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Purpose: Because the importance of glia in regulating brain functions has been demon-
strated, genetic technologies that manipulate glial cell-specific gene expression in the
brain have become essential and have made great progress. However, it is unknown
whether the same strategy that is used in the brain can be applied to the retina because
retinal glia differs from glia in the brain. Here, we aimed to find a method for selective
gene expression inMüller cells (characteristic glial cells in the retina) and identifiedMlc1
as a specific promoter of Müller cells.

Methods: Mlc1-tTA::Yellow-Cameleon-NanotetO/tetO (YC-Nano) mice were used as a
reporter line. YC-Nano, a fluorescent protein, was ectopically expressed in the cell type
controlled by theMlc1 promotor. Immunofluorescence stainingwas used to identify the
cell type expressing YC-Nano protein.

Results: YC-Nano-positive (+) signals were observed as vertical stalks in the sliced retina
and spanned from the nerve fiber layer through the outer nuclear layer. The density
of YC-Nano+ cells was higher around the optic nerve head and lower in the peripheral
retina. The YC-Nano+ signals colocalized with vimentin, a marker of Müller cells, but not
with the cell markers for blood vessels, microglia, neurons, or astrocytes.

Conclusions: TheMlc1promoter allowsus tomanipulate geneexpression inMüller cells
without affecting astrocytes in the retina.

Translational Relevance: Gene manipulation under control of Mlc1 promoter offers
novel technique to investigate the role of Müller cells.

Introduction

Glial cells, non-neuronal cells, are the major cell
component in the central nervous system. They
contain three major cell types: microglia, oligoden-
drocytes, and astrocytes. Astrocytes play an essential
role in neuronal information processing and connec-
tivity.1,2 They provide metabolic support for neurons
and contribute to the regulation of blood flow and
energy homeostasis.3,4 Astrocytes control synaptic
connections by producing synaptogenic molecules and
exerting phagocytic functions.5,6 They also release

various neurotrophic factors, such as brain-derived
neurotrophic factor,4,7,8 ciliary neurotrophic factor,9,10
and insulin-like growth factor,11–13 thereby contribut-
ing to neuronal survival, the formation of neural
circuits, and regeneration after injury. Under patholog-
ical conditions, astrocytes become reactive and express
neuroprotective or neurodegenerative phenotypes.4,14

In the retina, astrocyte-lineage cells are composed
of two types of cells: astrocytes and Müller cells
(retina-specific cells). Retinal astrocytes exist in the
nerve fiber layer (NFL) in which they elongate their
processes and form honeycomb patterns in the inner
surface of the retina. Their endfeet tightly attach to and
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cover the blood vessels and the axon bundles derived
from the retinal ganglion cells.15 Müller cells are
characterized by a vertical stalk that spans through the
retina. Their cell bodies reside in the inner nuclear layer
(INL), and their processes ensheath the synapses and
blood vessels in the inner and outer plexiform layers
(IPL and OPL). Müller cells also play essential roles
in retinal functions, such as modulating neurotrans-
mission,3,16,17 supporting neurite outgrowth,18–20 and
maintaining ion homeostasis.4,21 Under pathological
conditions,Müller cells become reactive22 and undergo
reprogramming to acquire stem cell-like functions that
enable the regeneration of retinal neurons; this occurs
in fish but not mammals.23

