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Visualizing Microglia with a Fluorescence Turn-On Ugt1a7c Substrate
Beomsue Kim+, Masahiro Fukuda+, Jung-Yeol Lee, Dongdong Su, Srikanta Sanu,
Aymeric Silvin, Audrey T. T. Khoo, Taejoon Kwon, Xiao Liu, Weijie Chi, Xiaogang Liu,
Sejong Choi, Diana S. Y. Wan, Sung-Jin Park, Jin-Soo Kim, Florent Ginhoux, H. Shawn Je,* and
Young-Tae Chang*

Abstract: Microglia, the brain-resident macrophage, are
involved in brain development and contribute to the progres-
sion of neural disorders. Despite the importance of microglia,
imaging of live microglia at a cellular resolution has been
limited to transgenic mice. Efforts have therefore been
dedicated to developing new methods for microglia detection
and imaging. Using a thorough structure–activity relationships
study, we developed CDr20, a high-performance fluorogenic
chemical probe that enables the visualization of microglia both
in vitro and in vivo. Using a genome-scale CRISPR-Cas9
knockout screen, the UDP-glucuronosyltransferase Ugt1a7c
was identified as the target of CDr20. The glucuronidation of
CDr20 by Ugt1a7c in microglia produces fluorescence.

Microglia, the brain-resident macrophage, are known to be
involved in brain development and to contribute to the
progression of neural disorders, such as stroke, autism, and
Alzheimer�s disease.[1,2] Despite growing interest, microglia
examinations have been restricted to either postmortem CNS
tissue histopathology or fluorescent imaging in transgenic
mice that express fluorescent proteins from microglia line-
ages.[3] Therefore, efforts have been dedicated to developing
methods that can identify microglia populations.

Isolectin B4 (IB4), the plant lectin from Griffonia sim-
plicifolia, has been widely used to identify microglia in both
live and fixed brain tissues.[4] However, due to its strong
affinity for perivascular cells and some neurons, IB4-based
staining is not very specific for microglia.[5, 6] The translocator

protein (TSPO) has been also utilized as a pharmacological
target to label activated microglia.[7] However, chemical
ligands of TSPO are not ideal for labeling pan-microglial
populations, as TSPO is ubiquitously expressed in the brain
under normal conditions.[7]

Therefore, we previously developed CDr10 using diversity-
oriented fluorescent molecule libraries (DOFLs).[8] However,
CDr10 failed to label microglia in brain tissues due to the less
stringent conditions of cell-based screening using purified
microglia.[8] In this study, we applied a focused fluorescent
library to confluent cultures of mouse primary glial populations
containing microglia, astrocytes, and oligodendrocytes with
neurons,[9] which provided a more stringent condition to
identify suitable microglia probes that might work in vivo
(Figure 1A). We screened 880 chemical probes derived from
monostyryl-containing asymmetric BODIPY backbones
(BDs), from which CDr10 was derived.[10] Using unbiased
library screening, we identified one derivative named CDr20
(cell designation red 20; Abs/Emi: 568/600 nm in MeOH; e:
53547m�1 cm�1) that clearly overlapped with Csf1r–EGFP
signals; EGFP is expressed in microglia (Figure 1B).[11]

Because CDr20 has a 3-hydroxy-4-methoxystyryl moiety,
we evaluated the combinatorial structure–activity relationship
profiles of 36 related styryl structures using epi-fluorescence
imaging and flow cytometry analysis (Supporting Information,
Table S1 and Figures S1 and S2). A hydroxyl group in any
position of the benzene moiety (compounds 2–4) was indis-
pensable for labeling microglia by increasing the fluorescence
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signal-to-noise (S/N) ratios. Other compounds without a hy-
droxyl group did not show any specificity to microglia. More
hydroxyl groups may not be essential for labeling microglia.
For instance, compounds 11 and 12 exhibited better specificity
in labeling microglia, while compounds 13–15 and 29 did not.
As demonstrated by compounds 16–20, a methoxy group with
an additional hydroxyl group improved the specificity for
labeling microglia. Based on these findings, we selected CDr20
as the best microglia probe due to its stability (Figure 1A). The
specificity of CDr20 was further confirmed by the super-

position of CDr20-stained live cells on Iba-1+-microglia
(97.3%) and GFAP+- (0.4%) or Aldh1l1+-astrocytes (0.0%
of live cells overlaid to the immunostained cells; Figure 1C and
Supporting Information, Figure S3). Interestingly, CDr20 did
not emit a fluorescence signal in an aqueous environment,
which enabled time-lapse imaging of microglia without remov-
ing CDr20 from the culture media (Supporting Information,
Figure S4A and Video S1).

