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Abstract
Microglial cells are increasingly recognized as modulators of brain development. We previously showed that microglia
colonize the cortical proliferative zones in the prenatal brain and regulate the number of precursor cells through
phagocytosis. To better define cellular interactions between microglia and proliferative cells, we performed lentiviral vector-
mediated intraventricular gene transfer to induce enhanced green fluorescent protein expression in fetal cerebrocortical
cells. Tissues were collected and counterstained with cell-specific markers to label microglial cells and identify other cortical
cell types. We found that microglial cells intimately interact with the radial glial scaffold and make extensive contacts with
neural precursor cells throughout the proliferative zones, particularly in the rhesus monkey fetus when compared to
rodents. We also identify a subtype of microglia, which we term ‘periventricular microglia’, that interact closely with mitotic
precursor cells in the ventricular zone. Our data suggest that microglia are structural modulators that facilitate remodeling
of the proliferative zones as precursor cells migrate away from the ventricle and may facilitate the delamination of
precursor cells. Taken together, these results indicate that microglial cells are an integral component of cortical proliferative
zones and contribute to the interactive milieu in which cortical precursor cells function.
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Introduction
The developing cerebral cortex forms from the proliferative
output of precursor cells located in the ventricular zone (VZ)

and subventricular zones (SVZ). While the cellular composition
of the cortical proliferative zones has been examined in great
detail for over a century, recent advances have uncovered
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important factors that regulate the function of neural precursor
cells (NPC). Fluorescent reporter gene labeling of cells in the
developing brain over the past 2 decades has increased the
pace of discovery and greatly expanded our understanding of
NPC function and regulation at the molecular, cellular, and
structural levels. Nevertheless, our understanding of cellular
interactions in the proliferative zones remains incomplete.

Microglial cells, the innate immune cell of the central ner-
vous system (CNS) are now recognized as key players in CNS
development. Microglia have been shown to participate in a
variety of developmental programs including the establishment
of axonal pathways (Squarzoni et al. 2014), synapse develop-
ment and maintenance (Paolicelli et al. 2011; Schafer et al. 2012),
cortical layer formation (Ueno et al. 2013; Squarzoni et al. 2014),
and an array of other processes (Salter and Stevens 2017).
Microglial cells in the embryonic mouse brain have been shown
to arise from myeloid precursor cells in the yolk sac (Alliot et al.
1999; Ginhoux et al. 2010) and migrate into the cerebral cortex
during very early stages of cell genesis. Microglia begin to colo-
nize the cortex in the mouse by embryonic day (E) 11.5 (Swinnen
et al. 2013; Arno et al. 2014), in the rat by E13 (Cunningham et al.
2013b), in the rhesus (Cunningham et al. 2013b) and cynomolgus
monkey (Toyoshima et al. 2012) during the first trimester (prior
to 50 days gestation), and in the human cerebrum by 6 weeks of
gestation (Andjelkovic et al. 1998; Verney et al. 2010). In each
species, microglial cells do not initially spread widely through-
out the brain, as found in the mature brain, but distribute to spe-
cific regions and laminae of the brain that include the cortical
proliferative zones (Rezaie and Male 1999; Swinnen et al. 2013;
Cunningham et al. 2013b; Arno et al. 2014). We previously
showed that microglial cells contribute to the regulation of cell
production in the developing cerebral cortex by phagocytosing
NPCs in the VZ and SVZ, particularly in rhesus monkeys. We
used markers for the cell-specific nuclear transcription factors
Pax6 and Tbr2 to identify NPC nuclei and Iba1 to label microglial
cells (Cunningham et al. 2013b). This approach provided clear
evidence of cell contact, envelopment, and phagocytosis of NPC
nuclei by microglia in the fetal cerebral cortex. To better under-
stand cellular interactions between microglia and NPCs prior to
phagocytosis, and the cellular interactions that occur between
microglia and NPCs that do not involve or culminate in phagocy-
tosis, we labeled NPCs with enhanced green fluorescent protein
(eGFP) via in utero lentiviral vector-mediated intraventricular
injections in rats and under ultrasound guidance in rhesus mon-
keys. This approach fully labeled the cell body and processes of
NPCs with fluorescent reporter gene and provided a means to
further establish the range, frequency, and characteristics of
microglial interactions with NPCs in the cortical proliferative
zones, broadening our understanding of microglial functions
with relation to proliferative cells in the developing brain.

The results of these studies provide a novel perspective on
microglial function in the prenatal cerebral cortex. We show that
microglial cells are an intrinsic component of the cortical prolifer-
ative zones that make extensive contacts with NPCs. In addition,
microglia closely interact with radial glial (RG) cells and interme-
diate progenitor (IP) cells in the VZ, and RG pial fibers and migrat-
ing precursor cells in the SVZ. Furthermore, we also show that
microglial cells can “multitask,” with individual microglia simul-
taneously contacting, enveloping, and phagocytosing multiple
NPCs. We provide evidence for a unique subset of microglial cells
that appear in the VZ near the margin of lateral ventricle during
later stages of cortical neurogenesis. These periventricular micro-
glia interact closely with precursor cells undergoing division at
the ventricle at a time when many RG cells and newborn

daughter cells delaminate and migrate away from the ventricle
toward the overlying SVZ. We found that microglial cells contact
NPCs in both rat and rhesus monkey developing cerebral cortex,
but that microglial cell density is substantially greater in fetal rhe-
sus proliferative zones. Together, these findings demonstrate that
microglial cells contribute to the cell-dense, highly interactive
milieu in the prenatal cortical proliferative zones.

Materials and Methods
Preparation of Viral Vectors

Retrovirus
Replication-incompetent pantropic retrovirus for use in rats and
that encodes eGFP was prepared as described previously (Noctor
et al. 2001). 293gp NIT-GFP cells were transiently transfected with
pVSV-G (Clontech) using Lipofectamine 2000 (Invitrogen) to pseu-
dotype viral particles. Supernatant was collected at 48 h post-
transfection and virus concentrated by centrifugation at 50 000 ×
g for 1.5 h at 4 °C, resuspended in Opti-MEM (Invitrogen), and
stored at ≤−80 °C until use.

