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Glioma is the most malignant brain cancer. The neurons, macrophages, T cells and other immune
cells constitute the glioma immunosuppressive microenvironment. The accurate spatial distri-
bution of these cells in the glioma microenvironment and its relationship with glioma metastasis
is unknown. We constructed a mouse glioma cell line stably expressing the large Stokes-shifted
yellow °uorescent protein and applied it to the multicolor immuno°uorescence imaging. The
imaging data revealed that the neurons were sparsely distributed in the glioma core and the
number of neurons decreased by 90% compared with normal brain site. The spatial distribution of
monocyte-macrophages and microglia is heterogeneous. The monocyte-macrophages and T cells
were heavily recruited into the glioma core and metastasis. There was no signi¯cant di®erence in
the distribution of microglia among glioma core, margin, and normal brain site. Our results
provided new perspectives for targeting immune regulation cells and developing new immuno-
therapy strategies for glioma.
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1. Introduction

Glioma is the most aggressive brain cancer with poor
survival and high recurrence.1–3 The glioma micro-
environment is complex, consisting of neurons, mi-
crovascular, astrocytes, and various immune cells,
such as microglia, monocyte-macrophages, and T
lymphocytes.4–6 These components play impor-
tant roles in the process of glioma invasion and
metastasis.7,8

Neurons are a crucial component of the glioma
microenvironment. Growing evidence has shown
that the bidirectional communication existing be-
tween neurons and glioma cells regulates malignant
glioma progression.9–12 Glioma cells can create
electrical synapses with surrounding neurons, which
drives glioma growth and migration.12 Meanwhile,
the invasion of glioma cells into surrounding brain
parenchyma signi¯cantly reduces the number of
inhibitory interneurons.9,13–15 The decrease of in-
hibitory interneurons renders peritumoral neuronal
networks hyper-excitable, and the excitatory sti-
muli enhanced the invasion of glioma cells.9,16 In
addition, as the concentration of glutamate secreted
by glioma increases, it triggers the death of excito-
toxic neurons and promotes the glioma proliferation
and invasion.17 Visualizing the distribution of neu-
rons in the glioma microenvironment could expand
the study of neuron-glioma spatial communications.

Glioma has a unique immunosuppressive microen-
vironment18 in which glioma-associated macrophages
(GAMs) are themost numerous populations.19 GAMs
consist of brain-resident microglia and peripheral
blood monocyte-derived macrophages, where both
participate in the formation of the immunosup-
pressive microenvironment and promote the devel-
opment and invasion of glioma.20 As glioma
develops, the density of GAMs increases and the
number of in¯ltrating GAMs correlates with the
malignancy of glioma.21,22 GAMs also inhibit
the activity of cytotoxic T lymphocytes and induce
in¯ltration of regulatory T cells in the glioma
microenvironment to promote immunosuppres-
sion.23–25 T lymphocytes have also been reported to
be closely associated with the prognosis of glioma
patients, such as a high level of CD4þ T cells and
a low level of CD8þ T cells were associated with
poor prognosis.26 Previous studies revealed that
microglia and monocyte-macrophages have distinct
functions in glioma. For example, microglia rather
than monocyte-macrophages played a central
role in the regulation of vascular homeostasis
and angiogenesis in glioma.27,28 To explore the
heterogeneity between microglia and monocyte-
macrophages, the scientists used two-photon intra-
vital imaging to investigate their morphology and
motility. The imaging results showed that microglia
were larger, more branched and less motile, while

Scheme 1. Components of the glioma microenvironment.
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monocyte-macrophages were smaller, less branched
and highly migratory.29 However, the spatial dis-
tribution heterogeneity between microglia and
monocyte-macrophages is not well known. There-
fore, studying the spatial distribution of microglia,
monocyte-macrophages and T cell in the glioma
microenvironment, as well as metastasis, will con-
tribute to understanding the mechanisms of glioma
development and metastasis.