Due to its high S/N ratio in fluorescent imaging, we
evaluated CDr20-based fluorescent-activated cell sorting
(FACS). Isolated cell populations based on CDr20 fluores-
cence expressed high levels of microglia gene markers, such as
P2ry12, Csf1r, and Cx3cr1, suggesting that single-probe
staining is sufficient to isolate microglia from heterogeneous
cell populations (Supporting Information, Figure S4B,C and
Data S1). Using acutely isolated mouse brain cells, we also
compared the microglia sorting efficiency of CDr20 to that of
other conventional methods (Figure 1D,E and Supporting
Information, Table S2). We used Csf1r–EGFP-positive,[11]

CD11b+/CD45low-gated,[12] and fluorescence-dye-conjugated-
IB4-stained[4] cells as experimental controls, whereas CDr10-
stained[8] and unsorted total live cells were used as the
comparison groups (Figure 1D). Gene expression analyses
revealed that IB4- and CDr10-stained sorted cells and total
live cells were more heterogeneous because IB4 and CDr10
exhibited affinity for endothelial cells and other glial cells
(Figure 1E and Supporting Information, Figure S5A,C). In
contrast, cells sorted on the basis of CDr20 fluorescent signal
exhibited similar transcriptome profiles as those of microglia
from Csf1r–EGFP mice and CD11b+/CD45low-gated cells
(Figure 1E and Supporting Information, Figure S5B,C), indi-
cating that CDr20-based FACS can be used to isolate
microglia populations.

Next, we tested whether CDr20 could label microglia
populations in brain tissues using live-cell, confocal imaging.
Compared to IB4-based microglia staining, CDr20 did not
stain the blood vessels in the brain slices (Figure 2A and
Supporting Information, Figure S6), and its intracellular
fluorescence signal was clear in identifying microglia (Fig-
ure 2B). A total of 94.1 % of Csf1r–EGFP+ mouse microglia
in the brain slices of adult mice were labeled by CDr20
(Figure 2B and Supporting Information, Figure S7A). To test
its ability to label microglia in an intact brain, a whole, live
Csf1r–EGFP day 13 mouse embryo was incubated with
CDr20 (Figure 2C). CDr20 noninvasively labeled microglia
in the live embryo (Figures 2C); 99.2 % of EGFP+ microglia
were labeled by CDr20 (Supporting Information, Fig-
ure S7B). To further test whether intravenous administration
of CDr20 could label microglia in vivo, we performed
a craniotomy above the primary somatosensory cortex in
mice (Supporting Information, Figure S8). Intravenous infu-
sion of CDr20 resulted in CDr20 fluorescence signals on the
EGFP-expressing microglia of neurological models, manni-
tol-injected wild-type (Figure 2 E and Supporting Informa-
tion, Figure S9), and on the microglia of aged Alzheimer�s
disease mice (Supporting Information, Video S2), suggesting
that CDr20 can label microglia in vivo.

To identify proteins that confer the functionality of CDr20
in microglia, we performed a genome-scale CRISPR-Cas9

Figure 1. Identification of CDr20 as a microglia-specific fluorescent
probe. A) Left: Experimental setup. Right: Chemical structure of CDr20
with the structure–activity relationships. B) Densitometry of non-
stained or CDr20-stained Csf1r–EGFP brain cells. C) Superimposed
images of CDr20 live-cell labeling and the indicated immunolabeling in
primary cultured glial cells. Scale bars = 100 mm. D) Experimental
scheme of the RNA-Seq analysis using the five different microglia
sorting methods. Total, acutely isolated brain cells were used. E) Spear-
man’s rank correlation coefficients of the gene expression values
between the independent replicates of (D). Gating details are in
Figure S16 in the Supporting Information. CD11b+/45low, CD11b-pos-
itive, and CD45-low. All experiments were using live cells, except for
the immunolabeling shown in (C).

Angewandte
ChemieCommunications

2 www.angewandte.org � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2019, 58, 1 – 5
� �

These are not the final page numbers!

http://www.angewandte.org


knockout screening by transducing SpCas9-expressing BV2
microglial cells with the Brie library (Figure 3 A).[13] The
resulting single gene-knockout populations were subse-
quently labeled with CDr20, and cells with different CDr20-
derived fluorescence intensities were further enriched by
multiple rounds of FACS to separate CDr20-negative
(CDr20�) from CDr20-positive (CDr20+) cells (Figure 3A).
The appearance of CDr20� cell populations indicates that
a gene is responsible for generating the fluorescence signal for
CDr20 in microglia (Figure 3 B and Supporting Information,
Figure S10). The abundant single guide RNAs (sgRNAs)
from the enriched CDr20� populations were then identified
by comparing the counts of each sgRNA with those from the
unselected library.[13] Three sgRNAs (88071539, 88095234,
and 21658821) targeting the Ugt1a9/Ugt1a7c, Ugt1a7c, and
Olfr1361 genes, respectively, were repeatedly accumulated in

CDr20� populations in two independent experiments (Fig-
ure 3C). Only Ugt1a7c had substantial expression levels
(greater than 1 fragment per kilobase of exon model per
million reads mapped, FPKM) and exhibited enhanced
expression in CDr20+ microglia among the candidate genes
(Figure 3D). Interestingly, in the Ugt gene family, Ugt1a7c
was the only member enriched in microglia (Supporting
Information, Table S3). Previous transcriptomic analyses