To distinguish the two astrocyte-lineage cells, cell
type-specific markers are used. For example, retinal
astrocytes under normal conditions are enriched
in glial fibrillary acidic protein (GFAP),24 whereas
Müller cells strongly express vimentin,25,26 glutamine
synthase,27 and glutamate/aspartate transporter
(GLAST) proteins.28 To control the gene expression
of specific cell types, the promoter that is highly active
in the cell type is used. However, retinal astrocytes
and Müller cells share many enriched genes,29 and
thus brain astrocyte-specific gene manipulation is not
always applied to retinal astrocytes. For example, gene
manipulation under theGLAST promoter is astrocyte-
selective in the brain, whereas it is Müller cell-selective
in the retina.30 We have previously developed a flexible
accelerated STOP-tetO-knockin (FAST) system to
efficiently manipulate gene expression in vivo31; the
promoter of megalencephalic leukoencephalopathy
with the subcortical cysts 1 (Mlc1) gene was used
to achieve astrocyte-specific gene manipulation.32
Although this system enabled us to monitor astrocytic
activity33 and astrocyte-specific overexpression34 or
knockdown of target genes,35 it is unknown whether
retinal astrocytes or Müller cells are affected by
the promoter. Here, we demonstrate that the Mlc1
promoter can selectively control gene expression
of Müller cells without affecting astrocytes in the
retina.

Methods

All reagents and antibodies used in the present study
are listed in the Table.

Animals

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 Physiological Sciences” published by
the Physiological Society of Japan and with the previ-
ous approval of the Animal Care Committee of
Yamanashi University (Chuo, Yamanashi, Japan). Our
experimental conditions adhered to the ARVO State-
ment for the Use of Animals in Ophthalmic and
Vision Research. Mice were maintained in a pathogen-
free and temperature- and humidity-controlled facil-
ity (23°C and 55%, respectively) with a 12 hour
(6:00 AM to 6:00 PM) light-dark cycle. The mice
in each cage had free access to food and water.
For visualization, we crossed Mlc1-tTA mice with
YC-NanotetO/tetO mice (Mlc1-tTA::YC-NanotetO/tetO),
as previously reported.33 We used nine young adult
(3 months old) male mice in the present study. We
found no significant infertility or reproductive abnor-
malities in this transgenic mouse. To obtain Mlc1-
tTA::YC-NanotetO/tetO mouse, we prepared two or
three breeding cages (one male with 2–3 females per
cross). For analysis of fluorescence signals in the
normal conditions, we used three retinae from differ-
ent mice. In the experiment for intravitreal N-methyl-
D-aspartate (NMDA) injection, six retinae from six
mice were used for saline- and NMDA-treated groups,
respectively.

Preparation of Flat-Mount Retinae and
Retinal Slices

Mice were anesthetized with a mixture of medeto-
midine (0.9mg/kg bodyweight [BW]),midazolam (12.0
mg/kg BW), and butorphanol (15.0 mg/kg BW). Eyes
were enucleated and immersed in 4% of paraformalde-
hyde for 30 minutes at room temperature and then
dissected, as previously reported.36 The isolated retinae
were post-fixed overnight at 4°C. One retina from the
mouse was then cut into a quadrant. The other retina
was cut in half and it was further cut into half to
obtain quadrant retinae. The other half of the retina
was used to prepare retinal sections (20–30 sections
from one retina). Each quadrant retina was used as
one flat-mount retinal sample for immunohistochem-
istry. Immunostained retinae were mounted with Slow
Fade Gold antifade reagent (Thermo Fisher Scientific,
Waltham, MA, USA). For retinal slices, the enucle-
ated eyes were fixed in 4% of paraformaldehyde for
1 day at 4°C and soaked in 20% sucrose/phosphate-
buffered saline (PBS) for 2 day. The samples were then
embedded in Tissue-Tek optimal cutting temperature
compound (Sakura Fintek, Tokyo, Japan) and frozen.
All specimens were cut into 20 μm thick slices and
attached to a glass slide.
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Immunohistochemistry

For the flat-mount retinae, the samples were perme-
abilized and blocked with 5% normal goat serum in
2% Triton X-100-containing PBS (PBST) for 1 hour
at room temperature. For the retinal slices, tissues
were permeabilized and blocked with 5% goat serum
in 0.3% PBST. Then samples were incubated with
primary antibodies at 4°C for 3 days (for flat-mount)
and overnight (for slices). The flat-mount retinae and
retinal slices were washed 3 times with PBST at
room temperature for 10 minutes and incubated with
secondary antibodies for 1 hour at room tempera-
ture. Fluorescent images were acquired with a laser
scanning confocal microscope (FV1200; Olympus,
Tokyo, Japan).

