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Abstract

Microglia are the specialized population of macrophage-like cells of the brain. They

play essential roles in both physiological and pathological brain functions. Most of our

current understanding of microglia is based on experiments performed in the mouse.

Human microglia differ from mouse microglia, and thus response and characteristics

of mouse microglia may not always represent that of human microglia. Further, due

to ethical and technical difficulties, research on human microglia is restricted to in

vitro culture system, which does not capitulate in vivo characteristics of microglia.

To overcome these issues, a simplified method to non-invasively transplant induced

pluripotent stem cell-derived human microglia (iPSMG) into the immunocompetent

mice brain via a transnasal route in combination with pharmacological depletion of

endogenous microglia using a colony-stimulating factor 1 receptor (CSF1R) antagonist

is developed. This protocol provides a way to non-invasively transplant cells into the

mouse brain and may therefore be valuable for evaluating the in vivo role of human

microglia in physiological and pathological brain functions.

Introduction

Microglia are a specialized population of macrophage-

like cells in the central nervous system (CNS) and play

essential roles in controlling various brain functions like

neural circuit development, modulating neurotransmission,

and maintaining brain homeostasis1,2 ,3 . Although murine

microglia share many functions with ones from humans, they

show species-specific differences. Thus, the response of

mouse microglia to various stimuli may not always represent

that of human microglia4,5 ,6 . Although many studies have

analyzed human microglia, those experiments are limited

to in vitro studies. In vitro cultured human microglia show

morphological features and gene expression that are very

different from those in vivo. Thus, in vitro experiments may

not always capitulate the in vivo characteristics of human

microglia. Therefore, an experimental system to study human

microglia in vivo is needed.
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Recently, to study the in vivo characteristics of

human microglia, in vitro generated induced pluripotent

stem cells (iPSCs)- or embryonic stem cells-derived

human microglia are surgically transplanted into mice

brain7,8 ,9 ,10 ,11 ,12 ,13 ,14 . Using this approach, various in

vivo features of human microglia have been characterized.

However, the widespread use of this method is limited

for two reasons. First is the requirement of immune-

deficient mice. Thus, to study the role of human microglia

in various neurodegenerative diseases, disease mutation-

carrying mice have to be crossed into immune-deficient mice,

which requires significant time and effort. Furthermore, in

various neurological disorders, peripheral immune cells, like

T cells, can modulate microglial functions15,16 ,17 . Therefore,

experiments performed in immune-deficient mice may not

represent bona fide characteristics of human microglia in vivo.

Second, invasive surgeries to transplant microglia require

additional equipment and training. Further, brain injury during

invasive transplantation may change microglial phenotypes.

In this protocol, non-invasive transnasal transplantation

(Tsn) of iPSMG into immunocompetent wild-type mice

is described18 . Combining pharmacological ON/OFF of a

CSF1R antagonist PLX5622 which depletes endogenous

mouse microglia19  and Tsn, iPSMG can be non-invasively

transplanted into the mouse brain. Further, with the

application of exogenous human cytokine, the transplanted

iPSMG remains viable for 60 days in a region-specific manner

without any immunosuppressants.

Protocol

All animals used in this study were obtained, housed, cared

for, and used in accordance with the "Guiding Principles in the

Care and Use of Animals in the Field of Physiologic Sciences"

published by the Physiologic Society of Japan20 , and with

the previous approval of the Animal Care Committee of the

University of Yamanashi (Yamanashi, Japan).

1. Preparation of cell medium, transplantation
medium, and anesthesia mixture

1. Prepare the cell medium by adding 10% fetal bovine

serum and 0.1% penicillin/streptomycin in DMEM.

2. Prepare the transplantation medium by adding hCSF1

(250 ng/mL) and hTGF-β1 (100 ng/mL) to the cell

medium.

3. Prepare the anesthesia mixture for intraperitoneal

injection by mixing 0.45 mL of medetomidine

hydrochloride, 1.2 mL of midazolam, and 1.5 mL of

butorphanol tartrate in 11.8 mL of normal saline.

2. Preparation of iPSMG

NOTE: Frozen iPSMG (Table of Materials) were kept at -80

°C until use.

1. Thaw the frozen cells quickly in a 37 °C water bath. Swirl

the samples until all visible ice has melted.