HIV-1-Derived Lentiviral Vector
The HIV-1-derived lentiviral vector containing the eGFP under
transcriptional control of the MND U3 long-terminal repeat was
constructed as previously described (Naldini et al. 1996; Zufferey
et al. 1997) and kindly provided by Dr. Donald Kohn. The CCL-
lentiviral vector was used to generate recombinant lentiviral par-
ticles by transient transfection into 293T cells using established
protocols (Cooper et al. 2011).

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 (IACUC) at the University of California, Davis.

Rat
Pregnant rats at E19 were injected as previously described
(Martinez-Cerdeño et al. 2012). Briefly, rats were anesthetized
with 3–5% Isoflurane, a laparotomy was performed, and the uter-
ine horns containing embryos removed from the abdominal cav-
ity, retrovirus was injected into the lateral ventricles of embryos,
then the uterine horns were returned to the abdominal cavity
and the muscular layer and skin closed with sutures. The
injected embryos were harvested 1 day later, removed from the
dams and transcardially perfused with 4% paraformaldehyde
(PFA). Brains were extracted and postfixed in 4% PFA for 24h,
washed in phosphate buffered saline (PBS), then cryoprotected
in 30% sucrose with 0.01% sodium azide for 24 h.

Rhesus Monkey
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 = 4).
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 trimes-
ter, and 111–165 days gestation the third trimester (term 165 ±
10 days). All fetuses were assessed sonographically to confirm
normal growth and development prior to gene transfer using
standardized parameters (Tarantal 2005). The dams were admin-
istered ketamine hydrochloride (10mg/kg) intramuscular (IM) for
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ultrasound examinations. On the day of gene transfer, the dams
were administered telazol (5–8mg/kg IM) and were aseptically
prepared for transabdominal ultrasound-guided fetal gene deliv-
ery. A volume of ~50 μl of the vector supernatant was injected
under sterile conditions into the lateral ventricle using estab-
lished methods (Chang et al. 2002) (N = 2 late first trimester or
N = 2 early second trimester). Post-gene transfer sonographic
assessments were performed regularly until fetal tissue harvest
(either 5 or 14 days post-gene delivery) according to standard-
ized protocols (Tarantal and Skarlatos 2012).

Tissue Processing

Rat
Rat brains were placed in OCT media (Fisher) and flash frozen
in 2-methyl-butane (Sigma) on dry ice. Frozen brains were
sectioned coronally at 40 or 100 μm on a cryostat, and free-
floating sections stored in PBS with 0.01% sodium azide at 4 °C.

Rhesus Monkey
Fetal brains were harvested 5 or 14 days post-gene transfer.
Tissues were either perfused or immersion-fixed with 4% parafor-
maldehyde (PFA) for 2–3 days. The right hemisphere was cryopro-
tected in 30% sucrose in preparation for cryosectioning. All
tissues were cryosectioned at 100 μm on a sliding microtome.

Rat Immunohistochemistry
Free-floating tissue was washed 2× in PBS, blocked with 10% don-
key serum, then 1% Triton-x in PBS for 1 h at room temperature.
Tissue was incubated in primary antibody, goat anti-Iba1 (Wako,
1:500), which was diluted in 2% donkey serum with 0.2% Triton-x
in PBS and incubated for up to 3 days at 4 °C on a rocking plat-
form. Tissue was washed 3× in PBS, before incubating in second-
ary antibody (donkey anti-goat, Jackson Immunoresearch, 1:500)
diluted in 2% donkey serum with 0.2% Triton-x in PBS and was
incubated for 2 h at room temperature on a rocking platform.
Tissue was stained with DAPI (Sigma, 1:1000) in PBS for 15min
followed by 2× PBS washes. Tissue was then mounted on
SuperFrost slides (Fisher), covered with Mowiol, and coverslipped.

Rhesus Monkey Immunohistochemistry
Control specimens were mounted on slides, submerged in
10mM Citrate Buffer (Fisher), pH 6, and heated in a steamer for
15min (modification of Tang et al. 2007). Tissues expressing
eGFP were heated at 37 °C for 30min in 10mM citrate buffer, pH
3.5. After the citrate buffer reached room temperature, sections
were rinsed 3 times for 5 min and incubated in a blocking
buffer, containing 10% donkey serum (Millipore) and 1% Triton
X-100 (Acros) for 1.5 h at room temperature. Sections were then
incubated for 2–3 days in a primary antibody buffer containing
2% donkey serum, 1% Triton X-100, and antibodies including
some combination of sheep anti-EOMES (1:150, R&D Systems,
AF6166), mouse antiphosphorylated vimentin / 4a4 (1:100; MBL,
D076-3), rabbit anti-Pax6 (1:100, Abcam), rabbit anti-Tbr2 (1:100,
Abcam, ab23345), goat anti-GFAP (1:50, Santa Cruz), goat anti-
Iba1 (1:200, Abcam, ab5076), or chicken anti-Iba1 (1:150, SySy,
234 006). Sections were then rinsed and incubated for 2 h at
room temperature in a secondary antibody buffer with 2%
donkey serum and 1% Triton X-100 which included donkey
anti-mouse, donkey anti-rabbit, donkey anti-chicken, donkey
anti-goat, or donkey anti-sheep conjugated to the fluorophores
AF405, AF488, TRITC, or AF647. All secondary antibodies were
used at a concentration of 1:250 (Jackson Immunoresearch).

After secondary incubation, the sections were rinsed in PBS
and a coverslip placed with Mowiol.

Data Collection
Sections were imaged on an Olympus Fluoview 1000 confocal
microscope equipped with 405, 488, 543, and 633 laser lines.
Image stacks were acquired at 0.5–1.5 μm steps using 100× (NA,
1.3) or 60× (NA, 1.4) objectives. Observations were based on
over 200 confocal image stacks collected from cortical regions
spanning the rostro-caudal expanse of the fetal brain. Cellular
density estimate of microglia in the inner SVZ (iSVZ) was per-
formed in 100-μm thick coronal sections of the occipital lobe
collected from E20 rats and 100 days gestation fetal rhesus
monkeys. A grid of 100 × 100 μm was overlaid on the Z-stack
within Fluoview and all microglial cell bodies that fell within
the grid through the Z-stack were counted. Data were normal-
ized to 100 μm3 for Z-series that did not encompass a full
Z-depth of 100 μm.