In recent years, multicolor immuno°uorescence
has been widely used, which meets the needs of
histological analysis and can achieve rich informa-
tion from the simultaneous detection of multiple
target molecules at the same time on the same
tissue section.30,31 Currently, the scientists used
multicolor immuno°uorescence to reveal that in the
glioma recurrence microenvironment, the increased
signaling interaction between neoplastic cells and
neighboring neural cells facilitated greater glioma
invasion into the normal brain.32 Another study
applied multicolor immuno°uorescence to provide a
comprehensive immune cell landscape describing
the changes in cellular state from normal tissue to
glioma.33 Thus, we adopted multicolor immuno°u-
orescence techniques to explore and analyze the
glioma microenvironment and metastasis to obtain
quantitative information on the spatial distribution
of neurons and multiple immune cells.

In this study, we screened a mouse glioma GL261
cell line stably expressing the large Stokes-shifted
yellow °uorescent protein mAmetrine (named
mAmetrine-GL261). By using multicolor immuno-
°uorescence, we visualized the spatial distribution
of neurons, microglia, monocyte-macrophages, and
T cells in the mAmetrine-GL261 glioma microen-
vironment and metastasis (Scheme 1). As shown in
Scheme 1, we found that only a few neurons were
retained in the glioma core and the density of neurons
in the glioma core decreased by 90% compared to the
normal brain site. Imaging results illustrated that the
heterogeneity existed in the spatial distribution be-
tween the microglia and monocyte-macrophages.
The density of monocyte-macrophages signi¯cantly
increased in the glioma core compared with normal
brain site. There was no signi¯cant di®erence in the
number of microglia in the glioma versus the normal
brain site. Glioma cells have a characteristic in¯l-
trative growth along the outer wall of blood vessels.
The glioma metastasis recruited large numbers of
monocyte-macrophages and T cells. These ¯ndings
provide new insight into studying the aggressive

growth and metastasis of glioma and are useful to
design new immunotherapy strategies by targeting
immunomodulation cells in the glioma.

2. Materials and Methods

2.1. Mice

C57BL/6 female mice were obtained from the Hunan
SJA Laboratory Animal Co., Ltd (Hunan, China).
B6.129P2(Cg)-Cx3CR

tm1Litt
1 /J (CX3CR

þ=gfp
1 , JAX:

005582) mice were derived from breeding pairs that
were obtained originally from the Jackson Labora-
tory (Bar Harbor, ME, USA). All the mice were bred
and maintained in a speci¯c pathogen-free (SPF)
barrier facility at the Animal Center of Wuhan
National Laboratory for Optoelectronics. All animal
studies were approved by the Hubei Provincial
Animal Care and Use Committee and followed the
experimental guidelines of the Animal Experimen-
tationEthics Committee of theHuazhongUniversity
of Science and Technology.

2.2. Screening mAmetrine-GL261

cell lines

After transformation of the pB-mAmetrine plasmid
and PBase plasmid into E.coli, the bacterial solu-
tion was spread evenly in Luria-Bertani (LB) agar
(Sinopharm Chemical Reagent Co., Ltd., China)
bacterial medium and incubated overnight at 37�C.
A monoclonal colony in the dish was picked and
placed in a conical °ask with LB broth and incu-
bated in a constant temperature shaker at 37�C and
180 rpm overnight. The pB-mAmetrine plasmid
and PBase plasmid were extracted according to the
instructions in the endofree plasmid midi kit
(Jiangsu Cowin Biotech Co., Ltd., China) after the
bacterial solution in the conical °ask became
turbid, and the plasmid concentration was mea-
sured using an ultra-micro spectrophotometer
(ThermoFisher, USA). Then, transfection of plas-
mids was performed according to the instructions
in the Lipofectamine 2000 Transfection Kit (Ther-
moFisher, USA). The °uorescence of GL261 cells in
96-well plates transfected with pB-mAmetrine
plasmid as described above was observed daily
using an IX71 inverted °uorescence microscope
(Olympus, Japan), and GL261 cells stably expres-
sing yellow °uorescent protein were screened by the
limited dilution method.
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2.3. Stereotaxic intracranial glioma
implantation

