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a  b  s  t  r  a  c  t

Microglia,  which  migrate  into  the central  nervous  system  (CNS)  during  the  early  embryonic  stages,
are  considered  to play  various  roles  in CNS  development.  However,  their  embryonic  roles  are  largely
unknown,  partly  due  to  the  lack  of  an effective  microglial  ablation  system  in  the embryo.  Here,  we  show
a  microglial  ablation  model  by injecting  diphtheria  toxin  (DT)  into  the  amniotic  fluid  of  Siglechdtr mice,
in  which  the  gene  encoding  DT receptor  is knocked  into  the  microglia-specific  gene locus  Siglech.  We
revealed  that  embryonic  microglia  were  depleted  for several  days  throughout  the  CNS,  including  some
Embryo
Depletion
Development
Diphtheria toxin
In utero
Macrophage

regions where  microglia  transiently  accumulated,  at any  embryonic  time  point  from  embryonic  day  10.5,
when  microglia  colonize  the  CNS.  This  ablation  system  was  specific  for microglia  because  CNS-associated
macrophages,  which  are  a distinct  population  from  microglia  that  reside  in  the  CNS  interfaces  such  as
meninges,  were  unaffected.  Therefore,  this  microglial  ablation  system  is  highly  effective  for  studying  the
embryonic  functions  of microglia.

© 2021 Elsevier  B.V.  and  Japan  Neuroscience  Society.  All rights  reserved.
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1. Introduction

Microglia, a type of mononuclear cells in the central nervous
system (CNS), solely originate from embryonic macrophage pre-
cursors in the yolk sac and invade the brain at embryonic day
(E) 9.5–10.5 (Ginhoux et al., 2010; Kierdorf et al., 2013; Hoeffel
et al., 2015; Ginhoux and Guilliams, 2016). Given colonizing the CNS
prior to the generation of neurons, astrocytes, and oligodendrocytes
(Silva et al., 2019), microglia are thought to participate in vari-
ous CNS developmental events. Recent studies have revealed some

microglial functions during postnatal development, such as neu-
ronal survival and elimination (Marín-Teva et al., 2004; Ueno et al.,
2013), synapse formation and elimination (Paolicelli et al., 2011;

Abbreviations: CAMs, CNS-associated macrophages; CC, corpus callosum; CNS,
central nervous system; CP, cortical plate; DAPI, 4′ ,6-diamidono-2-phenylindole;
DREZ, dorsal root entry zone; DT, diphtheria toxin; DTA, DT fragment A; DTR,
DT  receptor; E, embryonic day; IZ/SVZ/VZ, intermediate zone/subventricular
zone/ventricular zone; PBS, phosphate buffered saline; WT,  wild-type.
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chafer et al., 2012; Miyamoto et al., 2016), and myelin formation
Wlodarczyk et al., 2017). In contrast, microglial function in the
mbryonic CNS remains poorly understood. Several studies have
hown that microglia play a role in neurogenesis (Cunningham
t al., 2013), neuronal differentiation (Hattori and Miyata, 2018;
attori et al., 2020), and axonal elongation (Squarzoni et al.,
014). However, studies reporting functions of microglia during
he embryonic period are significantly fewer than those during
ostnatal development.

A microglia-specific ablation system is a useful tool in investi-
ating the novel functions of microglia. In addition to parenchymal
icroglia, several types of macrophages reside in CNS interfaces,

uch as perivascular spaces, leptomeninges, and choroid plexus in
dult mice (Goldmann et al., 2016; Prinz et al., 2017). Given that
hese CNS-associated macrophages (CAMs) are mostly of embry-
nic origin and colonize CNS interfaces during the embryonic stage

ike microglia (Goldmann et al., 2016; Utz et al., 2020), embry-
nic microglial ablation systems for studying their functions are
equired to minimize damage to CAMs.
Various types of microglial ablation methods have been
eported in adult mice. Pharmacologically, the CSF-1R inhibitor
LX3397 or PLX5622, which significantly inhibits the survival signal
f microglia, has been used frequently because oral administration