Results
We have previously shown that microglial cells phagocytose
NPCs in the developing cerebral cortex (Cunningham et al.
2013b). In this previously published study, we identified NPCs
by immunostaining with cell-specific nuclear transcription fac-
tors such as Pax6 or Tbr2, and labeled microglial cells with
anti-Iba1 antibodies to show that Pax6+ and Tbr2+ NPC nuclei
were enveloped and phagocytosed by microglia in the cortical
proliferative zones (Cunningham et al. 2013b). To better define
interactions between fetal microglia, NPCs, and other cell types
in the developing cortex, we performed fetal intraventricular
injections with a retroviral vector (Noctor et al. 2008) in the E19
rat to label the entire cell body and processes of NPCs with
eGFP and counterstained tissue with anti-Iba1 antibodies to
label microglial cells (Imai et al. 1996).

Rat Microglial Cells Contact NPCs in the Developing
Cerebral Cortex

Intraventricular injections were performed on E19 rats, and
brain tissue harvested 1 day later on E20. Tissue was processed
and immunostained with Iba1 to label microglial cells and
imaged on a confocal microscope. We observed close contact
between microglia and eGFP-labeled precursor cells. Microglia
contacted, and in some cases, enveloped cellular processes of
eGFP-labeled RG cells (Fig. 1A). We also noted examples of
eGFP+ cells in the VZ with multiple processes that contacted
nearby microglial cells (Fig. 1B).

We next assessed cellular interactions between microglial
cells and NPCs in control rat embryos that had not been
injected with retrovirus. Rat neocortical tissue was coimmu-
nostained with 4a4 antibodies against phosphorylated vimen-
tin to label M-phase dividing precursor cells in the VZ and SVZ
(Kamei et al. 1998; Noctor et al. 2002; Cunningham et al. 2013a),
and against Iba1 to label microglia. We noted that Iba1+ micro-
glial cells in the VZ extended processes that contacted dividing
precursor cells undergoing division at the ventricular surface
(Fig. 1C), and away from the lateral ventricle (Fig. 1D–F). The
microglia contacted both the soma and pial process of the
dividing precursor cells (Fig. 1G), confirming that these interac-
tions occur in the normally developing brain.
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Density of Microglial Cells is Higher in Fetal Rhesus
Monkey Cortex Compared to Rat

We compared microglial distribution in the embryonic rat with
that in fetal rhesus monkey at the same relative stage of cortical
neurogenesis and found that the density of microglia in the prolif-
erative zones of the fetal rhesus monkey was substantially higher
than in the embryonic rat cortex (Fig. 2).

The morphology of individual microglial cells could be readily
discerned in the embryonic rat proliferative zones (Fig. 2C–E), but
the density of microglial cells was often too high to discern indi-
vidual microglia in the proliferative zones of some regions of the
fetal rhesus monkey cortex (Fig. 2D, Supplementary Movies 1
and 2). A comparison of microglial numbers in the occipital lobe
of prenatal monkey versus rat showed that the density of micro-
glia in the iSVZ was higher in rhesus monkeys (86.4 ± 14.8SEM per
100 μm3) than in rats at the same stage of development (6.6 ±
0.9SEM per 100 μm3).

Given the increased density of microglial cells in the prolifer-
ative zones of rhesus monkey cortex, the large difference in the
size of the proliferative zones between rat and rhesus monkey
(Martinez-Cerdeño et al. 2012) and the close phylogenetic and
developmental relationship to humans, we focused these

studies on fetal rhesus monkey cerebral cortex that had been
injected with a lentiviral vector expressing eGFP under ultra-
sound guidance. Direct injections into the lateral ventricle were
performed during the second trimester (80 days gestation) when
upper layer cortical neurons were being generated in the fetal
monkey cerebral cortex (Rakic 1974). Cortical tissue was har-
vested 5 or 14 days postinjection, sectioned, and immunos-
tained. We used a cocktail of 3 markers including Pax6 to
identify RG cells, Tbr2 to label IP cells, Iba1 to label microglia,
GFAP to label RG cell bodies and pial fibers, 4a4 to identify M-
phase precursor cells, and DAPI to label nuclei. Sections were
imaged with a confocal microscope to record the eGFP+ lentivir-
al labeled cells and 3 additional markers (Fig. 3).

Strong eGFP expression was observed in cortical cells lining
the lateral ventricle. EGFP+ cells included RG cells, IP cells, and
microglia. In 100 μm thick coronal sections, we were able to
visualize eGFP+ RG cells with pial fibers that coursed hundreds
of microns toward the overlying cortical plate (Fig. 3A).

Microglia Contact RG Cells in Fetal Rhesus Monkey Cortex

EGFP+ RG cells were contacted by multiple microglia in the VZ
and along the pial fiber in the SVZ. The RG cell shown in

Figure 1. Microglial cells contact eGFP-expressing RG cells in the VZ of the embryonic day (E) 20 rat. (A1-A4) The ventricular contacting process of an RG cell (green) in

the VZ is intimately surrounded by an Iba1+ microglial cell (red), forming a groove through which the RG cell processes course. White line highlights trajectory of RG

cell process through the microglial cell. (B) An eGFP-expressing RG cell (green) contacted multiple microglia (red) in the VZ (white arrowheads). (C) Microglial cells con-

tact mitotic precursor cells in control rat cerebral cortex. An Iba1+ microglial cell (red) extended a process toward the ventricular surface that bifurcated and termi-

nated on 2 4a4+ M-phase dividing precursor cells (green, white arrowheads). (D) An Iba1+ microglia (red, white arrow) extended a process containing apparent

lysosomes toward the ventricle that contacted 4a4+ cells (white arrowhead). The same microglia extended a second process in the opposite direction that contacted

a precursor cell dividing away from the ventricle (yellow arrowhead). (E-G) Iba1+ microglia (red) in the VZ extended processes toward the ventricle that intercalate

between dividing precursor cells (green). Iba1+ microglia (red) in the SVZ made direct contact with and enveloped the varicosities (white arrowheads) on pial fibers of

M-phase dividing RG cells. LV, lateral ventricle. Scale bars = 10 μm.
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Figure 3A (white arrow) was a typical example and had a pial
fiber that extended over 300 μm from the ventricle and was
contacted by 6 Iba1+ microglial cells (asterisks, Fig. 3B).