Intravitreal NMDA Injection

To investigate Mlc1 promoter activity under patho-
logical conditions, we intravitreally injected NMDA to
the YC-Nano mice, as previously reported.37 Six male
Mlc1-tTA::YC-NanotetO/tetO mice were anesthetized
with intraperitoneal injection of a mixture of medeto-
midine hydrochloride (0.3 mg/kg), midazolam
(4 mg/kg), and butorphanol tartrate (5 mg/kg),
followed by instillation of 0.5% bupivacaine (5 μL/eye).
Then, a small incision wasmade with a 30-gauge needle
0.5 to 1.0 mm behind the limbus in the superior region
of the globe of the eye. NMDA (2 μL at 10 mM in
saline) was injected into the right eyes using a glass
syringe with a 30-gauge needle. For control, the sham
operation was performed by injecting a vehicle (2 μL
of saline) into the left eyes, and the absence of retinal
ganglion cell (RGC) degeneration was confirmed. To
estimate the NMDA-caused damages of RGCs, we
quantified the changes in the number of Rbpms+
RGCs in the ganglion cell layer (GCL) of the flat-
mounted retina.

Antibodies and Dyes

The following primary antibodies were used in
the present study: rabbit anti-Iba1 (1:500, Wako,
019-19741), rat anti-GFAP (1:500, Invitrogen, 13-
0300), rabbit anti-GLAST (1:200, Abcam, ab41751),
mouse anti-S100β (1:500, Sigma, s2532), chick anti-
vimentin (1:1000, Abcam, ab24525), and goat anti-
Brn3a (1:300, Santa Cruz, sc-31984). Nuclei were
stained with 4′,6-diamidino-2-phenylindole (DAPI,
100 μg/mL, DOJINDO). Biotinylated isolectin B4 was
purchased fromVector Laboratories (Burlingame, CA,
USA). YC-Nano signals were highly stable and we
did not use antibodies to visualize them. All Alexa-

conjugated secondary antibodies and streptavidin were
obtained from Thermo Fisher Scientific.

Data Analysis

To quantify colocalization of immunofluorescence
images, we used Coloc 2 plugin of FUJI software
(https://imagej.net/Fiji). Two fluorescence images
were opened via FUJI and activated Coloc 2 by
Analyze-Colocalization-Coloc 2. Statistical analysis
was performed using Origin Pro2021 (Origin Lab,
Northampton, MA, USA). Data were shown as mean
± SEM and comparison of multiple groups was
performed by 1-way ANOVA followed by Fisher’s
least significant difference (LSD) test.

Results

Mlc1-tTA::YC-NanotetO/tetO mice (YC-Nano mice)
were used to visualize Mlc1 promoter-mediated gene
expression. In these mice, YC-Nano-positive (YC-
Nano+) fluorescence signals were observed throughout
the flat-mount retinae (Fig. 1A). In the GCL and nerve
fiber layers (NFLs), punctate YC-Nano+ signals were
observed in the center (see Fig. 1A-a, approximately
500 μm from the optic nerve head) and mid-peripheral
retina (see Figs. 1A-b, 1A-c). In the peripheral retina,
the number of YC-Nano+ signals was smaller (see
Fig. 1A-d). We then investigated the detailed spatial
patterns of YC-Nano+ signals in the different layers
of the neural retina (see Fig. 1B). In the NFL, the
YC-Nano+ signals showed amorphous patterns of 10
to 20 μm (see Fig. 1B-a). They attached to adjacent
DAPI+ signals and included some vesicle-like struc-
tures that, however, never contained DAPI. In the
GCL, the YC-Nano+ signals showed small punctate
structures surrounding DAPI+ signals (see Fig. 1B-b).
In the IPL, relatively close to the GCL, the signals were
punctate with fine process-like structures (see Fig. 1B-
c). In the IPL close to the INL, most of the YC-
Nano+ signals were similar to those in Figure 1B-
c, but some of them showed tubular structures (see
Fig. 1B-d, arrows). In the retinal slices, we analyzed
three areas that were adjacent to the (1) optic nerve
head (see Fig. 1C-a), (2) mid-peripheral retina (see
Fig. 1C-b), and (3) peripheral retina (see Fig. 1C-c).
The density of YC-Nano+ cells was the highest in the
mid-peripheral retina and the lowest in the peripheral
retina. YC-Nano+ cells were observed as vertical stalks
that spanned the retina (see Fig. 1D). In the NFL
and GCL, they exhibited thick endfeet-like structures
surrounding the DAPI+ signals (see Fig. 1D-a). In the