ific ablation in the embryonic central nervous system, Neurosci.
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of the chow containing these reagents can conveniently deplete
almost all microglia in adult mice (Elmore et al., 2014). However,
these PLX compounds are also effective for various types of periph-
eral macrophages and CAMs (Van Hove et al., 2019; Lei et al., 2020).
Indeed, PLX5622 eliminates more than 99% of microglia in embry-
onic mice when the reagent is administered to dams; however,
embryonic exposure to PLX5622 causes craniofacial and dental
abnormalities, possibly due to impaired functions of peripheral
macrophages and/or osteoclasts (Rosin et al., 2018), suggesting that
PLX5622 also depletes CAMs in the embryonic brain. In addition to
pharmacological strategies, mice deficient in Sfpi1 (gene encoding
PU.1) or Csf1r are used because these mutant mice are devoid of
microglia (Erblich et al., 2011; Squarzoni et al., 2014). However,
embryonic macrophages are also affected in these mice, although
the extent to which they are affected depends on the type of CAM
(Angelim et al., 2018; Munro et al., 2020). For conditional ablation of
microglia in adulthood, microglia- or mononuclear lineage-specific
CreER driver mice are crossed with Cre-inducible “diphtheria toxin
(DT) receptor (DTR)” or “DT fragment A (DTA),” or Csf1rfl/fl mice
(Cronk et al., 2018; Han et al., 2019). The most commonly used
CreER driver line is Cx3Cr1CreER (Yona et al., 2013). However, the
Cx3Cr1CreER-based system is very likely to ablate CAMs in addition
to microglia in embryonic mice, given that CX3CR1 is also expressed
by embryonic CAMs (Goldmann et al., 2016). To improve the speci-
ficity of microglia, several CreER driver lines, Sall1CreER (Buttgereit
et al., 2016), Tmem119CreER (Kaiser and Feng, 2019), P2ry12CreER

(McKinsey et al., 2020), and HexbCreER (Masuda et al., 2020), all
of which use gene loci highly specific to microglia in adulthood,
have been reported recently. Among these CreER driver lines, at
least P2ry12CreER could achieve specific ablation of microglia in
the embryo, given the specificity and expression level of P2Y12 in
embryonic microglia (Mildner et al., 2017). However, tamoxifen
treatment of pregnant mice is known to have adverse effects on
their embryos (Rojo et al., 2018; Ved et al., 2019; Lee et al., 2020).
Particularly, Lee et al. (Lee et al., 2020) recently demonstrated, using
single-cell RNA sequencing, that embryonic exposure to tamox-
ifen dysregulates Wnt  signaling to impair neurogenesis and cortical
organization. Therefore, a CreER-dependent system would not be
suitable.

Here, we present a new model of embryonic microglial ablation
with high efficiency and specificity. Our previous study reported
that Siglec-H is a microglia-specific marker that is almost negative
for CAMs (Konishi et al., 2017). Accordingly, systemic adminis-
tration of DT to Siglechdtr/dtr mice, in which the gene encoding
DTR was knocked into the Siglech locus, achieved specific abla-
tion of microglia on postnatal day 7 or after (Konishi et al., 2017,
2020). Given that the microglia-specific expression of Siglec-H
was observed at the later embryonic stage in our previous study
(Konishi et al., 2017), we expected that this ablation system would
be applicable to embryos. In this study, we mated Siglechdtr/dtr

mice with wild-type (WT) mice to generate Siglechdtr/+ embryos,
in which we examined microglial ablation by DT injection into
the amniotic fluid. Our results demonstrated that microglia were
depleted for several days after DT injection without influencing
CAMs. Microglia-specific ablation is effective at any time point from
E10.5, when colonized microglia start to expand broadly through-
out the CNS (Ginhoux et al., 2010), indicating the significance of this
ablation system for studying the embryonic functions of microglia.

2. Materials and methods
2.1. Animals

All experiments were conducted according to the guidelines of
the Animal Ethics Committees of the Nagoya University Graduate
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chool of Medicine, the Animal Protection and Management Law
f Japan (No. 105), and the 3R principle (replacement, refinement,
nd reduction). C57BL/6 WT  mice were purchased from Charles
iver Laboratories Japan. Siglechdtr mice (B6.Cg-Siglech<tm1.1Ksat>

ice; deposited in the RIKEN BioResource Center [accession
umber: RBRC05658]) were described previously (Takagi et al.,
011). To generate heterozygous Siglechdtr/+ embryos, we  crossed
iglechdtr/dtr male mice (older than 8-week-old [W]) with WT
emale mice (8–12 W).  All animal experiments were performed
nder the condition of a reversed 12 h light/dark cycle with free
ccess to food and water.