The RG cell in Figure 3A, B (white arrow) was adjacent to 2
additional eGFP-labeled cells near the lateral ventricle (Fig. 3b1,
white arrows). An Iba1+ microglia near the ventricle extended a
large process that intercalated between the cells and was in
apparent contact with the ventricular processes of the 3 eGFP+
RG cells (Fig. 3b1, white arrowhead). Microglia closely contacted
RG cell pial fibers in a variety of ways. Some microglia interacted
with pial fibers via large process extensions that partially
wrapped the pial fiber (Fig. 3b3 and 3b4, white lines), and we
noted that microglia often interacted with pial fibers in locations
where enlargements or varicosities in the pial fiber were present
(Fig. 3b3 and 3b4). We also noted microglia that had phagocy-
tosed eGFP+ cellular elements, suggesting the pruning of eGFP+
cellular processes (Fig. 3b2). Microglia also extended processes
that enveloped the fiber with a “handhold” appearance (Fig. 4A,
open arrowhead), or extended multiple thin processes that
encircled RG pial fibers (Fig. 4A, white arrowheads). We also
observed microglia that resembled newborn cortical neurons
migrating along pial fibers (Rakic 1972). These Iba1+ microglia
extended a short leading process and were apposed to the RG
cell pial fiber (Fig. 4B1–4B3).

To estimate the frequency of microglial cell contacts with RG
cells, we traced the pial fiber of eGFP+ RG cells in 100 μm thick
sections (N = 11) and quantified the number of contacts. The RG
cells had pial fibers ranging from 70 to 335 μm long (average
length 170 ± 26.2 μmSEM). Each pial fiber was contacted by 5.0 ±
0.8SEM microglial cells, and the interval between microglial cell
contacts along the pial fiber averaged 34 μm. These data demon-
strate a high frequency of contact points between microglia and
RG cells in the cortical proliferative zones of the fetal rhesus
monkey.

We tested whether cellular interactions between microglia
and NPCs differed in injected versus noninjected tissues, or were
influenced by eGFP expression. In cortical tissue obtained from
control, age-matched fetal rhesus monkeys we labeled dividing

RG cells and their pial fiber with the 4a4 antibody (Noctor et al.
2002; Cunningham et al. 2013a), and costained tissue with Iba1.
The 4A4 immunostaining labeled RG cells that were dividing at
the surface of the lateral ventricle as well as their pial fibers. We
observed the same cellular interactions between microglia and
4A4+ dividing precursor cells in control tissue that we noted in
eGFP-expressing specimens: microglia directly contacted the pial
fiber of proliferative RG cells (Fig. 4C), and some microglia gave
the appearance of migrating along RG pial fibers (Fig. 4D1–D4).

Microglia Interact with IP Cells in Fetal Rhesus Monkey
Cortex

In the second trimester of fetal monkey development, Tbr2+ IP
cells are localized in a dense band in the iSVZ, a more diffuse
band in the outer SVZ (oSVZ), and also sparsely populate the VZ
(Martinez-Cerdeño et al. 2012). Microglia interactions with Tbr2+
and SVZ precursor cells occurred in each zone, and included
contact, envelopment of cellular processes, and phagocytosis of
entire cells. The microglial cell shown in Figure 5 (large arrow-
head) extended reticulated processes that enveloped the ventric-
ular contacting process and surrounded the soma of a Tbr2+
precursor cell in the VZ (Fig. 5, small arrowheads). The eGFP+
cell shown in Figure 6A (white arrow) was located in the iSVZ
and had the morphological appearance of a migrating cell. It had
a leading process 55 μm long (small arrowheads) and a trailing
process in contact with the pial fiber of its presumed RG parent
cell. This cell expressed Pax6, but not GFAP (Fig. 6C,D). Iba1
immunostaining showed that microglia contacted the soma and
enveloped the leading process of the migrating cell (Fig. 6B).

Periventricular Microglia Cells Contact NPCs at the
Ventricle in Fetal Rhesus Monkey

We noted a novel microglial subtype in the VZ we termed peri-
ventricular microglial cells that were positioned at the surface
of the ventricle or in the VZ close to the ventricle. Figure 6G
and H show a microglial cell located on the surface of the

Figure 2. The density of microglial cells is higher in the proliferative zones of fetal rhesus monkey cerebral cortex than in the prenatal rat at the same relative stage

of cortical development. (A) Distribution of microglial cells (green) in the fetal rhesus cerebral cortex in the second trimester (100 days gestation). (B) Same section at

higher power highlights the density of microglial cells in the iSVZ and outer SVZ (oSVZ). (C) E22 rat neocortex shown at the same scale as panel B. In comparison, the

density of microglia is much lower in the rat cortical proliferative zones at the same relative stage of cortical development. (D, E) Sections from the occipital cortex of

the rhesus fetus in the second trimester (100 days gestation) and E22 rat highlight the dramatic difference in density of microglia between species. Microglial cell bod-

ies and processes overlap in the fetal rhesus monkey, while individual cells can be visualized in the rat. Blue, DAPI.
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lateral ventricle (large arrowhead) that contacted the apical
surface of 3 eGFP-labeled precursor cells (Fig. 6G, H, small
arrowheads; Supplementary Movie 3). This microglial cell may
have contacted additional NPCs that were not labeled with
eGFP.

We next examined the population of microglia within the VZ
but located close to the ventricle. The periventricular microglia
increased in number at later stages of neurogenesis as the micro-
glial cell population in the cortex increased. The periventricular
microglia appeared to be a distinct subset of microglia that were
more ramified than microglial cells located in the SVZ and were
often positioned approximately 10–30 μm from the ventricle,

extended elongated processes parallel to ventricle (Fig. 7A, large
arrowhead), and contacted NPC processes (Fig. 7A, small
arrowheads).

