2011; Salter & Stevens, 2017; Schafer et al., 2012), and cortical layer formation
(Squarzoni et al., 2014; Ueno et al., 2013). Using antibodies against
the precursor cell-specific transcription factors Pax6 and Tbr2, and
against microglial cells, we previously showed that microglia contact,
envelope, and phagocytose NPC nuclei in the normally developing
prenatal cerebral cortex (Cunningham et al., 2013b). To better understand intercellular relationships in the cortical proliferative zones, we
next labeled precursor cells and microglia with the enhanced green
fluorescent protein (eGFP) via in utero lentiviral vector-mediated
intraventricular injections in early gestation fetal rhesus monkeys. This
approach revealed numerous contacts between microglia and radial
glial cells, radial glia pial fibers, and intermediate progenitor cells
throughout the ventricular zone (VZ) and subventricular zone (SVZ) in
the rhesus monkey (Barger et al., 2018). These data also provided evidence of a previously undescribed population of microglial cells that
we termed “periventricular microglia”. These microglia are located
within the VZ near the ventricle, and contact mitotic NPCs undergoing

2.1 | Animals
All animal procedures conformed to the requirements of the Animal
Welfare Act and protocols were approved prior to implementation by
the Institutional Animal Care and Use Committee at the University of
California, Davis.
Embryonic day (E)19 rat embryos were transcardially perfused with
0.1 M phosphate buffered saline (PBS) followed by 4% paraformaldehyde in PBS (PFA). Brains were extracted and post-fixed in 4% PFA for
24 hr, washed in PBS and stored in PBS with 0.01% sodium azide at
4 C. Cortical slab preparations were prepared from three embryos by
excising the dorsal portion of the cerebral cortex from each hemisphere
using micro-scissors and an Olympus SZ61 dissecting scope (Figure 1a).
Cortical slab preparations are blocks of tissue that encompass the
full thickness of the developing cerebral cortex from the ventricle to the
meningeal surface. The slab explants minimize cut surfaces that intersect
cell bodies, cell processes, intercellular connections, and relationships
between adjacent cells. We previously used the cortical slab approach
to identify the morphology and physiological profile of radial glial cells in
live culture preparations (Noctor et al., 2002).
Normally cycling, adult female rhesus monkeys (Macaca mulatta)
with a history of prior pregnancy were bred and identified as pregnant
using established methods (Tarantal, 2005) (N = 2). Pregnancy in the
rhesus monkey is divided into trimesters by 55-day increments with
0–55 days gestation representing the first trimester, 56–110 days
gestation representing the second trimester, and 111–165 days gestation the third trimester (term 165 ± 10 days). All fetuses were
assessed sonographically to confirm normal growth and development
until fetal tissue harvest at 90 days gestation (second trimester)
according to standardized protocols (Tarantal et al., 1998). Tissues
were transcardially perfused and immersed in 4% PFA for 2–3 days.
The right hemisphere was cryoprotected in 30% sucrose and tissue
was cryosectioned at 100 μm on a sliding microtome.

2.2 | Embryonic rat immunohistochemistry

division at the surface of the ventricle in the embryonic rat and fetal

Antigen retrieval was performed by heating free-floating slabs in

rhesus monkey telencephalon (Barger et al., 2018). This microglial sub-

10 mM Citrate Buffer (pH 6.0) containing 10 mM Citric Acid (Fisher)

type had not previously been identified or investigated with respect

and (v/v) 0.5% Tween-20 (Acros) at 85 C for 25 min and then allow-

to cortical neurogenesis.

ing to cool to room temperature (RT) for 35 min. Slabs were rinsed
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FIGURE 1

Preparation of cortical slabs. (a) The dorsal cortex was excised from perfused brains obtained from E19 rats. Excised blocks of cortical
tissue encompassed the full thickness of cortex from the ventricle to the pial surface and extended ~1.5 mm in the medio-lateral axis and 2.0 mm in
the rostro-caudal axis. (b) Slabs were immunostained with antibodies to label M-phase NPCs (4A4, red) and periventricular microglia (Iba1, green), and
imaged on a confocal microscope with the ventricular surface facing the objective. (c) Projection image of a 100 μm thick Z-stack obtained from an
E19 rat cortical slab showing Iba1+ periventricular microglia (green) and 4A4+ NPCs (red) dividing at the ventricular surface. Ninety-two percent of
periventricular microglia contacted mitotic NPCs. Scale bar in c = 20 μm [Color figure can be viewed at wileyonlinelibrary.com]