.2. In utero injection of DT

A plug check was conducted in the morning, and the day when
 vaginal plug was  detected was regarded as E0.5. Siglechdtr/+

mbryos at E10.5, 12.5, 14.5, and 16.5 were used. The injection
ethod was established based on our previous study on in utero

lectroporation (Saito et al., 2019). Pregnant mice were anes-
hetized with isoflurane, and an abdominal incision was made. The
terus was  then exposed onto gauze moistened with phosphate
uffered saline (PBS). With illuminating embryos in the uterus by a
exible light source (Hoya-schott), DT (20 ng/�l) diluted with PBS
ontaining 0.3% non-toxic dye Fast Green was injected into amni-
tic fluid using glass micropipettes. The volume of DT solution was
etermined depending on the weight of embryos: 2, 5, 8, and 11
l for E10.5, 12.5, 14.5, and 16.5, respectively (DT  dose: approx-

mately 280 ng/embryonic weight [g]). In the control group, the
ame volume of PBS was  injected.

.3. Tissue fixation for immunohistochemistry

The pregnant mice were deeply anesthetized, and embryos were
issected from the uterus at E10.5, 12.5, E14.5, E16.5, and E18.5.
mbryos at E10.5, 12.5, and E14.5 were entirely fixed in Zamboni’s
xative (0.1 M phosphate buffer containing 2% paraformaldehyde
nd 0.2% picric acid) for 6 h at 4 ◦C. For embryos at E16.5 and E18.5,
o avoid the delayed fixation of neural tissues due to the larger body
ize, brains and spines were dissected from the embryos, and then
xed in Zamboni’s fixative for 6 h at 4 ◦C.

.4. Immunohistochemistry for sections

Fixed embryos, brains, and spines were dehydrated in 25%
ucrose with 0.1 M phosphate buffer overnight at 4 ◦C and frozen
ith dry ice. Coronal sections (16 �m thickness) were prepared

sing a cryostat (CM1950, Leica) and washed with 0.01 M PBS. After
locking and permeabilization for 30 min  in blocking solution (0.01

 PBS containing 0.5% bovine serum albumin, 0.1% TritonX-100,
nd 0.1% NaN3), the sections were incubated with primary anti-
odies diluted in blocking solution overnight at 4 ◦C. After washing
ith 0.01 M PBS, sections were subsequently incubated with sec-

ndary antibodies diluted in 0.01 M PBS at room temperature for 2
. 4′,6-diamidono-2-phenylindole (DAPI) staining was performed
s necessary. After immunostaining was  completed, the sections
ere mounted with FluorSave reagent (Merck Millipore). The fol-

owing primary antibodies were used: goat polyclonal anti-Iba-1
Abcam #ab5076, RRID: AB 2224402; 1:1000), rabbit polyclonal
nti-CD206 (Abcam #ab64693, RRID: AB 1523910; 1:1000), rat
onoclonal anti-CD206 (Bio-Rad #MCA2235GA, RRID: AB 322631;
:500), rabbit polyclonal anti-P2Y12 (AnaSpec #AS-55043A, RRID:
B 2298886; 1:500), and sheep anti-Siglec-H (Zhang et al., 2006).
econdary antibodies conjugated with Alexa Fluor 488, 594, and
47 were used (Thermo Fisher Scientific or Abcam; 1:1000). Fluo-
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Fig. 1. Siglec-H is specifically expressed by microglia in the embryonic CNS. A. Cerebral cortex immunostained with Iba-1 (green), P2Y12 (red), and CD206 (cyan) at E12.5.
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Iba-1+P2Y12+ microglia in the cortical parenchyma (arrows); Iba-1+CD206+ menin
with  Siglec-H (green), P2Y12 (red), and CD206 (cyan). Siglec-H+P2Y12+ microglia 

surfaces  (arrowheads). Scale bar =50 �m.

rescent images were visualized using an FV10i confocal microscope
(Olympus).

2.5. Whole-mount immunohistochemistry of spinal cords

Spinal cords were dissected from embryos at E12.5. The stain-
ing method was the same as for the sections except for the reaction
durations: blocking (3 h) and secondary antibody (10 h). After stain-
ing, spinal cords were mounted onto glass slides as open-book
preparations with FluorSave reagent and imaged using an FV10i
confocal microscope.