To better visualize periventricular microglia interacting with
NPCs undergoing division at the ventricle, we examined micro-
glia and mitotic NPCs at the surface of the ventricle in control
specimens that preserved the ventricular surface. We stained
the tissue with 4a4 to label mitotic NPCs, Iba1 to label micro-
glia, and Pax6 or Tbr2 to label NPCs.

The ‘en face’ approach showed that many 4a4+ M-phase
cells dividing at the ventricle were contacted by microglial cell
processes (Fig. 7B, white arrows), including dividing NPCs that

Figure 3. Microglial cells intimately interact with RG cells. (A) EGFP-expressing NPCs in the second trimester fetal rhesus cerebral cortex (5 days post-gene transfer).

The eGFP+ RG cell (white arrow) had a pial fiber that coursed over 300 μm from the ventricle. (B) The section was triple immunostained with Iba1, Pax6, and Tbr2. Five

Iba1+ microglia (red) directly contacted the pial fiber (white asterisks), and additional microglia included in the image were adjacent to but did not contact the pial

fiber. (b1) The RG cell (white arrow, dotted circle) and neighboring eGFP+ cells (white arrows) expressed Pax6 (blue) but not Tbr2 (magenta). A microglial cell near the

ventricular surface (white arrowhead) extended a large process that contacted and intercalated between the ventricular contacting processes of the eGFP+ VZ cells.

(b2) Some microglia in the proliferative zones phagocytosed eGFP+ elements (white arrow), suggesting the pruning of eGFP+ cellular processes. (b3, b4) Microglial cells

(red) often contacted pial fibers in locations where varicosities and enlargements were present. The microglia partially enveloped the pial fiber, creating an apparent

groove or channel through which the pial process coursed (white lines). The scale bar in A = 25 μm applies to B. Scale bar in b1 = 10 μm applies to b1–b4.
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expressed Tbr2 (Fig. 7B, yellow arrows). Microglial processes
were located around the perimeter of 4a4+ cells, and in close
contact with the 4a4+ NPC soma and processes. Some periventri-
cular microglia extended thin processes that terminated on
NPCs with a bouton-like terminal (Fig. 7B, white arrows;
Supplementary Movie 4). The close, intimate contact between
microglial cells and mitotic NPCs is consistent with the concept
of functional interactions between these cell types.

EGFP+ Microglia Highlight NPC Contacts in Fetal Rhesus
Monkey Proliferative Zones

Microglial cells were also labeled with eGFP. Most eGFP+ micro-
glia were located in the VZ near the lateral ventricle as expected,
but some were positioned hundreds of microns from the ventri-
cle, suggesting they had migrated away after in utero lentiviral
vector administration. EGFP-labeling of microglia confirmed that

Figure 4. Microglia exhibit different forms of contact with the pial fibers of RG cells. (A) A microglial cell (red, yellow arrowhead) extended a process that contacts the

pial fiber (green) via a “hand-hold” (open arrowhead), and other microglial processes encircled an adjacent pial fiber (white arrowheads). Left and right panels show

same image for comparison with adjacent panels. (B1-B3) Some microglia appear to migrate along RG pial fibers. A microglial cell (red) is closely affiliated with an

eGFP+ pial fiber (green). An Iba1+ microglial cell (red) is attached to the fiber. (B3) Single optical plane shows close affiliation of the microglial cell (red) with the RG

pial fiber (green). (C) Cortical tissue from control age-matched fetal monkey with stained Iba1 (red) and 4a4 (green) showed the same relationship between microglia

and RG pial fibers in control animals. (D1-D4) Microglia contact pial fibers of mitotic RG cells in control animals. Fetal tissue from age-matched control monkey stained

with 4a4 (green) and Iba1 (red) show microglial cell contact with the RG cell pial fiber. Microglia often contacted the pial fibers near enlargements and varicosities

(asterisk). RG cell body indicated with white arrow. Scale bar in A = 10 μm, C = 5 μm, and D = 10 μm.
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microglia near the ventricle contacted RG cell bodies while
microglia in the SVZ contacted RG pial fibers. The data also
showed that eGFP+ microglia were often in contact with eGFP+
NPCs. Figure 8 shows an eGFP+ RG cell with a pial fiber extend-
ing 250 μm in the radial direction and parallel to the ventricular
surface for an additional 50+ μm. This pial fiber was contacted by
7 microglia (Fig. 8, white asterisks), one of which was eGFP+
(Fig. 8, white arrowhead). The RG cell expressed Pax6, but not
Tbr2 (see Fig. 9C–G, white arrow), and included a Tbr2+ daughter
cell apposed to the pial fiber (Fig. 9C–G, white arrowhead). The
eGFP+ microglia contacting the pial fiber away from the ventricle
had the complex activated morphology typical for microglia in
the fetal monkey SVZ (Fig. 8, white arrowhead; Cunningham
et al. 2013b). Confocal imaging confirmed that this eGFP+ cell
expressed Iba1 and showed the contact point with the eGFP+
pial fiber (Fig. 9B).

An adjacent eGFP+ RG cell that was Pax6+ and Tbr2-negative
(Figs 8 and 9C–G, yellow arrow) was contacted by an eGFP+
microglial cell near the ventricle (Fig. 9C–G, yellow arrowhead).
This eGFP+ microglia contacted the ventricular process of the
eGFP+ RG cell (Fig. 9D–F, yellow asterisk). These data highlight
the variety and extent of contacts between microglia and NPCs.

Microglia in the Fetal Rhesus Monkey Cortex
Simultaneously Perform Multiple Tasks

The morphology of many microglia in fetal monkey prolifer-
ative zones was difficult to discern through immunolabeling
alone because of the cells’ irregular shape and the high density
and overlapping distribution of microglia in the fetal monkey
VZ and SVZ (Fig. 2D). Figure 10 provides 3D perspective of an
eGFP-labeled microglia to demonstrate the complex morphol-
ogy and multiple interactions between microglia and surround-
ing NPCs. The image of the eGFP+ microglial cell produced
from the full Z-series is shown at top (Fig. 10, row A) and subse-
quent rows show sequential subsets of optical planes in the
Z-series (Fig. 10, rows B–E).