The mice were deeply anesthetized with Avertin
(Sigma, Germany) and positioned on a stereotactic
frame. The head was secured using a nose clamp and
two ear bars. The mouse was placed under a stereo-
microscope to ensure precise surgical manipulation.
The head was shaved and the skin was cut. The peri-
osteum was scraped and a circular hole was drilled
over the right parietal bone. Next, 104 mAmetrine-
GL261 cells suspended in 4�L of PBS were injected
stereotactically using a 10�L syringe with a 34G
needle (WPI, USA) in themiddle of the craniotomy at
a depth of 3mm. The exposed brain was sealed with
silicone oil (Sigma-Aldrich, USA). After cell injection,
the mice were sutured with surgical sutures. Finally,
the mice were placed on a heating pad to maintain
their body temperature until they woke up, and the
micewereputback into theanimal roomafter surgery.
Mice were closely monitored twice per week for be-
havior, reactivity, and appearance.

2.4. Confocal imaging

The screened mAmetrine-GL261 cells were cultured
in 25 cm2 culture °asks and digested with trypsin
when the cell density was 90% of the °ask bottom.
After taking the cell suspension for live cell count-
ing, the cell suspension was diluted to 1� 106 cells/
mL using DMEM complete medium. Then, 100�L
of mAmetrine-GL261 cell suspension was added to
the confocal culture dishes and spread evenly and
incubated at 37�C in a 5% CO2 cell incubator. The
LSM 710 laser confocal microscope (Zeiss, Ger-
many) was used to image the cells when the cells
were spread over 80% of the laser confocal culture
dish. The excitation peak wavelength of yellow
°uorescent protein mAmetrine is 406 nm and the
emission peak wavelength is 526 nm. Therefore, the
excitation wavelength of the LSM 710 laser confocal
microscope was set to 405 nm, and the detection
wavelength of the detection channel was set to 504–
563 nm. The °uorescence and bright ¯eld were im-
aged simultaneously to observe the °uorescent
protein expression of mAmetrine-GL261 cells.

2.5. Flow cytometry

Two groups of GL261 cells without °uorescent
protein expression and mAmetrine-GL261 cells

were established. They are Culture GL261 and
mAmetrine-GL261 cells. When the density is 90%
of the bottom of the 25 cm2 cell culture °ask, as-
pirate the GL261 and mAmetrine-GL261 cell sus-
pensions (200�L). Add eBioscience

TM
Fixable

Viability Dye to the cell suspension in the EP tube,
dilute the dye in the ¯nal cell suspension by 1000x
and incubate on ice in a dark place for 30min.
After the incubation is complete, add 2 mL of PBS
containing 2% NCS to the centrifuge tube, set the
centrifuge parameters to 4�C, 500 g, and centrifuge
for 5min. Discard the supernatant and resuspend
the cells using 200 �L of 2% NCS-containing PBS
for °ow cytometry.34 Use non°uorescent GL261
cells as a negative control for °uorescence signal,
and subsequently detect the °uorescence signal
of mAmetrine-GL261 cells under the same °ow
cytometry parameters.

2.6. Glioma staining in vivo

Mice were intracranially inoculated with mAme-
trine-GL261. On day 25 of glioma growth, animals
were injected via tail vein with 60mg/kg Evans Blue
in sterile saline solution. Mice were anesthetized and
perfused with the heart 60min later. Then, mice were
euthanized and brains were removed and preserved
in 4% PFA. After ¯xation was completed, the whole
brain of the mice was cut along the coronal plane to
observe the Evans Blue staining.