2.6. Statistical analyses

We  defined parenchymal Iba-1+CD206– cells and meningeal
Iba-1+CD206+ cells as microglia and macrophages, respectively. The
numbers of microglia and meningeal macrophages were normal-
ized to the area and length of the outer circumference of tissues,
respectively. To minimize inter-individual differences, DT-injected
embryos (2–4 embryos/dam) were compared with their litter-
mates with PBS injection (2–4 embryos/dam) in the same dam. At
least four images (one field/section, 2–4 sections/embryo, and 2–4
embryos) were taken from one dam. A total of at least 16 images
(four images/dam, four dams) were analyzed for each group. Val-
ues are represented as the mean ± SEM. Statistical significance
was determined by the paired Student’s t-test, and p < 0.05 was
considered statistically significant.

3. Results

3.1. Siglec-H is specifically expressed by microglia in the
embryonic CNS

Our previous study demonstrated that Siglec-H is specifically
expressed by microglia in the CNS at late embryonic stages after
E17.5 (Konishi et al., 2017). To verify Siglec-H specificity in earlier
embryonic stages, we performed immunohistochemistry (Fig. 1).
In the cerebral cortex of WT  mice at E12.5, when both microglia
and CAMs were already present in the CNS (Utz et al., 2020), we

identified microglia by the expression of P2Y12, whose expres-
sion was reported to be confined to microglia even in embryos
(Mildner et al., 2017; Utz et al., 2020) (Fig. 1A). In addition to
microglia, we found many CD206+ meningeal macrophages on
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acrophages in cortical surfaces (arrowheads). B. Cerebral cortex immunostained
tical parenchyma (arrows); Siglec-H–CD206+ meningeal macrophages in cortical

ortical surfaces, while brain parenchyma contained few CD206+

erivascular macrophages, as described previously (Galea et al.,
005; Utz et al., 2020). In contrast to the cell-type-specific expres-
ion of P2Y12 and CD206 in microglia and meningeal macrophages,
espectively, Iba-1 was  expressed in both cell types, which is in
ine with a previous report (Utz et al., 2020). When we  stained the
ections with Siglec-H antibody, Siglec-H expression was observed
n P2Y12+ microglia, but not in other cell types including CD206+

acrophages (Fig. 1B), demonstrating the marker specificity of
iglec-H in embryonic mice. We  obtained consistent results in
ther regions of the CNS, including the hippocampus and spinal
ord (data not shown). Thus, both Siglec-H and P2Y12 are reliable
mmunohistochemical markers of embryonic microglia. However,
he shapes of some microglia could not be visualized clearly by
ither Siglec-H or P2Y12 immunostaining, probably because both
olecules are membrane proteins. Therefore, in this study, we  used

either Siglec-H nor P2Y12 for microglial identification. Instead,
e performed double-immunostaining of Iba-1 and CD206 and

efined Iba-1+CD206– cells and Iba-1+CD206+ cells as microglia and
eningeal macrophages, respectively.

.2. Microglia can be depleted for 4 days after a single injection of
T at E10.5 in utero

Our previous studies demonstrated that microglia were able to
e ablated by the systemic administration of DT  in adult Siglechdtr/+

r Siglechdtr/dtr mice (Konishi et al., 2017, 2020). We  first tested
icroglial ablation by the administration of DT  at E10.5, when few

ba-1+CD206– microglia were already seen in the brain (data not
hown). We  crossed Siglechdtr/dtr male mice with WT  female mice
o generate Siglechdtr/+ embryos. Because intraperitoneal injection
f DT into dams was  not able to ablate microglia in their embryos in
ur preliminary experiment, we  injected DT into the amniotic fluid
f Siglechdtr/+ embryos at E10.5 on the hypothesis that DT infused

nto the amniotic fluid might be transported to the CNS (Fig. 2A).
rain sections at E12.5 demonstrated that the microglial number

n the cerebral cortex was  significantly lower in the DT group than
n the PBS control group, while the number of meningeal CD206+

acrophages remained unchanged (Fig. 2B). Next, to investigate

he duration of microglial depletion, we assessed brain sections
t E14.5, 16.5, and 18.5, revealing that microglial depletion was
ustained until E14.5 in DT groups. Quantitative studies indicated
hat microglial numbers in DT groups were decreased to 21.8% and
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Fig. 2. Microglia-specific ablation in the cerebral cortex with the injection of DT at E10.5. A. Images showing the injection method. Note that E14.5, not E10.5, embryos are
used  for this image to clearly show the embryonic shape in the uterus. B. Cerebral cortex immunostained with Iba-1 (green) and CD206 (red) at E12.5, 14.5, 16.5, and 18.5
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after  the injection of PBS or DT in utero at E10.5. Scale bar =200 �m.  C. Quantificati
macrophages (per the length of the surface of the cerebral cortex) at E12.5, E14.5, 

N.S.: no significance; *p < 0.001.