three times for 10 min each in PBS and then blocked in blocking

15 min (modification of Tang, Falls, Li, Lane, & Luskin, 2007). After cit-

buffer solution containing (v/v) 10% fetal donkey serum, 0.1% Triton

rate buffer reached RT, tissue was rinsed three times for 5 min and

X-100 (Acros), and (w/v) 0.2% gelatin (Acros) for 2 hr at RT. Slabs

incubated in blocking buffer containing 10% donkey serum (Millipore)

were rinsed once for 5 min in PBS and incubated in the primary anti-

and 1% Triton X-100 (Acros) for 1.5 hr at RT. Tissue was incubated

body buffer composed of (v/v) 2% fetal donkey serum, 0.02% Triton

for 2–3 days in a primary antibody buffer containing 2% donkey

X-100, and (w/v) 0.04% gelatin containing primary antibodies (mouse

serum, 1% Triton X-100, and antibodies including mouse antipho-

antiphosphorylated vimentin 4A4, 1:100, MBL: Cat# DO76-3S, clone

sphorylated vimentin (4a4, 1:100; MBL, Cat# DO76-3S, clone 4A4,

4A4, RRID: AB_592962) and rabbit anti-Iba1 (1:150 Wako: Cat#

RRID: AB_592962) and goat anti-Iba1 (1:200, Abcam, Cat# ab5076,

019–19,741, RRID: AB_839504), for 3 days at 4 C on a rocking plat-

RRID: AB_2224402). Tissue was rinsed and incubated for 2 hr at RT

form. Slabs were rinsed 5 × 10 min in PBS, then incubated for 4.5 hr

in a secondary antibody buffer with 2% donkey serum and 1% Triton

in secondary antibody buffer composed of (v/v) 2% fetal donkey

X-100 that included donkey anti-mouse and donkey anti-goat conju-

serum, and 0.02% Triton X-100, (w/v) 0.04% gelatin containing don-

gated to the fluorophores AF488 and AF647 at a concentration of

key antimouse and donkey antirabbit secondary antibodies conju-

1:250 (Jackson Immunoresearch). After secondary incubation tissue

gated to Cy2/Dylight 488, and Cy5/Dylight 649 (1:250 Jackson

was rinsed in two times 5 min in PBS, stained with DAPI (Sigma,

Laboratories) at RT. Slabs were placed in DAPI (1:1,000, Sigma) for

1:1000) in PBS for 15 minutes followed by 2 × PBS washes, and then

10 min and rinsed five times for 10 min. Slabs were imaged in con-

coverslipped with Mowiol. See Table 1.

cave glass well plates immersed in PBS, with the ventricular surface
facing the objective, on an Olympus Fluoview 1,000 confocal micro-

2.4 | Imaging and analysis

scope. See Table 1.
Cortical slabs were imaged on an Olympus Fluoview 1000 confocal

2.3 | Fetal rhesus monkey immunohistochemistry

microscope from the surface to a depth of 70–100 μm from the ventricular surface (Figure 1). Image stacks were acquired at 1.0 μm steps

Tissue was mounted on SuperFrost slides (Fisher), submerged in

using or 60× (NA, 1.4) or 40× (NA 0.7) objectives. Iba1+ microglial

10 mM Citrate Buffer (Fisher), pH 6, and heated in a steamer for

cells and all of their processes were captured in their entirety in the Z-
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TABLE 1

Table of primary antibodies used
Source, host species, cat. #, clone or
lot#, RRID

Concentration
used

Synthetic MPV55 phophopeptide
corresponding to mouse
phophorylated vimentin Ser55
(SLYSS-phosphoS55-PGGAYC-KLH)

MBL, mouse monoclonal, cat# DO76-3S,
clone 4A4, RRID: AB_592962

1:100

Iba1, a calcium-binding protein with a
molecular weight of 17,000 specifically
expressed in macrophage/microglia

Synthetic peptide corresponding to
C-terminus of Iba1

Wako, rabbit polyclonal, cat#
019–19,741, RRID: AB_839504

1:150

Iba1, a calcium-binding protein with a
molecular weight of 17,000 specifically
expressed in macrophage/microglia

Synthetic peptide corresponding to
human Iba1 aa 135–147 (C terminal).
Accession number(s): NP_116573.1;
NP_001614.3
Sequence: C-TGPPAKKAISELP