https://imagej.net/Fiji
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Figure 1. Spatial patterns of fluorescence signals inMlc1-tTA::YC-NanotetO/tetO mice. (A) The spatial distribution of YC-Nano+ signals in
the GCL and NFL of flat-mount retina. Images were taken sequentially from near the optic nerve head to the peripheral retina (Aa–Ad). At
the limbus of the retina, the density of YC-Nano+ cells was small (Ad). (B) Themore detailed spatial arrangement of YC-Nano+ signals in each
neuronal layer of the retina. (Ba) In theNFL, the YC-Nano+ signalswere irregularwith some vacuole-like structures (arrows). They surrounded
DAPI signals (asterisk). (Bb) In the GCL, YC-Nano+ signals filled the gap between the DAPI signals. (Bc) In the IPL, YC-Nano+ signals showed a
circular spatial pattern with fine protrusions. (Bd) Near the INL, some YC-Nano+ signals showed a tubular spatial arrangement (arrows). (Be)
In the INL, the YC-Nano+ signals were pentagonal or hexagonal, and DAPI was encapsulated within it. (Bf) In the boundary region between
the INL and the OPL, some YC-Nano+ signals were tubular (arrows). (Bg) In the OPL, YC-Nano+ signals were circular with fine processes.
(Bh) In the ONL, the YC-Nano+ signal was fibrous between the DAPI signals. (C) The spatial arrangement of YC-Nano+ cells in a retinal slice.
Magnified images were obtained from the area near the optic nerve head (Ca), from the mid-peripheral retina (Cb), and from the limbus of
the retina (Cc). (D) Magnified images of the retinal slice. (Da) In the GCL, YC-Nano+ signals surrounded DAPI+ signals (arrow). (Da’) In the IPL,
many fine process-like structures were observed (arrows). Tubular patterns were observed in IPL (Db) and OPL (Dd). (Dc) In the INL, some
DAPI+ signals were incorporated in the YC-Nano+ signals. (De) The YC-Nano+ signals passed between DAPI. NFL, nerve fiber layer; GCL,
ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.
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Figure 2. YC-Nano is not expressed in retinal astrocytes. (A) Low-magnification images of a flat-mount retina. GFAP+ signals showed
honeycomb-like patterns. (B) Magnified images of each neural layer from A. The right panels are the enlarged images of the framed areas.
(C) In the retinal slices, the GFAP+ signals were limited to the NFL and did not co-localize with the YC-Nano+ signals. (D) The S100ß signal
distribution in the flat-mount retinae. The fiber-like S100ß+ signal in the GCL/NFL did not colocalize with the YC-Nano+ signals.
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Figure 3. YC-Nano is not expressed in retinal ganglion cells, blood vessels, or microglia. (A) Brn3a+ retinal ganglion cells do not
express YC-Nano. The endfeet-like YC-Nano+ signals surround the retinal ganglion cell body. (B) IB4+ blood vessels in the ganglion cell layer
(GCL) and nerve fiber layer (NFL) do not colocalize with YC-Nano+ signals. The YC-Nano+ cells attached their endfeet-like structures to the
blood vessels. (C–E) IB4+ or Iba1+ microglia do not express YC-Nano. C IB4+ microglia in the inner plexiform layer (IPL) or outer plexiform
layer (OPL) showed no overlap with YC-Nano+ signals but showed close apposition to each other and the microglial processes attached to
the fine processes of YC-Nano+ cells. Iba1+ microglia also do not co-localize with YC-Nano+ signals in eitherD flat-mount or E sliced retinae.
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Figure 4. Müller cells express YC-Nano. (A, B) YC-Nano+ and vimentin+ (Vim) signals in flat-mount retinae showed similar distribution
and colocalization in all neural layers, including the GCL, IPL, INL, OPL, and ONL. (C, D) The spatial distribution of YC-Nano and Vim in the
sliced retinae showed clear colocalization in every layer (arrows). (E) The tubular structure of the YC-Nano+ signals colocalized with Vim+