2.7. Immuno°uorescence and
histopathology

Mice were intracranially inoculated with mAme-
trine-GL261. On day 25, mice were perfused with the
heart. The brains were removed intact, ¯xed over-
night in 4% PFA, and then dehydrated in a gradient.
After the brain tissue had sunk to the bottom, it was
embedded in the Tissue-Tek OCT compound and
sectioned into 20�m slices on a Leica CM1950 cryo-
stat (Wetzlar, Germany) at �20�C. The anti-NeuN
antibody EPR12763 (1:800, ab177487, Abcam,
Cambridge, USA) and the goat anti-rabbit IgG H&L
Alexa Fluor 488 (1:1000, ab150077, Abcam, USA)
were used to identify neurons in the brain. The anti-
CD31 antibody (1:50, ab28364, Abcam, USA) and
the goat anti-rabbit IgG H&L Alexa Fluor 488
(1:1000, ab150077, Abcam, USA) were used to mark
vessels. Brilliant Violet 421

TM
anti-mouse F4/80
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(1:100, 565411, BD Biosciences, USA) was used to
recognize macrophages. Anti-mouse CD3 antibody
Alexa Fluor 594 (1:200, 100240, BioLegend, USA)
was used to identify the T cells. All brain slices were
imaged on a Zeiss LSM 710 laser scanning confocal
microscopy (Oberkochen, Germany). The data were
analyzed with ImageJ (NIH, USA).

For histopathology, ¯xed brain tissues were em-
bedded in para±n, sectioned, and stained with he-
matoxylin–eosin (H&E). The H&E slices were
imaged on a Nikon Ni-E microscope (Nikon, Min-
ato, Tokyo, Japan). All images were analyzed with
ImageJ (NIH, USA).

2.8. Statistical analysis

Statistical analysis was performed using GraphPad
Prism 7 (GraphPad Software, Inc., La Jolla, CA,
USA). For comparisons of two groups, the two-
tailed unpaired t-test or Mann–Whitney test was
used. For comparisons of three groups, the one-way
ANOVA with Tukey's multiple comparison test or
Kruskal–Wallis test was used. The statistical anal-
ysis is described in each ¯gure legend. Di®erences
between or among groups are denoted as ns for not
signi¯cant, * for P < 0:05, ** for P < 0:01, *** for
P < 0:001 and **** for P < 0:0001.

3. Results and Discussion

3.1. Screening GL261 cells with stable

expression of mAmetrine

The mouse glioma GL261 cells were transfected
with the PB transport system, which contained the
sequence encoding a large Stokes-shifted yellow
°uorescent protein (named mAmetrine) to generate
the mAmetrine-GL261 cell line. The mAmetrine is a
yellow °uorescent protein with a large Stokes shift
(with an excitation wavelength of 406 nm, an
emission wavelength of 526 nm, and a Stokes shift of
120 nm),35 considerably reducing the overlap be-
tween the excitation and emission spectra. It can
e®ectively reduce the crosstalk of °uorescence
spectra, and avoid °uorescence e±ciency reduction
caused by energy transfer.36 To assess whether
GL261 cells stably express mAmetrine, we used
laser confocal microscopy to image the mAmetrine-
GL261 cells (Fig. 1(a)). Confocal imaging showed
that the percentage of °uorescent cells was more
than 95% (Fig. 1(b)).

Next, we examined the percentage of GL261 cells
stably expressing mAmetrine in total cells. The
positive cell population was segregated from the
negative cell population, and the mean °uorescence
intensity of mAmetrine-GL261 cells was 1321-fold

Fig. 1. The detection of mAmetrine-GL261 cells. (a) Representative confocal images of mAemtrine-GL261. (b) Statistics of
°uorescent and non°uorescent cells in 11 images. (Three independent experiments). (c) The median °uorescence intensity of GL261
and mAmetrine-GL261. Statistical analysis was performed using the two-tailed unpaired t-test. The data were present as
mean� SD. ***P < 0:001.
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higher than that of GL261 cells (Fig. 1(c)). The °ow
cytometry results con¯rmed that the percentage of
the mAmetrine-GL261 cells with mAmetrine °uo-
rescent signal was above 95%, which was consistent
with the confocal imaging data.

This mAmetrine-GL261 cell line is suitable for
multi-color °uorescence imaging. For example, the
mAmetrine can be used in association with CFP
(Ex: 405 nm/Em: 485 nm), GFP (Ex: 488 nm/Em:
507 nm) and mCherry (Ex: 587 nm/Em: 610 nm).
Then, we detected the tumorigenicity and used
mAmetrine-GL261 glioma cells in combination with
immuno°uorescence to provide visualization of the
distribution of neurons and immune cells in the
glioma microenvironment and metastasis.