2. Add the thawed iPSMG to the culture media warmed to

37 °C. Add 1 mL of thawed cells containing medium (1 ×

106  cells) to 10 mL of the culture media.

3. Centrifuge the cells at 300 x g for 5 min to obtain a cell

pellet.

4. After centrifugation, remove all supernatant without

disturbing the cell pellet. Complete removal of

supernatant is desirable to reduce dilution of the cytokine

concentration in the transplantation medium.

5. Add the transplantation medium to obtain a cell

concentration of 1 x 105  cells/µL.
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6. Place the iPSMG on ice and immediately proceed to

transplantation.
 

NOTE: Preparation of iPSMG for transplantation is

performed on a clean bench to avoid contamination.

3. Preparation of mouse for transnasal
transplantation (Tsn)

1. Feed the wild-type male mice (C57BL/6J, 8 weeks old)

with PLX5622 containing diet for 7 days.

2. At the end of the 7th  day, cease the PLX diet and feed

the mice with a normal diet till the end of study.
 

NOTE: PLX5622 containing diet is prepared by adding

1.2 g of PLX5622 in 1 kg of AIN-93G (Table of

Materials).

4. Transnasal transplantation of cells

1. 24 h after the cessation of PLX feeding, weigh the mice

and anesthetize them using an intraperitoneal injection

of the anesthesia mixture (0.2 mL/20 g).

2. After the mice are completely anesthetized as assessed

by unresponsiveness to pedal withdrawal reflex (firm toe

pinch), administer 2.5 µL of hyaluronidase in PBS (100

U/mL) at 1 h before Tsn of iPSMG to each nostril twice

using a 10 µL pipette tip to increase the permeability of

the nasal mucosa.

3. After the application of hyaluronidase, place the mice in

the supine position.

4. Repeat step 4.2 10 min before the transnasal

transplantation of iPSMG.

5. Apply 2.5 µL of cell suspension into one nostril of the

mouse using a 10 µL pipette tip.

6. Place the mouse in the supine position for 5 min before

administration of cell suspension to the other nostril.

7. Repeat steps 4.5 and 4.6 four times, applying a total

volume of 20 µL per animal.

8. Place the mouse in the supine position on a 37 °C heat

pad until recovery from anesthesia.

9. At 48 h after the cessation of PLX feeding, repeat steps

4.1-4.7 on the same mice once again.
 

NOTE: It should be noted that iPSMG are placed on ice

during the transplantation.

5. Application of cytokines

1. Anesthetize the mice by an intraperitoneal injection of

anesthesia mixture (0.2 mL/20 g).

2. Apply 2.5 µL of the transplantation medium into one

nostril of the mouse using a 10 µL pipette tip.

3. Place the mouse in the supine position for 5 min before

administering the transplantation medium to the other

nostril.

4. Repeat steps 5.2 and 5.3 four times, applying a total

volume of 20 µL per animal.
 

NOTE: It should be noted that transnasal administration

of transplantation medium (human cytokines) is required

every 12 h for the viability of transplanted iPSMG till the

end of the study.

Representative Results

This technique allows the investigator to non-invasively

transplant iPSMG into the hippocampus and cerebellum but

not into the cortex of the mouse brain. After completing

the study, anesthetized mice were subjected to transcardial

perfusion of ice-cold PBS(−), followed by ice-cold 4% (w/
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v) paraformaldehyde in PBS. The brains were isolated,

postfixed overnight in 4% (w/v) paraformaldehyde, and

cryoprotected in a PBS containing 30% (w/v) sucrose.

Further, the brains were frozen in an embedding compound

and sectioned (20 µm thick coronal sections) on a cryostat.

The sections were washed thrice in PBS(−) (10 min each)

and permeabilized and blocked with 0.5% (v/v) Triton X-100

in 10% normal goat serum for 1 h. The sections were

then incubated with anti-human-specific cytoplasm marker,

STEM121 (1:100), and anti Iba1 (1:1000) for 5 days. Next,

the sections were washed three times with PBS(−) for 10

min each and were incubated with secondary antibodies:

Alexa Fluor 488-, or 546-conjugated mouse, or rabbit

IgGs (1:1000) for 2 h at room temperature. After washing

with PBS(-) three times, sections were mounted on slides

using an antifade mounting medium. A confocal microscope

equipped with a 40x objective lens was used for acquiring

fluorescence images. The viability of iPSMG at 2 months

post-transplantation in the hippocampus and the cortex are

shown in Figure 1. The number of transplanted cells can be

determined by counting cells that are positive for both human-

specific antibodies and pan-microglial/monocyte markers,

whereas endogenous mouse microglia are positive for pan-

microglial/monocyte marker only as previously described18 .