36.5% at E12.5 and 14.5, respectively, and then returned to the con-
trol level at E16.5 and E18.5 (Fig. 2C). In contrast, there was no
significant difference in the number of Iba-1+CD206+ meningeal
macrophages between the PBS and DT groups at any time point
(Fig. 2C).

In addition to the forebrain, we also examined spinal cord sec-
tions and obtained consistent results (Fig. 3A and B). When DT was
injected at E10.5, the microglial number significantly decreased
at E12.5, E14.5 and then returned to the control level at E16.5
and E18.5. There were no differences in the number of meningeal
macrophages between the PBS and DT groups at any time point.
Previous studies reported that microglia accumulated in the dor-
solateral region of the spinal cord at E12.5 (Rigato et al., 2011;
Angelim et al., 2018). Spinal cord sections at E12.5 demonstrated
that the accumulated microglia in the dorsolateral region, pre-
sumably the dorsal root entry zone (DREZ), where the dorsal root

enters the spinal dorsal horn, were also ablated by DT injection
(arrows in Fig. 3A). To clearly demonstrate this result, we further
examined whole-mount immunostaining of spinal cords at E12.5

a
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the number of Iba-1+CD206– microglia (per parenchymal area) and Iba-1+CD206+

, and E18.5. Statistical significance was determined by the paired Student’s t-test.

Fig. 3C). Accumulated microglia appeared as longitudinal bundles
t both sides of the spinal cord in the PBS groups. However, bundle-
ike microglial accumulation almost disappeared in the DT groups,
lthough CD206+ macrophages remained. These results indicate
hat with the in utero injection of DT at E10.5, microglia could
e eliminated for almost 4 days without affecting the number of
eningeal macrophages.

.3. Microglia can be ablated at any embryonic time point after
10.5

To test whether this microglial ablation model was also effec-
ive at later embryonic stages, we changed the injection time points.

e injected DT at E12.5, E14.5, or E16.5 and analyzed the embryos
fter 2 days. Regardless of the injection time points, microglia were

blated 2 days after DT injection in the cerebral cortex, although
eningeal macrophages were not affected (Fig. 4A and B). Previous

tudies have shown that microglia accumulate in the intermedi-
te zone/subventricular zone/ventricular zone (IZ/SVZ/VZ) of the
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Fig. 3. Microglia-specific ablation in the spinal cord with the injection of DT at E10.5. A. Spinal cord immunostained with Iba-1 (green) and CD206 (red) at E12.5, 14.5, 16.5,
and  18.5 after the injection of PBS or DT in utero at E10.5. Arrows indicate DREZ where microglia transiently accumulate in the PBS group at E12.5. Scale bar =200 �m.  B.
Quantification of the number of Iba-1+CD206– microglia (per parenchymal area) and Iba-1+CD206+ macrophages (per the length of the outer circumference of the spinal cord)
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at  E12.5, E14.5, E16.5, and E18.5. Statistical significance was  determined by the pair
the  spinal cord immunostained with Iba-1 and CD206 at E12.5 after the injection o
bar  =200 �m.

cerebral cortex at E15.5–16.5, exerting some specific functions
(Cunningham et al., 2013; Squarzoni et al., 2014; Hattori et al.,
2020). As shown in these previous studies, microglia colonized
the IZ/SVZ/VZ but were almost absent in the cortical plate (CP) in
PBS groups at E16.5. DT injection at E14.5 significantly decreased
the microglial number in IZ/SVZ/VZ at E16.5. Similar results were
obtained in the spinal cord 2 days after injection at E12.5, E14.5, or
E16.5 (Fig. 4C and D). In addition to the cerebral cortex and spinal
cord, we examined the hippocampus (Fig. 4E and F). Although
the hippocampal primordium already existed at E14.5 (Urbán and
Guillemot, 2014), we did not analyze the hippocampi of E14.5
embryos injected with DT at E12.5 because of its small size. Injec-
tion of DT at E14.5 and E16.5 significantly decreased the number of
microglia in the hippocampus after 2 days (Fig. 4E and F). Meningeal
macrophages surrounding the hippocampus were not analyzed
because the cells did not cover the entire circumference of the
hippocampus (Fig. 4E).
At the later embryonic stage (around E17.5), the microglia
that assembled at the midline region beneath the corpus cal-
losum (CC) presumably regulated the fasciculation of the CC
axon tract (Pont-Lezica et al., 2014). DT injection at E16.5 elim-
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5