The first subset of optical planes in the Z-series (Fig. 10, row B)
shows that the microglial cell (yellow arrowhead) phagocytosed
a Tbr2+ cell (white arrow). The Tbr2-expressing nucleus was
completely enveloped by the eGFP+ microglial cell. In the second
subset of optical planes (Fig. 10, row C), the enveloped Tbr2+
nucleus remained visible and a phagocytic cup process contacting

a second Tbr2+ nucleus was visible (white arrows, Fig. 10, row C).
The third subset of optical planes (Fig. 10, row D) showed themicro-
glial cell (yellow arrowhead) extended a reticulated process that
contacted the soma of an eGFP+ RG cells (Pax6+/Tbr2-negative,
open arrowhead). EGFP expression highlighted reticulated processes
that were difficult to visualize solely with Iba1-immunoreactivity
(Fig. 10, row D, small yellow arrowheads). The eGFP+ microglial cell
also extended a thin Iba1+ process in the opposite direction that
contacted an eGFP+ cell at the ventricle (Fig. 10, row D, small white
arrowheads). The final subset of optical planes (Fig. 10, row E)
showed that the microglial cell contacted the ventricular process of
a fifth precursor cell that expressed Pax6 (Fig. 10, row E, yellow
asterisk). The RG contacted by the microglia in row D is indicated
by the empty arrowhead. Together these panels show that this
eGFP+ microglial cell simultaneously interacted with at least 5
NPCs in the VZ. This level of morphological complexity, with micro-
glial cells directly contacting, enveloping, and phagocytosing multi-
ple surrounding cells, simultaneously, was common in the fetal
rhesus monkey telencephalon.

Discussion
Investigations in the developing brain have shown that micro-
glia derive from yolk sac precursor cells (Ginhoux et al. 2010)
begin to colonize the forebrain early in prenatal development
(Andjelkovic et al. 1998; Rezaie and Male 1999; Verney et al.
2010; Toyoshima et al. 2012; Swinnen et al. 2013; Cunningham
et al. 2013b; Arno et al. 2014) and are critical partners in key
developmental processes (Schafer et al. 2012; Ueno et al. 2013;
Squarzoni et al. 2014; McCarthy and Wright 2017; Salter and
Stevens 2017; Bilbo et al. 2018). However, the characteristics
and functions of microglial cells in the developing brain are not
yet fully understood.

In a previous study, we showed microglia phagocytose NPCs
in the fetal cerebral cortex by labeling nuclear transcription fac-
tors specific to NPCs through immunostaining (Cunningham
et al. 2013b). In the present study, we labeled NPCs in the fetal
rhesus monkey with eGFP to gain a broader understanding of
the cellular interactions between microglia and NPCs. We
found that microglial cells make extensive contacts with NPCs
throughout the VZ and SVZ and intimately interact with the RG
scaffold. We noted that individual RG cells are contacted by
multiple microglial cells at points from the ventricle through

Figure 5. Microglia contact Tbr2+ cells in the VZ and SVZ. A microglial cell (red, large white arrowhead) enveloped an eGFP+ VZ precursor cell (green) that expressed

Tbr2 (blue). The microglial cell extended reticulated processes that fully enveloped the ventricular contacting process and most of the soma (small white arrowheads)

of the Tbr2+ cell. Scale bar = 10 μm.
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the proliferative zones, and that single microglial cells interact
with multiple NPCs simultaneously. The ubiquity, variety, and
complex nature of the interactions between these cell types
suggest that microglia contribute to the regulation of NPC func-
tion in the developing brain.

Microglia in the Fetal Rhesus Cortical Proliferative
Zones Display Complex, Activated Morphology

In the healthy adult cerebral cortex, microglial cells exhibit a
“tiled” evenly spaced distribution with minimal overlap of pro-
cesses between neighboring microglia. In contrast, microglia in
the prenatal cerebral cortex are unevenly distributed; they
sparsely populate the developing gray matter, densely populate

regions including the proliferative zones, and can overlap with
neighboring cells. Furthermore, microglia in the fetal monkey
cortex exhibit complex morphologies that, in the adult, would be
classified as activated or typical for neuropathology. Microglial
morphology in the fetal brain ranged from ameboid cells that
lack detectable processes, to large cells with a few thick pro-
cesses, to bipolar cells with elongated processes. In general, the
morphology of microglia was associated with their location in
the fetal cerebral cortex. For example, microglial cells in the SVZ
often had large soma with short, thick processes (Fig. 2D), while
microglia near the ventricle often elaborated long processes that
extended parallel to the surface of the ventricle (Fig. 7A).
Purinergic signaling has been shown to influence microglial mor-
phology (Matyash et al. 2017). During early stages of cortical

Figure 6. Microglia contact migrating cells in the SVZ. (A) An eGFP+ migrating daughter cell 200 μm from the ventricle in the SVZ (white arrow) from second trimester

rhesus monkey (100 days; 14 days post-gene transfer). The daughter cell extended a leading process ~55 μm long (white arrowheads) and a trailing process. (B) Merged

panel showing intercellular relationships between eGFP+ pial fibers (green) and microglia (red). (C) The pial processes of the RG cells were GFAP+ (blue), but the

migrating daughter cell did not express GFAP (white arrow, arrowheads). (D) The daughter cell expressed Pax6 (magenta). (E) Merged projection image. (F–H)

Microglial cells contact NPCs at the ventricular surface. The panels show one microglial cell at the lateral ventricle (large white arrowhead) contacting the apical sur-

face of 3 eGFP+ NPCs (small white arrowheads). Scale bars = 20 μm.
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development, microglial morphology may also be influenced by
the lack of an intact blood-brain barrier. Consistent with this
idea, regions of the adult CNS that lack a blood-brain barrier,
such as the pineal gland, are populated by microglia with a
highly activated profile (Ibanez Rodriguez et al. 2016). The mor-
phological phenotypes of microglia in the fetal monkey and rat
cerebral cortices were similar, but we found that the density of
microglia was much higher in the proliferative zones of the fetal
rhesus monkey brain than embryonic rat in a volume per vol-
ume comparison (Fig. 2; Supplemental Movies 1 and 2). The
increased density of microglia in primate versus rodent germinal
zones may correlate with the significantly greater number of pre-
cursor cells in primates compared to rodents, and could also
reflect closer interactions between microglia and NPCs in the pri-
mate brain.