signals (arrows). (F, G) GLAST+ signals also colocalized with YC-Nano+ signals in every layer of the retina. (H) The tubular signal was also
co-labelled with GLAST+ signals (arrows). NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer;
OPL, outer plexiform layer; ONL, outer nuclear layer.
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Figure 5. Quantitativeanalysis ofYC-Nano+ cells. (A) Counting of YC-Nano+/cellmarker+ cells. Brn3a+ (RGC), IB4+ (blood vessels), Iba1+

(microglia), GFAP+, and S100ß+ (astrocytes) signals showed no colocalization with YC-Nano+ signals. Vim+ (Müller cells) signals showed
about 95% colocalization with YC-Nano+ signals (n = 3 retinae, ***P < 0.0001, 1-way ANOVA followed by Fisher’s LSD test). (B) Correlation
analysis between GFAP+ and YC-Nano+ signals using Pearson’s correlation coefficient (PCC). The PCC value for vimentin was significantly
higher (i.e. approximately 0.3) than other cell type markers (i.e. −0.04 to approximately 0.07, n = 3 retinae, ***P < 0.0001, 1-way ANOVA
followed by Fisher’s LSD test). Data are shown as mean ± SEM.

IPL, many fine process-like structures were observed
(see Fig. 1D-a). In the lower part of the IPL and OPL,
YC-Nano+ signals showed tubular patterns (see Figs.
1D-b, 1D-d). In the INL, some DAPI signals were
incorporated in the YC-Nano+ signals (see Fig. 1D-c).
In the outer nuclear layer (ONL), YC-Nano+ signals
showed a fiber-like distribution betweenDAPI-positive
regions (see Fig. 1D-e).

We first investigated the colocalization of YC-
Nano with the pan-astrocytic marker GFAP in the
flat-mount retinae (Fig. 2A). In the NFL, GFAP+
signals formed honeycomb-like patterns that never
colocalized with YC-Nano signals (see Fig. 2B, NFL).
GFAP+ signals were hardly detected in the other
layers (i.e. GCL, IPL, INL, OPL, and ONL). In
the retinal slices, GFAP+ signals were detected only
in the NFL38 and did not colocalize with YC-
Nano+ signals (see Fig. 2C). Another commonly
used astrocytic marker is S100β, which has been
shown to colocalize with the astrocytic markers
GFAP, SOX9, and SOX2 in the NLF.39 Here, S100β+
signals in the NFL showed honeycomb-like patterns
and did not colocalize with YC-Nano+ signals (see
Fig. 2D).