dent’s t-test. N.S.: no significance; *p < 0.001. C. Open-book flat-mount samples of
r DT at E10.5. The dotted line indicates the midline. Arrows delineate DREZ. Scale

nated most of the accumulated microglia beneath CC at E18.5
arrows in Fig. 4G), although there remained CD206+ presumable

acrophages beneath the CC (small arrowheads in Fig. 4G), whose
haracteristics were not determined further in the present study,
nd CD206+ meningeal macrophages of the cingulate cortex (large
rrowheads in Fig. 4G). Collectively, this ablation system can elim-
nate microglia throughout the CNS, including the specific regions

here microglial density is transiently high, at any time point after
icroglial colonization in the CNS.

. Discussion

Microglia originate solely from the yolk sac and invade the CNS
t E9.5–10.5 (Ginhoux et al., 2010; Kierdorf et al., 2013; Hoeffel
t al., 2015; Ginhoux and Guilliams, 2016). The embryonic func-
ions of microglia remain poorly understood. Therefore, to study
heir functions, the establishment of a microglial ablation system in

mbryonic mice is expected. In this study, we applied our microglial
blation model, whose utility in postnatal mice was evaluated
n our previous study (Konishi et al., 2017, 2020), to embryonic
tages. We  first confirmed that Siglec-H is specifically expressed
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Fig. 4. Microglia-specific ablation in three representative regions of the CNS with the injection of DT at E12.5, 14.5, and 16.5. Sections of the cerebral cortex (A) and spinal
cord  (C) immunostained with Iba-1 (green) and CD206 (red) 2 days after the injection of PBS or DT at E12.5, E14.5, and E16.5. Note that microglia colonized the IZ/SVZ/VZ
but  were almost absent in the CP in PBS groups at E16.5. Hippocampal sections 2 days after the injection at E14.5 and E16.5 are also shown (E). Scale bar =200 �m (A, C, E).
(B,  D, F) Quantification of the number of Iba-1+CD206– microglia (per parenchymal area) and Iba-1+CD206+ macrophages (per the length of the outer circumference of the
tissue)  in the cerebral cortex (B), spinal cord (D), and hippocampus (F). Statistical significance was determined by the paired Student’s t-test. N.S.: no significance; *p < 0.001.
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G.  Images around CC stained with Iba-1 (green) and CD206 (red) antibodies, and DA
midline  region beneath the CC, where microglial accumulation was  observed in the
beneath  the CC and meningeal macrophages in the cingulate cortex, respectively. S

by parenchymal microglia but not by meningeal macrophages in
embryonic mice (Fig. 1). We  then demonstrated that microglia
could be depleted throughout the CNS for several days by inject-
ing DT into the amniotic fluid of Siglechdtr/+ embryos, although
meningeal macrophages were unaffected (Figs. 2–4). The ablation

system was also effective for specific CNS regions, where microglia
transiently accumulated presumably to play some roles. Further-
more, DT-treated embryos can be compared with their littermates

n
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n) at E18.5 after the injection of PBS or DT at E16.5. Arrows indicate a region at the
roup. Small and large arrowheads indicate presumptive macrophages in the region
r =100 �m.

reated with vehicle in the same dam, indicating the utility of this
blation system for studying the embryonic functions of microglia.