Abcam, goat polyclonal, cat# ab5076,
RRID: AB_2224402

1:200

Antigen

Description of immunogen

Phosphorylated vimentin (ser 55)

stacks. Each periventricular microglial cell captured in these images

Cortical slabs are blocks of tissue excised from the cerebral cortex

was included for analysis (rat, n = 129 cells; monkey, n = 27 cells). For

that encompass the full thickness of the developing cortex from the

each periventricular microglial cell we measured the diameter of the

ventricle to the pial surface. Our embryonic rat explants extended

soma, the number of principal processes emerging from the soma, and

~1.5 mm in the medio-lateral axis and up to 2.0 mm in the rostro-

the distance of the soma from the ventricular surface. We quantified

caudal axis (Figure 1). Cortical slab explants minimize the cut surfaces

the number of contact points between the microglia and 4A4+ NPCs,

that intersect cell bodies and cellular processes and maximize reten-

recording whether contact occurred on the NPC soma or pial process.

tion of the intercellular relationships and connections between adja-

Contact was defined as two cell bodies/cell processes whose external

cent cells. The cortical slab preparations did not include the ganglionic

surfaces touch each other—in this case Iba1+ soma or processes that

eminence or the medial wall of the cortex. We previously used cortical

were directly adjacent to 4A4+ cell bodies and/or pial processes—and

slabs from embryonic rat to examine the physiological profile and

recorded the cell cycle stage of the 4A4+ cells (prometaphase, meta-

morphology of radial glial cells in live explants (Noctor et al., 2002).

phase, anaphase, or telophase).

For the present study cortical slabs of the dorsal cortex were excised
from perfused E19 rat cortices. Mitotic NPCs were labeled with anti-

2.5 | Statistics
Data are reported as mean ± S.D. We performed t-tests with a twotailed p-value nonparametric test to statistically compare the number
of cells positive for specific markers, and the cells' characteristic tests
scores between groups using GraphPad Prism (GraphPad Software, Inc.).

bodies against phosphorylated vimentin (4A4) to label M-phase cells
(Cunningham, Martinez-Cerdeño, & Noctor, 2013a; Kamei et al.,
1998; Noctor et al., 2002), microglial cells were labeled with anti-Iba1
(Barger et al., 2018; Cunningham et al., 2013b; Imai, Ibata, Ito,
Ohsawa, & Kohsaka, 1996), and slabs were imaged on a confocal
microscope (Figure 1). We analyzed the morphology of individual
Iba1+ periventricular microglia and the contacts between microglia
and 4A4+ cells in the slab preparations. Contact was defined as in the

3 | RESULTS

Oxford English Dictionary: “mutual relation of two bodies whose
external surfaces touch each other” and was determined through anal-

Our previously published studies revealed a population of microglial

ysis of sequential optical plane images within Z-stacks encompassing

cells located in the VZ that was positioned close to the lateral ventri-

up to 100 μm in the radial dimension from the ventricle through the

cle in embryonic rat and fetal rhesus monkey cerebral cortex, which

VZ. Contact between these two cell types often entailed extensive

we termed periventricular microglia (Barger et al., 2018). In coronal

apposition between soma and/or processes of Iba1+ and 4A4+ cells

sections we noted that periventricular microglia contacted radial glial

that extended over 10 μm, but in some cases the contact was more

cells, and radial glial cell processes in the proliferative zones (Barger

discrete and consisted of two processes that abutted one another.

et al., 2018). However, viewing periventricular microglia in coronal
sections did not fully capture the three-dimensional (3D) morphology
of these cells, nor did it fully capture the intercellular relationships
between microglia and NPCs. Coronal or sagittal sections of the pre-

3.1 | Rat periventricular microglia make extensive
contacts with mitotic NPCs

natal brain can often transect cellular processes that extend in multi-

The somata of Iba1+ periventricular microglia in the embryonic rat

ple directions. Maintaining long cellular processes in an explant of

neocortex averaged 10.77 ± 2.10 μm in diameter, and the maximum

brain tissue improves analysis of intercellular interactions and con-

diameter of the cells and all of their processes was ~60 μm in the

tacts. This is particularly true for cell types such as radial glial cells,

radial and tangential dimensions. The somata of periventricular micro-

which have long pial processes that extend hundreds of microns from

glia were positioned at an average distance of 31.02 ± 12.20STD μm

the cell body.

from the ventricle (range 2–60 μm), most often superficial to the pop-

We used an alternative approach and examined intercellular rela-

ulation of NPCs that divide at the ventricular surface. In embryonic rat

tionships between microglia and NPCs in cortical slab preparations.

the periventricular microglia typically extended three main processes
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from the soma (Figure 2a). The principal processes generally branched

Thus, each periventricular microglia simultaneously contacted about

two or three times and extended at least one thin process toward the

three mitotic NPCs dividing at the ventricle of the E19 rat neocortex.

ventricle.