To test whether retinal ganglion cells express YC-
Nano, we investigated the expression patterns of

their marker, Brn3a.40,41 Brn3a+ signals were present
in the GCL but did not colocalize with YC-Nano
(see Fig. 2A). The endfeet-like YC-Nano+ signals
surrounded the Brn3a+ signals.Next, we askedwhether
YC-Nano+ cells are vascular endothelial cells. Isolectin
B4 (IB4) labels endothelial cells as well as some
microglia by binding to the rearranged during transfec-
tion receptor tyrosine kinase.42 IB4+ endothelial cells
in the GCL and NFL were not labeled with YC-Nano
(Fig. 3B). YC-Nano+ process-like signals contacted the
blood vessels. IB4+ microglia in the IPL and OPL
were not labeled with YC-Nano (see Fig. 3C). We also
examined the expression pattern of ionized calcium-
binding adapter protein 1 (Iba1), a well-known marker
for microglia (see Figs. 3D, 3E). None of the Iba1+
microglia in the flat-mount (in the GCL and IPL) or
sliced retinae showed colocalization with YC-Nano+
signals.

We then investigated the expression pattern of the
Müller cell marker vimentin. In the GCL and NFL
of the flat-mount retina, the majority of vimentin+
process-like structures colocalized with YC-Nano+
signals (Fig. 4). In the IPL through ONL, vimentin+
stalk structures colocalized with relatively strong YC-
Nano+ signals (see Figs. 4A, 4B). In the retinal slices,
the vimentin+ and YC-Nano+ vertical stalk structures
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Figure 6. YC-Nano expression patterns under pathological condition. (A) GFAP+ signals were significantly upregulated at 7 days after
intravitreal NMDA injection. The stacked images were obtained from NFL, GCL, and IPL. The NMDA-treated retina showed punctate GFAP+

signals which were hardly detected in the control retina. (B) GFAP and YC-Nano expression patterns in each neural layer. In the NFL, GFAP+

signals were observed as fibrous and honeycomb-like pattern and showed no co-localization with YC-Nano+ signals. In the GCL, GFAP+

signals also showed punctate patterns (arrows) in addition to fibrous patterns. The punctate GFAP+ signals co-localized with YC-Nano+

signals but the fibrous signals did not. In the IPL, almost all GFAP+ signals were observed as punctate signals (arrows). (C) Correlation analysis
between GFAP+ and YC-Nano+ signals was performed using PCC. The PCC value was not different among the neural layers in control retina
and the NMDA-treated NFL. The NMDA-treated GCL and IPL showed higher PPC value than control retina and NMDA-treated NFL (n = 6
retinae, ***P < 0.0001, 1-way ANOVA followed by Fisher’s LSD test). Data are shown as mean ± SEM.

(see Fig. 4C) often colocalized (see Fig. 4D). The
tubular YC-Nano+ structures also colocalized with
vimentin (see Fig. 4E). In the IPL and OPL, the YC-
Nano+ signals showed fine process-like structures in
addition to stalk structures. We also tested GLAST
to examine the expression of YC-Nano in Müller
cells (see Fig. 4F). GLAST+ vertical stalk-like struc-
tures exhibited fine processes that strongly colocalized
with the fine YC-Nano+ signals (see Fig. 4G). The
tubular-like YC-Nano+ signals also colocalized with
GLAST+ signals (see Fig. 4H). Quantitative analysis

revealed that YC-Nano+ signals did not co-localized
with RGCs (Brn3a+), blood vessels (IB4+), microglia
(Iba1+), astrocytes (GFAP+ or S100β+) but colocal-
ized with the majority of Müller cells (Vim+; Fig. 5A).
To confirm correlation between YC-Nano signals and
cell markers, we used Pearson’s correlation coefficient
(PCC). Similar to the result of cell counting, the
PCC value for vimentin was significantly higher (i.e.
approximately 0.3) whereas other cell type markers
showed near zero (i.e. −0.04 to approximately 0.07; see
Fig. 5B).
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Because astrocytes have known to become reactive
under pathological conditions, such reactive astrocytes
may acquire Mlc1 promoter activity. To test this possi-
bility, we investigated the YC-Nano+ signal patterns
under excitotoxic condition. At 7 days after intravitreal
injection of NMDA, about 70 to 80% of RGCs degen-
erated (Supplementary Fig. S1A), reproducing the
previous result.37 Retinal astrocytes in theNFL showed
an increase in GFAP expression, indicating reactive
astrogliosis (Fig. 6A). The GFAP+ reactive astrocytes
in the NFL, showing honeycomb-like patterns, did not
show any colocalization with YC-Nano+ signals (NFL;
see Fig. 6B). The PCC value between GFAP and YC-
Nano was similar between control retina and NMDA-
treated NFL (see Fig. 6C). These data indicate that
retinal astrocytes never show Mlc1 promotor activity
even under pathological conditions.