Figure 2. Two-photon ex vivo and in vivo microscopy of live microglia
using CDr20. A) Left: Experimental setup. Right: Difference between
Isolectin B4 (IB4)–Alexa Fluor 488 (AF488) and CDr20 in labeling
blood vessels and microglia in an adult mouse brain slice (live).
B) CDr20-labeled microglia colocalized with Csf1r–EGFP+ (Top) or
IB4–AF488+ (Bottom) microglia (Arrowheads). C) Labeling of embry-
onic microglia by simple incubation of a whole live mouse embryo
(day 13) with CDr20. Top: A low-magnification epi-fluorescence image.
Bottom: Colocalization of CDr20-labeled cells with EGFP+ microglia.
D) Scheme of in vivo labeling. E) In vivo microglia imaging with CDr20
intravenous injections after systemic inflammation induced by intra-
peritoneal lipopolysaccharide injection. Left: 3D view, Right: Single-
channel images. Scale bars = 50 mm in (A) and (C-bottom), 500 mm in
(C-top), and 10 mm in (B) and (E).

Figure 3. Identification of the turn-on fluorescence mechanism of
CDr20 by Ugt1a7c. A) Schematic steps for the identification of CDr20
target genes with genome-scale knockout (KO) microglia. B) Images of
CDr20-stained control and six-times enriched CDr20+ and CDr20�

populations. C) Dot plots of the read counts of the 78,637 sgRNAs in
the library (x-axes) and CDr20� populations (y-axes). Number: library
ID; 88071539 is enriched in outliers (left, 14000 k; right, 13200 k).
Repeatedly observed sgRNAs are indicated with their target(s). D) The
relative expression levels of the three candidate genes in CDr20+

populations from other glia. n.d.: Not detected. E) Inhibition of micro-
glial CDr20 staining by treatment of microglia with four Ugt inhibitors
at 0.1, 1, and 10 times their IC50 concentrations. Bold lines: mean
intensities. Dots: each data points (N = 4–6). F) Generation of the
CDr20+ population by Ugt1a7c–FLAG overexpression in Neuro2a
(N2A) cells. Epi-fluorescence images. Arrows: Ugt1a7c–FLAG-express-
ing and CDr20-stained cells. G) LC-MS spectra of CDr20 (m/z 353.0)
and CDr20–Gluc converted by a Ugt1a7c-containing microsome (m/z
531.1). H) The proposed fluorescence turn-on process of CDr20. ESPT:
excited-state proton transfer. Scale bars = 100 mm (B) and 20 mm (F);
**: p<0.01.
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have confirmed that the Ugt1a7c gene was expressed in
a microglial-specific manner (accession number: GSE43808
and GSE52564) in the brain.[14,15]

Ugt1a7c protein is a UDP-glucuronosyltransferase with
phenol-induced glucuronidase activity.[16] Since CDr20 con-
tains a phenolic moiety essential for microglia labeling
(Figure 1A), we tested whether the fluorogenicity of CDr20
in microglia was caused by the enzymatic activity of Ugt1a7c.
Microglia displayed decreased CDr20-derived fluorescence
upon either magnolol or silybin treatment, selective inhibitors
of the Ugt1a7c human isoform,[16,17] but not upon ritonavir or
diclofenac treatment, inhibitors of other Ugt1 family mem-
bers (Figure 3E).[16, 18] More importantly, ectopic overexpres-
sion of Ugt1a7c in a nonmicroglial cell line, Neuro2a (N2A),
was sufficient to elicit CDr20 fluorescence (Figure 3F). Using
LC-MS/HRMS, we observed that the glucuronidated form of
CDr20 (CDr20–Gluc) in both CDr20 solutions, which had
been treated with microsomal Ugt1a7c (Figure 3G and
Supporting Information, Figure S11), and cell lysates from
CDr20-treated Ugt1a7c-overexpressing N2A cells (Support-
ing Information, Figure S12).

Lastly, we examined how the conversion from CDr20 to
CDr20–Gluc generated strong fluorescence signals in micro-
glia. Quantum chemical calculations showed that CDr20
emission can be quenched through excited-state proton
transfer (ESPT)[19] by losing one proton at the hydroxyl
group upon photoexcitation (Supporting Information, Fig-
ure S13). However, ESPT can be effectively suppressed after
CDr20 is converted to CDr20–Gluc (Figure 3H). Conse-
quently, the fluorescence signal was enhanced due to in vitro
conversion of CDr20 (quantum yield, F = 0.007) into CDr20–
Gluc (F = 0.611) by Ugt1a7c (Supporting Information, Fig-
ure S14). In summary, we have discovered CDr20, a fluoro-
genic probe that labels microglia in both cell cultures and live
rodent brains through its Ugt1a7c-mediated fluorescence
turn-on process. CDr20 could be a useful tool for identifying
microglia in neural disorders.
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Visualizing Microglia with a Fluorescence
Turn-On Ugt1a7c Substrate

Lightbulb moment : The fluorogenic
probe, CDr20, specifically labels mouse
microglia both in vitro and in vivo, ena-
bling their visualization through a fluo-
rescence turn-on response, mediated by
the UDP-glucuronosyltransferase,
Ugt1a7c. CDr20 could be useful for the
characterization of the role of microglia
during brain development and the
pathogenesis of neural disorders.
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