Among periventricular microglia we analyzed (n = 129), ~9% did not

In the E19 rat periventricular microglia made extensive, close contact with mitotic 4A4+ NPCs. Each periventricular microglia made, on

contact an NPC; 13% contacted one NPC; 17% contacted two NPCs;
17% contacted three; and 44% contacted more than three NPCs.

average, 3.41 ± 2.60STD contacts with mitotic NPCs (range 0–15 con-

We quantified the proportion of periventricular microglia that

tacts, n = 129 microglia). Our data set included 12 periventricular

contacted either the pial process, the soma, or both of dividing NPCs.

microglia that had an amoeboid shape, lacked processes, and did not

We found that 63% of the periventricular microglia contacted only

contact 4A4+ cells. Excluding amoeboid microglia from analysis

the pial process of 4A4+ mitotic NPCs, 28% contacted only the soma,

increased the number of NPC contacts per microglia to a value of

and 9% contacted both soma and the pial process of 4A4+ mitotic

STD

3.66 ± 2.60

. Most microglia contacted the same NPC more than

NPCs. Thus, 37% of the periventricular microglia made contact with

once on the pial process and/or soma. As a result, the number of

the soma of a precursor cell dividing at the ventricle. We next focused

STD

unique NPCs that each microglia contacted averaged 2.84 ± 1.80

FIGURE 2

.

on periventricular microglial cells that contacted the soma of mitotic

Morphology of periventricular microglia in E19 rat and 90 days gestation (second trimester) fetal rhesus monkey. (a) Projection images
of periventricular microglia stained with Iba1 (green) in the E19 rat cortical ventricular zone. These cells usually extended three or four principal
processes and occupied ~60 μm in X, Y, and Z planes. (b) The density of microglial cells near the surface of the ventricle was much higher in the
fetal rhesus monkey. (c, d) Periventricular microglia in second trimester rhesus monkey also extended three or four principal processes, but the
processes were more ramified and often terminated with Bouton-like structures that were adjacent to mitotic soma (arrowheads). Scale bar in
a = 10 μm and applies to all panels [Color figure can be viewed at wileyonlinelibrary.com]
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NPCs to further characterize this subset of contacts. 4A4 immunos-

positions and intercellular relationships between periventricular

taining permits straightforward identification of the prophase, meta-

microglia and mitotic NPCs.

phase, anaphase, and telophase stages of mitosis (Weissman, Noctor,

We noted that in some cases the processes of periventricular

Clinton, Honig, & Kriegstein, 2003). The subset of periventricular

microglia appeared to travel through the soma of 4A4+ cells dividing

microglia that contacted the soma of mitotic NPCs was closer to the

at the surface. These Iba1+ processes were visibly present in confocal

ventricle, averaging 25.0 μm versus 31.0 μm for all periventricular

optical planes that transected the soma of 4A4+ NPCs (Figure 5).

microglia. We observed that periventricular microglia were more likely

These data suggest that the outer membrane of mitotic NPCs is not a

to contact NPCs undergoing cytokinesis: 83% contacted a precursor

simple sphere, but instead the 4A4+ cells must have a complex outer

cell that was in telophase when nascent daughter cells take form as

membrane that includes grooves or channels through which the pro-

the NPC completes cell division.

cesses of periventricular microglia course.

Periventricular microglia in the embryonic rat cortex occupied a
territory that extended ~60 μm in the tangential and radial dimensions. Microglial somata were positioned ~30 μm from the ventricle as

3.2 | Morphology and intercellular contacts of
rhesus monkey periventricular microglia

noted above, and these cells extended processes both toward the
ventricle and away from the ventricle. As a consequence, individual
periventricular microglial cells often contacted the soma of mitotic
NPCs at the ventricle, and the pial fiber emanating from that NPC as
the fiber coursed radially through the VZ. Figure 3 presents a series of
single optical planes from a confocal Z-stack to highlight the morphology and intercellular relationships of periventricular microglia. The
images show the 3D morphology of a single periventricular microglial
cell (Iba1+, green), the position of the microglial soma with reference
to the ventricle (Figure 3, asterisk in 18–24 μm panels), the extension
of processes both toward the ventricle and ~60 μm away from the
ventricle, and the intercellular contacts between this microglial cell
and mitotic NPCs at the ventricle (4A4+, red). The somata of mitotic
NPCs are numbered (1, 2, 3), and the pial fiber emanating from each
cell is identified with the same number. The pial fiber from cells 1 and
2 were traced through all optical planes in the Z-stack, and the pial
fiber of cell 3 was traced ~20 μm from the ventricle. The thickness of
the 4A4+ pial fibers alternated between portions that were very