In addition to retinal astrocytes, GFAP+ signals
were also observed inMüller cells. The NMDA-treated
retina showed many punctate GFAP+ signals, which
were hardly detected in the control retina (see Fig. 6A).
The newly emerged GFAP+ signals were expressed
in the GCL and IPL (see Fig. 6B, Supplementary
Fig. S1B) and colocalized with YC-Nano+ signals
(see Fig. 6B, Supplementary Fig. S1C), indicating
that reactive Müller cells upregulate GFAP expres-
sion. S100ß+ and vimentin+ signals in the GCL and
IPL were also overlapped with YC-Nano+ signal (see
Supplementary Fig. S1D, Supplementary Fig. S1E).
Other cell type markers, including Brn3a, Rbpms,
IB4, and Iba1 were never colocalized with YC-Nano+
signals (see Supplementary Figs. S1F–S1I). Taken
together, our data demonstrate that Mlc1 promoter is
active only inMüller cells under both physiological and
pathological conditions in the adult retina.

Discussion

Cell type-selective gene manipulation enables us
to understand the role of specific cell types in vivo.
Our data demonstrates that the Mlc1 promoter can
be used for Müller cell-selective gene manipulation in
the retina. The Mlc1 gene encodes the 38 kDa protein
that shares sequence homology with K+ channels.43
The MLC1 protein is localized at the distal part of the
astrocytic endfeet and functions together with glial cell
adhesion molecule44; however, it has never been inves-
tigated in the adult retina. We first demonstrated that
Mlc1 promoter-mediated gene expression was limited
to Müller cells in the adult mouse retina. In agree-
ment with our findings, the single-cell transcriptome
database from the human protein atlas showed that

the Mlc1 gene is highly enriched in Müller cells and
exhibits minor expression in other cell types, including
rod photoreceptors and bipolar cells.45–47 Our data also
demonstrates the regional heterogeneity of YC-Nano+
cells: a relatively high density at the mid-peripheral
retina (i.e. 500–1000 μm from the optic nerve head)
and a very low density at the peripheral retina. Because
the density of Müller cells does not differ between the
retinal regions,30 such differences may be due to cell
heterogeneity or different cell activities. Because astro-
cytes become reactive under pathological condition,
YC-Nano expression may be emerged in the reactive
astrocytes. However, our data demonstrated that Mlc1
promoter-mediated gene expression is limited inMüller
cells even under pathological conditions.

In addition to monitoring cell morphologies, distri-
butions, and densities, the FAST system used in
the present study, enables us to either overexpress
or knockdown genes. For example, Mlc1-tTA mice
crossed with tetO mice overexpress the target gene
selectively in astrocytes in the brain34 and Müller cells
in the retina. Using Mlc1-tTS mice, we can knock-
down the gene in Müller cells. Furthermore, in combi-
nation with doxycycline treatment, such overexpres-
sion or knockdown can be temporally controlled.31
Müller cells contribute to various ocular diseases, such
as age-related macular degeneration,48 glaucoma,38,49
and retinal degeneration,50 and thus Mlc1 promoter-
controlled gene manipulation is useful to investi-
gate the pathological roles of Müller cells in various
diseases. This technical advantage will enable us to
perform successful separation of these two cell types
and identification of novel marker for Müller cells in
the future study. Overall, our study indicates that the
Mlc1 promoter is useful for Müller cell-specific control
of gene expression.
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