3.2. Detection of the tumorigenicity

of mAmetrine-GL261 cells

To determine whether the mAmetrine-GL261 cells

could form the glioma,C57BL/6micewere inoculated

intracranially into the striatum with mAmetrine-

GL261 cells and were allowed to establish gliomas for

25 days. We used Evans Blue staining to visualize the

glioma area through tail vein injection, and then re-

moved the mouse brain. The results showed that

mAmetrine-GL261 cells had not yet reached the sur-

face of the brain (Fig. 2(a)), and the region of the

glioma had been stained (Fig. 2(b)), which suggested

that the mAmetrine-GL261 cells could form glioma.

In addition, the mouse brain slices were prepared

by H&E staining and imaged. Imaging results in-

dicated that mAmetrine-GL261 cells were tumori-

genic (Fig. 2(c)). Glioma cells grow densely in the

glioma core (Fig. 2(d)). As shown by the white

arrow, in the glioma margin, mAmetrine-GL261

cells in¯ltrated the surrounding tissues (Fig. 2(e)).

Evans Blue staining and H&E staining results

con¯rmed the tumorigenicity of the mAmetrine-

GL261 cells and the growth of mAmetrine-GL261

cells was very aggressive.

3.3. Immuno°uorescence imaging of
neurons in the glioma

microenvironment

To investigate the spatial distribution of neurons
within the glioma microenvironment, we used the
antibody Anti-NeuN (Alexa Flour 488) to label the
nucleus of neurons and used confocal imaging
to observe the brain slices (Figs. 3(a)–3(c)).

Fig. 2. Staining results of mice brains on day 25 after mAmetrine-GL261 cells implantation. (a) Evans Blue staining of the mouse
brain surface. Scale bar: 1 cm. (b) Evans Blue staining of mouse deep brain. Scale bar: 1 cm. (c) H&E staining results of the whole
brain. Scale bar: 500�m. (d) Glioma core. Scale bar: 50�m. (e) Glioma margin. White arrows indicate in¯ltrating glioma cells. Scale
bar: 50�m.
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The imaging data showed that neurons were
sparsely distributed in the glioma core where
mAmetrine-GL261 cells grew densely. In the glioma
margin, more neurons were distributed along the
perimeter of the glioma while neurons were densely
distributed in the normal brain site (contralateral
hemisphere). In addition, we found in¯ltrative
growth of mAmetrine-GL261 cells, and the invasion
of individual glioma cells could be observed, as
shown by the white arrows (Fig. 3(c)).

To quantify the distribution of neurons in the
glioma core, glioma margin, and normal brain site
(contralateral hemisphere), we randomly imaged
several views (Fig. 3(d)). Quantitative data showed
that the average density of neurons in the tumor
core decreased by 90% and 50% compared to the
contralateral hemisphere and glioma margin, re-
spectively (Fig. 3(e)). The results demonstrated
that the growth of glioma in the brain leads to
neuronal decrease in the glioma area.

It has been demonstrated that neurons play a key
role in the glioma microenvironment, which could
regulate the glioma progression.9–12 The imaging
results showed that the neurons sporadically dis-
tributed in the glioma core. The reduced neurons
may include inhibitory interneurons9 and excitatory
neurons17 both of which result in the invasion of
glioma cells into surrounding brain parenchyma.
Therefore, designing a therapy that inhibits glioma-
induced neuronal apoptosis and increases the
number of neurons may contribute to glioma
therapy.