We next performed a qualitative analysis of the morphology and characteristics of periventricular microglia in tissue prepared from the
occipital lobe of 90 days gestation (second trimester) fetal rhesus
monkey, which represents the same relative stage of cortical neurogenesis as the E19 rat (Bayer & Altman, 1991; Rakic, 1974). Periventricular microglia in the rhesus monkey shared basic features with
those in the rat. The diameter of periventricular microglial somata in
the monkey was similar to those in the rat (10.08 ± 1.1 μm vs. 10.77
in rat), and the cells occupied a volume of ~60 μm in the tangential
and radial dimensions similar to the rat. Rat and monkey periventricular microglia typically elaborated three principal processes. However,
periventricular microglia in the rhesus monkey were significantly
closer to the ventricle than in the rat: 14.8 ± 8.6STD μm versus
31.02 ± 12.2STD μm (p < .0001, Figure 6). We also noted that the
density of periventricular microglia was higher in rhesus monkey than
in rat as we have previously reported (Figure 2a,b, (Barger et al.,
2018)). To account for potential differences in cellular density in the
rat and rhesus monkey periventricular proliferative zone we quantified

thin (< 0.5 μm) and much thicker (up to 4 μm), reflecting the presence

the number of microglia in relation to the total number of DAPI+ cells

of varicosities along the pial fibers of M-phase NPCs (Barger et al.,

in 100 μm × 100 μm bins. We found that in the E19 rat periventricu-

2018; Noctor, Martínez-Cerdeño, Ivic, & Kriegstein, 2004; Noctor,

lar microglia constituted 1.21 ± 0.75% of all cells close to the ventricle

Martinez-Cerdeño, & Kriegstein, 2008).

(n = 571 cells, three fetuses), while in the gestation day 90 fetal mon-

We observed repeated contacts between a periventricular micro-

key microglia constituted 5.94% of all cells near the ventricle (n = 344

glial cell and single pial fibers as shown in Figure 3. For example, the

cells, two fetuses), demonstrating that periventricular microglia consti-

pial fiber emanating from Cell 1 was contacted by the microglia cell

tute a higher proportion of ventricular cells in the nonhuman primate.

from 14 to 20 μm from the ventricle, and again from 42 to 50 μm

We also noted that the morphology of periventricular microglial cells

from the ventricle (Figure 3, and Supporting Information Movie 1).

in the fetal rhesus monkey was much more complex than in rat. Peri-

The periventricular microglia likely contacted other cells and pial fibers

ventricular microglia in rhesus monkey had more secondary and ter-

emanating from NPCs that were not labeled with the 4A4 antibody.

tiary branches and extended thin processes that terminated with

The morphology of contact points between periventricular microglia and NPCs in the E19 rat varied as we previously reported in a

bouton-like structures, which we did not observe in the E19 rat
(Figure 2c,d).

study on the fetal rhesus monkey cortex (Barger et al., 2018). In the

In addition, we noted that periventricular microglia in the fetal rhe-

E19 rat, periventricular microglia often extended processes that termi-

sus monkey extended large membranous sheets that surrounded and

nated on the soma and/or pial process of mitotic 4A4+ cells. In many

enveloped neighboring cells, including Tbr2+ NPCs. As a result of the

cases the microglial processes ran parallel with pial processes and

density of microglial cells in the rhesus monkey, in some regions of the

maintained contact over a span of 5–10 μm (e.g., Figures 3, 14–20 μm

proliferative zones the membranous extensions were nearly continu-

panels). While the intercellular contacts often appeared to consist of a

ous with processes that extended from neighboring microglia. Figure 7

microglial process extension that made contact with a mitotic NPC,

and Supporting Information Movie 2 show a series of sequential 1 μm

we also noted extensions from the pial process that contacted peri-

step optical planes that highlight the complex 3D cytoarchitecture of

ventricular microglia (Figure 3, white arrowhead 24–26 μm panels,

periventricular microglia in the fetal rhesus monkey VZ. We have pre-

Supporting Information Movie 1). Figure 4 illustrates the relative

viously shown microglial phagocytosis of NPCs during late stages of

NOCTOR ET AL.

