
INTRODUCTION

In the central nervous system, the most abundant cell type is 
astrocyte, which has been revealed to have a number of functions, 
including modulation of synaptic transmission [1, 2], relay for 
nutrients to adjacent neuron [3], clearance of waste molecules [4]. 
To study functions of astrocyte in many brain regions, researchers 
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Adeno-associated virus (AAV)-mediated gene delivery has been proposed to be an essential tool of gene therapy for various brain 
diseases. Among several cell types in the brain, astrocyte has become a promising therapeutic target for brain diseases, as more and 
more contribution of astrocytes in pathophysiology has been revealed. Until now, genetically targeting astrocytes has been possible 
by utilizing the glial fibrillary acidic protein (GFAP) promoter. In some brain areas including thalamus, however, the GFAP expres-
sion in astrocytes is reported to be low, making it difficult to genetically target astrocytes using GFAP promoter. To study the func-
tion of astrocytes in thalamus, which serves as a relay station, there is a great need for identifying an alternative astrocyte-specific 
promoter in thalamus. Recently, a new astrocyte-specific promoter of ALDH1L1 has been identified. However, it has not been ex-
amined in thalamus. Here we developed and characterized an AAV vector expressing Cre recombinase under the human ALDH1L1 
promoter, AAV-hALDH1L1-Cre. To test the cell-type specific expression of AAV-hALDH1L1-Cre, AAV virus was injected into 
several brain regions of Ai14 (RCL-tdTomato) mouse, which reports Cre activity by tdTomato expression. In thalamus, we observed 
that tdTomato was found mostly in astrocytes (91.71%), with minimal occurrence in neurons (2.67%). In contrast, tdTomato sig-
nal was observed in both neurons and astrocytes of the amygdala (neuron: 68.13%, astrocyte: 28.35%) and hippocampus (neuron: 
76.25%, astrocyte: 18.00%), which is consistent with the previous report showing neuronal gene expression under rat ALDH1L1 
promoter. Unexpectedly, tdTomato was found mostly in neurons (91.98%) with minimal occurrence in astrocytes (6.66%) of the me-
dial prefrontal cortex. In conclusion, hALDH1L1 promoter shows astrocyte-specificity in thalamus and may prove to be useful for 
targeting thalamic astrocytes in mouse.
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have been relying heavily on the conventional astrocyte-specific 
marker, glial fibrillary acidic protein (GFAP) and its promoter after 
the discovery of its specificity for astrocytes [5]. However, it also 
has been reported that GFAP expression is low in several brain 
areas, including thalamus [6]. GFAP also has been known to be ex-
pressed transiently in neural progenitor cells, which could lead to 
neuronal expression near neurogenic areas [7]. Therefore, utilizing 
GFAP may not be optimal in those brain areas. Moreover, there is a 
pressing need for an alternative astrocyte-specific marker to study 
astrocytic functions in those brain areas.

There are two superb examples of utilizing astrocyte-specific 
promoter to study and target astrocytes in the mouse brain. First 
one is the generation of transgenic mouse lines such as GFAP-
EGFP mouse [8] and GFAP-Cre/ERT2 mouse [9]. Although 
utilizing transgenic mouse is one of the best choices to target 
astrocytes, it could be very resource- and time-consuming when 
they need to be transferred or maintained. It is also difficult to 
extend the study to other species beyond mouse. Another example 
is to apply astrocyte specific promoter in virus applications such 
as in GFAP-GFP virus [10]. Virus containing astrocyte-specific 
promoter allows researchers to examine the effects of a gene of 
interest in local astrocytes in a specific brain area where the virus is 
injected. Moreover, virus is easy to apply to different species, such 
as mouse, marmoset, monkey or even human. As more and more 
contribution of astrocytes in pathophysiology of brain diseases 
has been revealed, astrocyte-specific targeting with virus would 
be critically essential as a potential therapeutic tool [11]. Among 
viruses, adeno-associated virus (AAV) has become very popular 
with many prominent advantages: AAV is able to infect both di-
viding and non-dividing cell types with less immunogenic effect 
[12]. Ultimately, AAV promises to be the best available option for 
gene therapy for brain diseases [13, 14].