Microglia Make Extensive Contacts with RG Cells and
SVZ Cells in the Fetal Rhesus Monkey Cerebral Cortex

We observed numerous contact points between RG cells and
microglial cells in the rhesus brain. Individual RG pial fibers were
contacted by microglial cells on average every 35 μm along the
fiber. The contacts were not evenly spaced and often occurred
where enlargements or varicosities were visible on the fiber (Figs
3 and 4). We were unable to determine which cell(s) initiated
contact in fixed tissue sections, or how intercellular contacts
may change over time. However, the potential for microglia to
initiate contact with RG cells is supported by our time-lapse
recordings showing predictable and constrained movements of
RG cells and RG pial fibers over long periods of time (Noctor et al.
2001, 2004, 2008; Martinez-Cerdeño et al. 2012), compared to the

Figure 7. Periventricular microglia (red, white arrowhead) extend processes that are oriented parallel to the surface of the lateral ventricle. The periventricular micro-

glia wrapped the ventricular contacting process of eGFP+ RG cells (small white arrowheads). (B) En-face view of the VZ in a control age-matched fetal rhesus monkey

in the second trimester shows that microglia contact and closely interact with dividing NPCs at the surface of the ventricle. Most 4a4+ NPCs (green) dividing at the

surface of the ventricle were contacted by processes of Iba1+ microglial cells (red). Some dividing NPCs expressed Tbr2 (blue, yellow arrow). Microglia also contacted

Tbr2+ cells at the surface that were not dividing. Periventricular microglia had ramified processes that were thinner than microglia in the SVZ. Small green dots rep-

resent processes of interphase VZ cells. Inset at bottom right illustrates orientation of cortical tissue with dividing NPCs at the surface of the ventricle (green circles).

CP, cortical plate. Scale bars = 10 μm.
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high motility of microglial cells (Dailey and Waite 1999; Davalos
et al. 2005; Cunningham et al. 2013b), particularly in younger ani-
mals (Damani et al. 2011).

The morphology of the microglial contact with RG cells can
be classified into 4 broad categories: 1) large membranous
extensions that enveloped NPC soma (Fig. 10B, D); 2) phagocytic
cups (Fig. 10C); 3) reticulated process extensions (Figs 5 and
10D); and 4) thin processes that enveloped RG pial fibers in the
manner of a “hand-hold” (Fig. 4A), or that terminated on NPCs
with a bouton-like terminal (Fig. 7B). We also observed micro-
glia that appeared to migrate along RG pial fibers (Fig. 4B) in a
manner reminiscent of neuronal migration (Rakic 1972). We did
not detect a difference in the frequency of these types of inter-
actions. These potentially distinct forms of contact between
microglia and NPCs could represent stochastic processes, or
may represent stages in a common sequence of cellular inter-
actions. Alternatively, the distinct morphological forms of

microglial—NPC interactions could underlie distinct forms of
cellular interactions, and the extension of process types may
differ in response to specific stimuli. For example, ATP stimu-
lates targeted process extension by microglial cells (Davalos
et al. 2005; Hristovska and Pascual 2015). Proliferative cells in
the VZ release ATP via hemichannels (Weissman et al. 2004),
which may account for the microglial process extensions in the
proliferative zones. Furthermore, specific forms of microglial
extensions may represent a specialized form of membrane ruf-
fling that is associated with cell pruning or phagocytosis
(Ohsawa et al. 2000). In addition to contact points between
microglia and RG cells, microglial cells also made extensive
contacts with precursor cells in the SVZ. Of particular interest,
we noted microglial cells closely interacting with the leading
process of migrating daughter cells (Fig. 6A–E). Our data indi-
cate that neuroimmune interactions may contribute to cellular
migration in the fetal rhesus monkey cortex.

Figure 8. EGFP-expressing microglia often contact eGFP+ NPCs. eGFP+ microglial cells near the lateral ventricle (yellow arrowhead), and at a distance from the ventri-

cle (white arrowhead) contacted eGFP+ RG cells. The microglial cell near the ventricle (yellow arrowhead) made contact close to the RG cell soma (yellow asterisk),

and the microglial cell away from the surface (white arrowhead) contacted the RG pial fiber (white arrow). (A) Montage showing eGFP+ cells (green) in tissue immu-

nostained for Iba1 microglia (red) and Tbr2 (blue). The RG pial fiber was contacted by 7 microglial cells (white asterisks). (B) Montage constructed by tracing a single

eGFP+ pial fiber through each optical plane in a confocal Z-series. The pial fiber of the RG cell (white arrow) is contacted by an eGFP+ microglial cell 250 μm from the

ventricle (white arrowhead). An adjacent eGFP+ RG cell (yellow arrow) is contacted by an eGFP+ microglial cell (yellow arrowhead) at the ventricle. Scale bar = 25 μm.
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Microglial Cells Perform Multiple Tasks in the Fetal
Rhesus Cerebral Cortex

EGFP-labeling showed that individual microglia closely interacted
with multiple precursor cells simultaneously (Fig. 10). Cortical neu-
rons synapse with thousands of neurons (Schuz and Palm 1989),
and Bergmann glia in the cerebellum (Muller and Kettenmann
1995), and cortical astrocytes (Matyash and Kettenmann 2010) con-
tact thousands of synapses that may include multiple cell types.
Given the high connectivity between other cortical cell types, it is
not surprising that microglia behave similarly.