FIGURE 3

7

A single periventricular microglial cell (Iba1, green) in the E19 rat extended processes toward the ventricle where it contacted multiple
mitotic NPCs (4A4, red), and extended additional process away from the ventricle that made contact with the pial fibers emanating from these NPCs
over a distance of 60 μm from the ventricle. Panels show single optical plane images from a confocal Z-stack starting at 2 μm from the ventricle in the
upper left and proceeding to 60 μm from the ventricle. The lower right panel shows the projected image of this Z-series. Three mitotic 4A4+ NPCs are
numbered. The upper left panel shows the soma of these cells, two in metaphase (cells 1, 2), and one in telophase (3). The pial fiber of cell three is
traceable for a distance of 20 μm from the ventricle. The pial fibers of cells 1 and 2 are visible throughout the Z-stack. The images from optical planes
18–24 μm show the soma of the cell (asterisk). The microglia extended a process toward the ventricle that contacted the surface membrane of cell
3. This process also coursed between and contacted the pial fibers of cells 1 and 3 (optical planes 14–20 μm). We also noted extensions from the pial
process that contacted periventricular microglia (white arrowhead 24–26 μm panels). The microglial cell extended another process away from the
ventricle and this process coursed between and contacted the pial processes of cells 1 and 2 (optical planes 42–54 μm) and was no longer visible at a
distance of more than 60 μm from the ventricle. The scale bar at bottom right = 20 μm. The entire Z-stack can be viewed as a QuickTime movie in
Supporting Information Movie 1 [Color figure can be viewed at wileyonlinelibrary.com]
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the E19 rat. At this stage of development in rhesus monkey fewer
NPC divisions occur at the ventricular surface compared to the same
relative stage of cortical neurogenesis in the rat (Martinez-Cerdeño
et al., 2012), because the vast majority of NPC divisions have shifted
to the SVZ (Martinez-Cerdeño et al., 2012; Smart, Dehay, Giroud, Berland, & Kennedy, 2002). Thus, while the density of microglial cells was
considerably higher in fetal rhesus monkey, the density of surface
NPC divisions was lower. Consequently, the number of intercellular
contacts between periventricular microglia and mitotic NPCs in the
90 days gestation rhesus monkey was lower (1.69 ± 1.2STD) than we
observed in the E19 rat.

4 | DI SCU SSION
Defining and understanding cellular composition in the cortical proliferative zones is crucial for understanding how NPCs produce the neurons and glial cells that populate mature neocortex. The data we
present provide further evidence that microglial cells are an integral
component of prenatal cortical proliferative zones, and contribute to
the complex cellular matrix in which NPCs reside and function. We
FIGURE 4

Schematic drawing summarizing the position and
intercellular connections between periventricular microglia and
mitotic NPCs in the embryonic rat cerebral cortex. Individual
periventricular microglia on average contact over 3 NPCs at the same
time, and make multiple contacts with the soma and pial fiber of the
same NPCs for up to 60 μm in the radial dimension [Color figure can
be viewed at wileyonlinelibrary.com]

previously showed that microglial cells phagocytose NPCs in the prenatal cortex (Cunningham et al., 2013b), and make extensive contacts
with the soma and processes of NPCs in the fetal monkey brain
(Barger et al., 2018). Here we focused our analysis on a subset of
microglial cells that are positioned in the VZ near the ventricle, which
we have termed periventricular microglia. We analyzed intercellular
relationships between periventricular microglia and actively dividing

cortical neurogenesis in the monkey (Cunningham et al., 2013b).

NPCs in cortical tissue obtained from naïve E19 rats and second tri-

Figure 7 and Supporting Information Movie 2 show that in the 90 days

mester (90 days gestation) fetal rhesus monkeys. We labeled microglia

gestation fetal rhesus monkey the membranous sheets of individual

with the Iba1 antibody (Cunningham et al., 2013b; Imai et al., 1996),

periventricular microglial cells entirely enveloped multiple NPCs. The

and actively dividing NPCs with the M-phase marker 4A4

microglial membranous extensions were uncommon in the embryonic

(Cunningham et al., 2013a; Kamei et al., 1998; Noctor et al., 2002).

rat neocortex.