The transplanted iPSMGs replace mouse microglia, show

ramified morphologies in the hippocampus, and are not

detected in the cortex18 .
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Figure 1: Viability of iPSMG in the cortex and the hippocampus at 2 months after Tsn. The left panel shows

immunostaining with a pan-microglial/monocyte marker, Iba1 (green). The middle panel shows immunostaining with human-

specific cytoplasm marker STEM121 (red). The right panel shows a merged image of Iba1 and STEM121 immunostaining.

(A) In control mice, only mouse microglia (Iba1+/STEM121-) were detected in both cortex and hippocampus. (B) In iPSMG

transplanted mice, in the cortex, only mouse microglia (Iba1+ /STEM121- ) were detected, whereas in the hippocampus

iPSMG (Iba1+ /STEM121+ ) were detected. The arrows in the image show mouse microglia, whereas arrowheads show

iPSMG. A confocal microscope equipped with a 40x objective lens was used for fluorescence image acquisition. Maximum

image size: 1024 x 1024 pixels. Zoom factor: 2. Scale bars = 50 µm Please click here to view a larger version of this figure.
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Discussion

The protocol here describes the non-invasive transplantation

of iPSMG into the mouse brain. The uniqueness of the current

protocol is that by combining pharmacological PLX ON/OFF

methods and intranasal transplantation, iPSMG can be non-

invasively transplanted into the immunocompetent mouse

brain. Transplanted iPSMG formed the majority of microglia

in the hippocampus and cerebellum by occupying the vacant

niche for up to 60 days but not in the cortex.

The critical points for the efficient Tsn of iPSMG are (i)

depletion efficiency of endogenous mouse microglia (ii) the

administration of human cytokines every 12 h. Microglia

maintain their own territory in the brain. Efficient depletion

of mouse microglia is required to provide a niche for the

engraftment of transplanted iPSMG. When depletion of

endogenous mouse microglia is insufficient, colonization of

the mouse hippocampus and cerebellum by iPSMG are not

observed. The viability of microglia depends on CSF1R and

TGFBR signaling19,21 ,22 . hCSF1 is reported to selectively

increase the viability of human microglia, and hTGF-β1 is

required for the viability of microglia as well as dampens

inflammation when administered every 12 h21,23 ,24 . In the

absence of exogenous human cytokines, iPSMG are not

observed in mouse brain. Further, care must be taken not

to mechanically activate iPSMG by excessive pipetting or by

any other means prior to Tsn, as it irrevocably alters iPSMG

characteristics as well as transplantation efficiency. If the

satisfactory Tsn of iPSMG is not seen, the viability of iPSMG

before transplantation as well as the depletion of endogenous

microglia, must be determined. If the depletion of endogenous

mouse microglia is not more than 90%, PLX5622 feeding time

may be modified to increase depletion.

Compared to a conventional surgical transplantation method

that is invasive and requires additional equipment and

training, Tsn allows transplantation in a non-invasive, simple,

stable, and easy way. In addition, this method allows the

transplantation of iPSMG into immunocompetent mice brains;

thus, immunocompetent disease model mice can be used to

study the response of iPSMG.

The greatest disadvantage of the current method is the

regional heterogeneity in the engraftment of iPSMG. If the

brain region-specific iPSMG transplantation is required, the

current protocol is not suitable as the transplanted iPSMG

remains engrafted for 60 days only in the hippocampus and

the cerebellum but not in the cortex. Further, the need to

administer exogenous human cytokines intranasally every 12

h is also a limitation of the current protocol as it requires

extensive labor and is expensive.

In conclusion, a detailed protocol for Tsn of iPSMG into

the brains of immunocompetent mice is provided. When

combined with pharmacological ON/OFF of mouse microglia

by PLX5622, this protocol allows successful engraftment

of iPSMG. As transplanted cells can be observed in the

hippocampus and cerebellum for a sustained period of time

when exogenous cytokines are applied, the current method

may be valuable for evaluating the role of human microglia in

both physiological and pathological states in those regions.
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