The functional implications of contacts between fetal micro-
glia and cortical NPCs are not yet understood, but the location
and timing of these cellular interactions provide clues. During
the stage of development that we analyzed in the second trimes-
ter fetal rhesus monkey, several developmental processes occur
with respect to NPCs. Some RG cells continue to cycle in the VZ,
undergoing divisions at the lateral ventricle that generate Tbr2+
IP daughter cells (Martinez-Cerdeño et al. 2012; Cunningham
et al. 2013a). Many Tbr2+ IP daughter cells migrate to the SVZ,
but some remain in the VZ and undergo divisions at the surface
of the lateral ventricle (Fig. 7B). Some RG cells also delaminate
from the ventricle and shift from the VZ to the SVZ by translocat-
ing the soma within the pial fiber, as shown in the rat (Noctor
et al. 2004, 2008), human (Fietz et al. 2010; Hansen et al. 2010),
monkey (Schmechel and Rakic 1979; Martinez-Cerdeño et al.
2012), and ferret (Voigt 1989; Reillo et al. 2011; Poluch and Juliano
2015; Wolf et al. 2017). Following the mass exodus of translocat-
ing RG cells, the VZ becomes significantly thinner and by the late
second trimester (100 days gestation) the number of NPC divi-
sions at the ventricle decreases significantly (Martinez-Cerdeño
et al. 2012) and the neuroepithelium transforms into an

ependymal layer. How NPC delamination occurs is not yet fully
understood. Microglial cells are known to perform homeostatic
functions that include cellular pruning and phagocytosis
(Kettenmann et al. 2011; Wolf et al. 2017). Our data show micro-
glia positioned at the surface of the ventricle during a time when
NPCs delaminate, and as the neuroepithelium transitions into an
ependymal layer (Cunningham et al. 2013a), suggesting the possi-
bility that microglia can facilitate the detachment of NPCs from
the ventricular surface and function as structural modulators
that play a role in remodeling the proliferative zones during late
stages of neurogenesis. The proliferative zones in fetal rhesus
monkey are significantly thicker than in rodents such as mice or
rats (Smart et al. 2002; Fietz et al. 2010; Hansen et al. 2010;
Martinez-Cerdeño et al. 2012). Consequently, the rhesus monkey
proliferative zones likely require more extensive remodeling after
precursor cells exit. This may be a factor in the larger microglial
cell population in the rhesus monkey VZ and SVZ.

Implications for Developmental Neuropathology

The risk of inflammatory immune responses during prenatal
development has become increasingly clear (Deverman and
Patterson 2009; Meyer et al. 2009; Meyer 2013; Hagberg et al.
2012; Mattei et al. 2017; Salter and Stevens 2017; Wolf et al. 2017).
Maternal influenza during the first trimester has been associated
with neurodevelopmental disorders including autism (Brown
et al. 2004; Hagberg et al. 2012), could potentially establish long-
lasting elevated levels of microglial activation in the autistic neo-
cortex (Morgan et al. 2010), and altered profiles of connectivity
(Salter and Stevens 2017). These findings are consistent with the
idea that maternal immune activation is a factor that can impact

Figure 9. EGFP+ microglia affiliate with eGFP+ RG cells. (A) The eGFP+ microglial cell in the iSVZ shown in Figure 8. (B) Single optical plane shows the microglial cell

contacted the RG pial fiber (white arrowheads) and expressed Iba1. (C-G) The RG cell on the right (white arrow) had a Tbr2+ daughter cell (white arrowhead), and a

pial fiber that was contacted by the microglia shown in panel A. The RG cell on the left (yellow arrow) was contacted by an eGFP+ microglial cell near the ventricle

(yellow arrowhead); contact point indicated by yellow asterisk. (D) EGFP expression; (E) Iba1 immunostaining. (F, G) Both RG cells expressed Pax6 (magenta) but not

Tbr2 (blue). Scale bars = 10 μm.
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the status and function of microglia in the developing cortex.
Our data show extensive intimate contact between microglial
cells and NPCs in the fetal rhesus monkey brain. The close
nature of these interactions supports the concept of intercellular
communication between the cells. These findings also strongly
suggest that altering the function of fetal microglia directly by
exposure to viruses or other pathogens can impact NPCs. The
function and behavior of NPCs are complex, and include produc-
tion of several daughter cell types (Shen et al. 2006; Noctor et al.
2008), molecular signaling with daughter cells (Yoon et al. 2008;
Hansen et al. 2010; Shitamukai et al. 2011), and distinct migra-
tory behaviors. Altering any of these functions could significantly
change the timing or trajectory of normal developmental pro-
grams, set the stage for neuropathology, and could increase

susceptibility for disease later in life. Our previous data showing
the temporal gradient in microglial colonization of the fetal pri-
mate SVZ (Cunningham et al. 2013b) may help explain the asso-
ciation between the timing of maternal immune activation and
neuropsychiatric or neuropathological outcomes (Meyer et al.
2006). Precursor cells develop and function in a dense milieu
that includes microglia; our current findings expand the reper-
toire of microglial cells to include monitoring, maintaining, and
remodeling the neurogenic niche of the fetal primate cerebral
cortex.

Supplementary Material
Supplementary material is available at Cerebral Cortex online.

Figure 10. Microglial cells simultaneously perform multiple tasks: a single microglial cell contacted and/or phagocytosed 5 nearby precursor cells. (A) Projection image

from the full Z-series shows the complex morphology of one microglial cell (yellow arrowhead). This cell expressed Iba1 and contacted (yellow asterisk) an adjacent

eGFP+ RG cell (yellow arrow) and other VZ cells. (B) The first subset of optical plane images shows that the microglial cell phagocytosed a Tbr2+ cell (white arrow). (C)

The second subset of optical planes shows that the same microglial cell extended a phagocytic cup in contact with a second Tbr2+ cell (white arrows). (D) The third

subset of optical planes shows that the microglia extended a reticulated process (small yellow arrowheads) that contacted an eGFP+/Pax6+ RG cell (white arrowhead)

and extended a process in the opposite direction that cradled the ventricular process of another eGFP+ RG cell (small white arrowheads). (E) The fourth subset of opti-

cal planes shows that the microglia (yellow arrowhead) made contact (yellow asterisk) with another eGFP+ RG cell that expressed Pax6 (white arrowheads). The eGFP

+ RG cell contacted in row D is indicated with the empty white arrowhead. Scale bar in A = 10 μm applies to all panels. LV, lateral ventricle.
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