The 4A4 antibody has several key advantages that aid study of basic

We recorded fewer contacts between periventricular microglia
and NPCs in the 90 days gestation fetal rhesus monkey compared to

FIGURE 5

NPC characteristics. The 4A4 antibody labels the soma of mitotic
NPCs

and

allows

straightforward

identification

of

prophase,

The processes of some periventricular microglia are very closely affiliated with NPC soma and appeared to course through the soma
of 4A4+ dividing NPCs. Panels a, b, and c show the projected images of periventricular microglia in the E19 rat. Insets below highlight processes
from these cells that extended to the ventricle and appeared to course through the soma of mitotic NPCs. We interpret these images as
microglial processes that course through grooves or channels in the outer membrane of the mitotic NPCs. Scale bars = 5 μm [Color figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 6

Comparison of periventricular microglia in the 90 days gestation fetal rhesus monkey and E19 rat. (a) The number of periventricular
microglia is higher in the 90 days gestation fetal rhesus monkey compared to the E19 rat (p < .01,**). (b) The proportion of microglia in
comparison to the total number of DAPI+ cells is higher in the periventricular zone of the fetal monkey. (c) Periventricular microglia were
positioned significantly closer to the ventricle in 90 days gestation fetal rhesus monkey compared to E19 rat (p < .0001,***). (d) Periventricular
microglia in the E19 rat contacted more NPCs that in the fetal rhesus monkey (p < .01,**). (e) Periventricular microglia in the E19 rat were more
likely to contact more than one NPC. E19 rat and 90 days gestation rhesus monkey represent the same stage of cortical neurogenesis. Due to
different NPC dynamics (Martinez-Cerdeño et al., 2012), fewer NPCs divide at the ventricle at this stage of development in the fetal rhesus
monkey, the VZ is significantly thinner, and microglia may be positioned closer to the ventricle in the rhesus monkey as a result

metaphase, anaphase, and telophase stages of mitosis (Weissman

not in the rat. These differences may reflect functional differences

et al., 2003); 4A4 labels the soma of most mitotic precursor cells,

between the species, but may also correlate with the higher number

including all mitotic radial glial cells in the rat and rhesus monkey VZ

of NPCs that populate the proliferative zones of the rhesus monkey

(Cunningham et al., 2013a; Noctor et al., 2002); and 4A4 labels the

(Martinez-Cerdeño et al., 2012). We also noted that periventricular

pial process of M-phase NPCs (Cunningham et al., 2013a; Noctor

microglia were positioned closer to the ventricle in the rhesus mon-

et al., 2002; Weissman et al., 2003).

key. The difference in the distance of periventricular microglial somata
from the ventricle in rat and rhesus monkey may result from interac-

4.1 | Periventricular microglia in rat and rhesus
monkey
Rat and rhesus monkey periventricular microglia shared principal features. The cells were located in the VZ near the ventricle, possessed
somata that were positioned superficial to mitotic NPCs undergoing
division at the surface of the ventricle, and extended processes that

tions between microglia and NPCs. While our data were drawn from
species at the same stage of cortical neurogenesis, there are significant differences in cellular dynamics and thickness of the VZ and SVZ
between rat and rhesus monkey. The thickness of the VZ is a function
of the number of precursor cells that proliferate in the VZ (Takahashi,
Nowakowski, & Caviness, 1995), and this measure reaches a maxi-

contacted dividing NPCs. In both species the soma of periventricular

mum before the appearance of the SVZ (Bayer & Altman, 1991;

microglia was ~10 μm in diameter, the cells extended three or four

Martinez-Cerdeño et al., 2012). In rhesus monkeys the majority of

main processes from the soma, and the processes occupied a territory

neurogenic divisions shift away from the ventricle to the SVZ at an

of ~60 mm . However, there were several notable differences

earlier stage of cortical neurogenesis compared to rat (Martinez-Cer-

between rat and rhesus monkey. The density of microglia was signifi-

deño et al., 2012; Smart et al., 2002). As a result, the VZ is thinner in

cantly greater in fetal rhesus monkey, as we have previously reported

monkeys during production of neurons destined for the upper cortical

(Barger et al., 2018). Periventricular microglia had processes that were

layers than it is in the rat at the same stage of neurogenesis. The data

more ramified and extended voluminous membranes that contacted

indicate that, as the VZ becomes thinner periventricular microglia

and enveloped multiple neighboring cells in fetal rhesus monkey, but

move closer to the ventricle, and suggest that microglial cell position

3
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FIGURE 7

Periventricular microglia (Iba1, green) in 90 days gestation fetal rhesus monkey had complex morphology and some of these cells
extended large membranous sheets that contacted and enveloped neighboring Tbr2+ NPCs. The soma of this periventricular microglial cell was
positioned 20 μm from the surface of the lateral ventricle and is indicated in optical planes 20–23 μm with white arrowheads. The cell extended
a phagocytic cup that encircled a Tbr2+ NPC (hashtag) in optical planes 18–20 μm. Five Tbr2+ NPCs (blue) that were enveloped by the
membranous extension from this periventricular microglial cell (asterisks) are visible in the optical planes at 20–22 μm (1 cell), 22–25 μm (2 cells)
and 27–32 μm (2 cells). Scale bar = 10 μm. The Z-stack can be viewed as a QuickTime movie in Supporting Information Movie 2 [Color figure can
be viewed at wileyonlinelibrary.com]
in the proliferative zones is responsive to the dynamic behaviors of