CD206+ CAMs emerge in the yolk sac like microglia and are
learly identified in the CNS, especially at the meninges, at E10.5.
herefore, for microglia-specific ablation using genetically engi-

eered mice, the selection of gene loci or promoters is important.
everal microglia-specific marker molecules whose expression is
bsent in most CAMs have been identified recently in adult mice,
uch as Hexb, P2Y12, Sall1, Siglec-H, and TMEM119 (Bennett et al.,
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2016; Buttgereit et al., 2016; Konishi et al., 2017; Mildner et al.,
2017; Masuda et al., 2020). However, some of these could not
be microglial markers during the embryonic stage. For instance,
TMEM119 expression is absent in immature microglia during
embryonic stages (Bennett et al., 2016). Sall1 is also expressed by
neuronal/glial progenitor cells (Harrison et al., 2012). In contrast,
we demonstrated the specific expression of Siglec-H in microglia
in the embryonic CNS (Fig. 1), similar to the adult CNS shown in
our previous study (Konishi et al., 2017). We  then examined the
administration of DT to Siglechdtr/+ embryos. For a cell ablation
system using adult mice expressing DTR, systemic injection of DT
is the standard method (Buch et al., 2005). However, intraperi-
toneal injection of DT into dams was not able to ablate microglia in
their embryos in our preliminary experiment presumably because
of the placental barrier that prevents the passage of most mater-
nal proteins (Malek et al., 1998). Therefore, we injected DT into
the amniotic fluid of Siglechdtr/+ embryos in utero, demonstrating
that a considerable number of microglia were ablated. A previ-
ous study, which established P2ry12CreER mice, showed that robust
recombination occurred specifically in microglia, even in embry-
onic mice (McKinsey et al., 2020). Thus, microglia-specific ablation
is assumed to be achieved by maternal administration of tamox-
ifen to P2ry12CreER mice crossed with Cre-dependent cell ablation
lines such as Rosa26DTA mice (Voehringer et al., 2008). However,
tamoxifen has some artificial effects on the embryonic CNS, such as
an increased number of macrophages and impaired neurogenesis
(Rojo et al., 2018; Lee et al., 2020), suggesting that the employ-
ment of CreER driver mice would not be suitable for studying the
embryonic functions of microglia.

Given the diverse functions of microglia during postnatal devel-
opment (Marín-Teva et al., 2004; Paolicelli et al., 2011; Schafer et al.,
2012; Ueno et al., 2013; Miyamoto et al., 2016; Wlodarczyk et al.,
2017; Konishi et al., 2019), microglia are expected to play roles in
some embryonic events in the CNS. Previous studies have found
that embryonic microglia transiently accumulate in some regions,
such as IZ/SVZ/VZ of the cerebral cortex (Fig. 4) (Cunningham et al.,
2013; Squarzoni et al., 2014; Hattori et al., 2020), DREZ of the spinal
cord (Fig. 3) (Rigato et al., 2011; Angelim et al., 2018), and the
midline region beneath the CC (Fig. 4) (Pont-Lezica et al., 2014).
Microglia are suggested to play specific roles in these “hot spots.”
Microglia phagocytose neural precursor cells to decrease the size
of the precursor pool in the SVZ/VZ (Cunningham et al., 2013). In
DREZ, microglia may  secrete some factors that support the survival
of dorsal root ganglion neurons (Angelim et al., 2018). Microglia
around the CC promote fasciculation of callosal axons (Pont-Lezica
et al., 2014). Although to a lesser extent than in these hot spots,
microglial density is high along the wall of the third ventricle at
E13.5–17.5, where microglia may  regulate hypothalamic neuroge-
nesis/gliogenesis (Rosin et al., 2018; Marsters et al., 2020). Some
of these microglial functions have been suggested by the results of
microglial ablation models with PLX5622 administration to dams
(Rosin et al., 2018; Marsters et al., 2020), maternal inflamma-
tion model with lipopolysaccharide injection (Pont-Lezica et al.,
2014), or microglia-free Sfpi1–/– mice (Pont-Lezica et al., 2014;
Angelim et al., 2018). In these mouse models, however, CAMs are
likely affected in addition to microglia, raising the possibility that
the observed phenotypes might be derived from abnormalities in
CAMs. In contrast, our ablation model discriminates this possibility,
indicating its utility in future studies on embryonic microglia.

In conclusion, we have established a microglia-specific ablation
model that is effective throughout the CNS at any time point of
embryonic stages after microglial expansion to the CNS. Microglial

dysregulation during the embryonic stage is thought to result in
the abnormal formation of neural circuits, which eventually causes
developmental brain disorders (Thion et al., 2018). To develop new
therapeutic strategies, understanding microglial functions is nec-
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ssary. Future studies using this ablation system may  reveal novel
r precise functions of embryonic microglia.
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