3.4. Immuno°uorescence imaging

of immune cells in the glioma
microenvironment

To quantify the level of in¯ltration and spatial
distribution of immune cells in the glioma micro-
environment, we used the mouse brain slices to

Fig. 3. Immuno°uorescence imaging of brain slice on day 25 after mAmetrine-GL261 implantation. (a) Large-¯eld of image. Scale
bar: 500�m. (b) Neuron distribution in the glioma core. Scale bar: 50�m. (c) Neuron distribution in glioma margin. White arrows
show some individual invasive glioma cells around the glioma. Scale bar: 50�m. (d) Random imaging of the contralateral hemi-
sphere, glioma margin and glioma core. Scale bar: 500�m. (e) Quantitative analysis of the density of neurons in contralateral
hemisphere (n ¼ 10 images), glioma margin (n ¼ 12 images) and glioma core (n ¼ 9 images). Statistical analysis was performed
using the one-way ANOVA with Tukey's multiple comparison test. The data are presented as the mean� SD. ****P < 0:0001.
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observe the glioma microenvironment and quanti-
¯ed the number of in¯ltrating monocyte-macro-
phages, microglia, and T cells in each imaging ¯eld,
as shown in the white boxes (Figs. 4(a)–4(c)). We
distinguished microglia from monocyte-macro-
phages by utilizing CX3CR1 mice in combination
with F4/80 antibody. In the brain slice of CX3CR1

mice, the GFP-labeled cells were microglia, and
the F4/80 antibody labeled cells were monocyte-
macrophages. Compared with the contralateral
hemisphere and glioma margin, the density of
monocyte-macrophages was 116-fold and 6-fold
higher in the glioma core, respectively (Fig. 4(d)).
This indicated that monocyte-macrophages were
heavily recruited to the glioma area during the

growth of glioma, and the quantitative data sug-
gested that monocyte-macrophages were mainly
distributed inside the glioma. Besides, there was
no signi¯cant di®erence in the number of microglia
in these three regions, indicating that the glioma
growth did not have a signi¯cant e®ect on the
distribution of microglia in the brain (Fig. 4(e)).
At the same time, imaging revealed that around
the glioma, microglia were tightly recruited
around the in¯ltrating glioma cells, indicating an
interaction between the microglia and glioma cells
(Fig. 4(c)).

The in¯ltration of CD3þ T cells was similar to
that of monocyte-macrophages. Compared with the
normal brain site and glioma margin, the density of

Fig. 4. Multicolor immuno°uorescence imaging of the glioma microenvironment and quantitative analysis of the in¯ltration
density and distribution of each immune cell in the glioma microenvironment. (a) Large-¯eld of brain slice image. Scale bar: 500 �m.
(b) Representative confocal microscopy images of the glioma core. Scale bar: 50 �m. (c) Representative confocal microscopy images
of the glioma margin. White arrows indicate microglia. Scale bar: 50 �m. (d) The cell density of monocyte-macrophages in the
glioma core, glioma margin, and normal brain site. (e) The cell density of microglia in the glioma core, glioma margin, and normal
brain site. (f) The cell density of T cells in the glioma core, glioma margin, and normal brain site. The images were from three mice.
Statistical analysis was performed using Kruskal–Wallis test in (d) and (f). Statistical analysis was performed using the one-
way ANOVA with Tukey's multiple comparison test in (e). The data are presented as the mean� SD. *P < 0:05, **P < 0:01,
***P < 0:001, and ns denotes not signi¯cant.
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T cells inside the glioma was 30-fold and 1.8-fold
higher, respectively (Fig. 4(f)). This ¯nding indi-
cated that CD3þ T cells were largely recruited to
the glioma area in large numbers during glioma
development, and the quantitative data suggested
that CD3þ T cells were mainly distributed inside
the glioma.