translocating radial glial cells, Tbr2+ intermediate progenitor cells, neu-

the NPC population. We noted that periventricular microglia con-

rons, and astroglia (Martinez-Cerdeño et al., 2012; Noctor et al., 2004;

tacted more NPCs in the E19 rat than in the 90 days gestation fetal

Noctor et al., 2008; Noctor, Flint, Weissman, Dammerman, & Krieg-

rhesus monkey. However, this may also be a function of developmen-

stein, 2001). Our work in the fetal rhesus monkey indicates that NPC

tal dynamics in the rhesus monkey as well since the majority of NPC

surface divisions produce translocating radial glial cells, Tbr2+ interme-

divisions shift to the SVZ by 90 days gestation, and fewer divisions

diate progenitor cells, and some self-renewed radial glial cells. In addi-

occur at the ventricle (Martinez-Cerdeño et al., 2012; Smart et al.,

tion, we have found that Tbr2+ NPCs divide at the surface of the

2002). A developmental study across gestation in both species would

ventricle during late stages of neurogenesis (Barger et al., 2018; Cun-

shed light on the position, persistence, and function of periventricular

ningham et al., 2013a). Thus, key cell fate decisions that impact cellu-

microglia in the developing mammalian neocortex.

lar composition of the cerebral cortex occur at the ventricle during
this stage of development in rat and monkey. Our data show that indi-

4.2 | Functional significance of contacts between
periventricular microglia and NPCs

vidual periventricular microglia contact the soma and pial fiber of multiple mitotic NPCs, and also make multiple contacts with the same
NPC, thus indicating that periventricular microglia have the potential

NPCs dividing at the surface of the ventricle are multipotent precursor

to contribute to NPC proliferation and cell division outcomes. Consis-

cells. Lineage studies and immunohistochemical analyses we have per-

tent with this idea, recent evidence suggests that cell types in contact

formed in rat show that during late stages of prenatal cortical devel-

with radial glial cells, such as Tbr2+ intermediate progenitor cells,

opment NPCs dividing at the ventricle yield radial glial cells,

impact radial glial cell function via cell–cell signaling (Hatakeyama
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et al., 2014; Kawaguchi et al., 2008; Yoon et al., 2008). Microglial cells
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4.3 | Health implications
Microglia are the innate immune cells of the central nervous system
(Hagberg, Gressens, & Mallard, 2012; Wolf et al., 2017), and are competent to respond to external cues in the prenatal brain. We previously showed that microglia in the embryonic rat brain respond to
maternal exposure to immunogenic agents such as lipopolysaccharide
(Cunningham et al., 2013b). Data from the past decade support that
maternal inflammatory immune responses impact health outcomes for
the developing fetus (Deverman & Patterson, 2009; Hagberg et al.,
2012; Mattei et al., 2017; Meyer, 2013; Meyer, Feldon, & Fatemi,
2009; Salter & Stevens, 2017; Wolf et al., 2017). In addition to contacting NPCs, periventricular microglia in the prenatal brain also
extend processes that contact blood vessels and the ventricular surface where they may have access to cerebrospinal fluid in the lateral
ventricle. In this way, the morphological features of microglia could
make them an exceptionally responsive sentinel and conduit for intrinsic as well as extrinsic signaling in the prenatal cortex. Our data that
shows periventricular microglia make extensive contact with mitotic
NPCs—precursor cells in the very act of forming new neural and glial
cells for the developing cerebrum—demonstrate direct neuroimmune
interactions in the fetal proliferative zones. This suggests intercellular
communication between these cell types and provides a neuroimmune mechanism for regulating NPC function under normal and aberrant developmental conditions. Our current findings demonstrate that
periventricular microglia contribute to the complex environment that
surrounds mitotic NPCs in the fetal brain. The most pertinent implication of these findings is that altering the function of fetal microglia by
intrinsic signaling or by exposure to developmental pathogens may
impact NPC function. Altering these functions could change the timing and trajectory of normal development and increase susceptibility
for altered neurodevelopmental outcomes as well as pathology across
the lifespan.
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