As an alternative to GFAP promoter, aldehyde dehydrogenase 
family 1, member L1 (ALDH1L1) was recently identified as a 
new astrocyte-specific marker in the brain [15]. The promoter of 
ALDH1L1 should be useful in brain regions where GFAP expres-
sion is low. There has been attempts to characterize the ALDH1L1 
promoter to produce astrocyte specific reporter mouse line [16] 
or astrocyte-specific Cre recombinase expressing mouse line 
for cell-type specific manipulation [17]. However, application of 
ALDH1L1  promoter for virus has been lacking. Recently, the rat 
ALDH1L1  (rALDH1L1 ) promoter has been constructed and 
characterized in substantia nigra pars compacta, hippocampal 
dentate gyrus, and striatum, with disappointing and unexpected 
expression in neurons [18]. Due to this unexpected neuronal ex-
pression by the rALDH1L1 promoter, it is necessary to construct 
and test ALDH1L1 promoters from other species in hope to find 

an effective astrocyte-specific promoter for virus.
In this study, we constructed and characterized human AL-

DH1L1 (hALDH1L1 ) promoter in AAV vector to investigate 
the degree of astrocyte-specific expression in the mouse brain. 
AAV vector was constructed to express Cre recombinase under 
hALDH1L1  promoter. The packaged AAV virus was delivered 
into Ai14 mouse, whose transgene can be cut by Cre recombi-
nase, resulting in tdTomato expression. By examining the cell-
type specificity by analyzing the population of tdTomato positive 
(tdTomato+) cells in infected area, we demonstrate that most of 
thalamic ventrobasal astrocytes express tdTomato fluorescence by 
AAV-hALDH1L1-Cre virus with high specificity.

MATERIALS AND METHODS

Bioinformatics and plasmid construction

The hALDH1L1 gene locus was identified using the UCSC 
Genome Browser on Human Dec. 2013 (GRCh38/hg38) As-
sembly. The genomic sequence from Chromosome3q21.3 
(ch3:126,180,366-126,181,669) including exons, introns and a 1.3 
kb upstream putative promoter region of the ALDH1L1 locus was 
assessed for genomic conservation using the Vistabrowser2 [19]. 
hALDH1L1 promoter was generated into MluI-BamHI restriction 
enzyme sites of AAV-MCS (multi cloning site) expression vector 
(Cell Biolabs, Inc. cat# VPK-410) by in-Fusion cloning scheme 
as described previously [20]. AAV-hALDH1L1-Cre plasmid in 
which Cre recombinase gene expression is controlled by the 1.3 kb 
promoter was inserted into BamHI-HindIII restriction enzyme 
sites of AAV-hALDH1L1-MCS vector and verified by sequencing. 
Similar to AAV-hALDH1L1-Cre plasmid, AAV-CaMKIIa-Cre 
plasmid was constructed, and the CaMKIIa  promoter was ob-
tained from AAV-CaMKIIa-EGFP (Addgene #50469). AAV-EF1a-
DIO-mCherry viral vector was purchased (Addgene #47636).

AAV vector development

The viral vectors were pseudotyped, where the transgene of 
interest was flanked by inverted terminal repeats of the AAV2 
packaged in an AAV-DJ capsid. AAV-DJ was engineered via DNA 
family shuffling technology which created a hybrid capsid from 8 
AAV serotype. AAV-hALDH1L1-Cre vector was thereafter puri-
fied by iodixanol gradients by the KIST Virus Facility (http://virus.
kist.re.kr). The production titer was 1.5×1013 genome copies ⁄ml 
(GC ⁄ml).

Animal

Adult (aged 8~10 weeks) male and female Ai14 mice (RCL-tdTo-
mato; Rosa-CAG-LSL-tdTomato-WPRE::deltaNeo) in C57BL/6J 
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strain were used as transgenic reporter line. Mice had free access 
to food and water and were kept on a 12 hours light-dark cycle. 
All experimental procedures described below were performed in 
accordance with the Institutional guidelines for experimental ani-
mal care and use of the Korea Institute of Science and Technology 
(KIST; Seoul, Korea).