The imaging results showed that the distribution
of monocyte-macrophages, microglia and T cells in
the glioma microenvironment was spatially hetero-
geneous, with monocyte-macrophages and T cells

mainly distributed inside the glioma, and the distri-
bution of microglia did not have signi¯cant di®erence
in the glioma core, glioma margin and normal brain
site. The possible reason for this is that under
physiological conditions, monocyte-macrophages are
unable to cross the blood–brain barrier. However, as
glioma developed, the blood–brain barrier is dis-
rupted and monocyte-macrophages are recruited into
the glioma microenvironment.37 These results sug-
gest that targeting drugs to inhibit monocyte-mac-
rophage recruitment into the glioma region might

Fig. 5. Multicolor immuno°uorescence imaging and quantitative analysis of glioma in the metastatic process. (a) Large-¯eld of
image of monocyte-macrophages and T cells in the in-situ glioma and metastasis. Scale bar: 500�m. (b)–(d) In¯ltration of T cells
and monocyte-macrophages in the metastasis, white arrows indicated individual glioma cells. Scale bar: 50�m (e) Quantitative
analysis of the cell density of T cells of in-situ gliomas, and glioma metastasis. (F) Quantitative analysis of the monocyte-
macrophage cell density of in-situ gliomas and glioma metastasis. Statistical analysis was performed using the unpaired student
t test. (n ¼ 4�5 images, from 2 to 3 mice). Data are presented as the mean� SD. *P < 0:05.
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hinder glioma growth. The imaging study about the
distinct spatial distribution between microglia and
monocyte-macrophages in the glioma and metastasis
could promote the discovery of distinct functions for
GAMs in the glioma and facilitate developing novel
immunotherapy.

3.5. Immuno°uorescence imaging
of monocyte-macrophages and

T cells in the glioma metastasis

To investigate the distribution of immune cells
in the glioma metastases, we imaged the mouse
brain slice in which glioma metastasis occurred
(Figs. 5(a)–5(d)) and observed the presence of in-
dividual glioma cells tightly surrounded by mono-
cyte-macrophages in di®erent regions of the mouse
brain, as indicated by the white arrows (Figs. 5(b)–
5(d)). It is suggested that glioma cells may have
metastasized along the ventricles. In addition, we
found that glioma cells invaded and grew along the
outer wall of blood vessels, and we observed that
glioma cells were tightly attached to the outer wall
of blood vessels (Figs. 5(a)–5(d)).

We randomly imaged several ¯elds of view within
the in-situ glioma as well as the metastasis to
quantitatively compare the density. The cell density
of T cells in the glioma metastasis was approxi-
mately 1.5-fold higher than the density of T cells in
the in-situ glioma (Fig. 5(e)). The cell density of
monocyte-macrophages in the metastasis was about
1.7-fold higher than the density of monocyte-mac-
rophages in the in-situ glioma (Fig. 5(f)).

The above results indicated that a large number
of monocyte-macrophages and T cells are recruited
into the metastasis, which further promotes the
development of glioma metastasis. Previous studies
have shown that monocyte-macrophages can release
cytokines including IL-6 that stimulated glioma
growth and invasion by acting on glioma initiating
cells in the perivascular niche.38,39 The distribution
of T cells in glioma metastasis and the mechanism of
their recruitment have not been reported, but the
phenomenon of the elevated density of monocyte-
macrophages and T cells in glioma metastasis sug-
gests that we can develop °uorescent probes or
nanodrugs targeting monocyte-macrophages or T
cells, which are expected to enable sensitive diag-
nostic methods and immunotherapy for glioma
metastasis.

4. Conclusion

In this study, we used the mAmetrine-GL261 cells

combined with multicolor immuno°uorescence

imaging to explore the spatial distribution of

neurons, monocyte-macrophages, microglia, and T

cells in the glioma microenvironment. Neurons are

sparsely distributed in the glioma core and the

density of them was decreased by 90% compared

with normal brain site. We observed the hetero-

geneity of spatial distribution between microglia

and monocyte macrophages. Compared with nor-
mal brain site, the number of monocyte-macro-
phages was signi¯cantly increased in the glioma
core. However, the distribution of microglia did not
have a signi¯cant di®erence in the glioma core,
glioma margin, and normal brain site. Glioma cells
grew invasively along the outer wall of blood ves-
sels. Monocyte-macrophages and T cells were
abundantly recruited into the glioma metastasis.
This study reveals the spatial distribution of neu-
rons and important immune cells in the glioma
microenvironment and provides a new perspective
for developing immunotherapy strategies for tar-
geting the key immune cells in the glioma.
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