Stereotaxic injection

Mice were anesthetized with 2% avertin (20 μl/g, i.p.) and 
placed on stereotaxic apparatus (Kopf instrument, USA). AAV-
hALDH1L1-Cre virus was injected through 33 gauge blunt 
NanoFil needle (World Precision Instruments, USA), connected 
with 10 μl Hamilton micro syringe (Hamilton, Switzerland) filled 
with distilled water. Syringe pump (KD Scientific, USA) was used 
to inject the virus with the rate of 0.2 μl per minute. Needle was 
gently placed into target regions (thalamic VB: -1.8 mm AP, ±1.6 
mm ML, 3.75 mm (1 μl) and 3.25 mm (1 μl) from brain surface; 
hippocampal CA1: -1.8 mm AP, ±1.6 mm ML, 1.6 mm (2 μl) from 
brain surface; BLA: -1.8 mm AP, ±3.4 mm ML, 4.55 mm (2 μl) 
from brain surface; mPFC: 1.8 mm AP, ±0.3 mm ML, 1.7 mm (2 
μl) from brain surface), bilaterally. Mice were sacrificed after 10 
days recovery.

Immunohistochemistry

Mice were anesthetized with 2% avertin (20 μl/g, i.p.) and per-
fused with 0.1 M phosphate buffered saline (PBS) at room tem-
perature followed by ice-cold 4% paraformaldehyde. Extracted 
brains were post-fixed in 4% paraformaldehyde at 4°C overnight. 
Post-fixed brains were incubated in 30% sucrose at 4°C for more 
than 24 hours. Coronal brain sections were prepared with 30 μm 
thickness in cryostat microtome (Thermo Scientific). Brain sec-
tions were rinsed three times with PBS, and blocking step was 
performed with a blocking solution (0.3% Triton X-100 (Sigma), 
2% donkey serum (Millipore) and 2% goat serum (Abcam) in 0.1 
M PBS) for 1.5 hours. Blocking step was followed by application 
of a mixture of primary antibodies as follows, rabbit anti-Aldh1L1 
antibody (Novus), mouse anti-NeuN antibody (Millipore). Sec-
tions were incubated overnight at 4°C with shaking for primary 
antibodies. After overnight incubation, the sections were washed 
three times in PBS and then incubated in corresponding fluores-
cent secondary antibodies for 1.5 hours. In three times wash pro-
cess of secondary antibodies, they also were counterstained with 
4’,6’-diamidino-2-phenylindole (DAPI, Pierce) before they were 
mounted onto slide glass (Thermo Scientific). A series of fluores-
cence images were obtained with Nikon A1 confocal microscope, 
and 30 μm Z stack images in 3-μm steps were processed for further 
analysis using NIS-Elements (Nikon) software and ImageJ (NIH) 

program. Reference atlases of mouse brain in the figure were ob-
tained from Allen Brain Atlas (Reference Atlas, Version 2 (2011)) 
[21].

Astrocyte culture and immunocytochemistry

Primary cortical astrocytes were cultured from P0 to P3 
C57BL/6N mouse pups. The cerebral cortex was dissected free 
meninges and softly triturating to single cell unit. Culture media 
was prepared as follow. Dulbecco’s modified Eagle’s medium 
(DMEM, Invitrogen) supplemented with 25 mM glucose, 2 mM 
glutamine, 10% heat-inactivated horse serum, 10% heat-inactivat-
ed fetal bovine serum and 1,000 units/ml penicillin-streptomycin. 
On the third day after culture, cells were rinsed with repeated gen-
tle pipetting and the media was replaced to get rid of debris. The 
day before treatment of viruses, cells were transferred to coverslip 
(1×104 per coverslip) coated with 0.1 mg/ml Poly D-Lysine (PDL, 
Sigma). Cultured cells were maintained at 37oC in a humidified 5% 
CO2 incubator.

Three days after virus transduction, cultured astrocytes on cover-
slip were rinsed with PBS and fixed with 4% paraformaldehyde for 
20 minutes. After three times wash with PBS, immunocytochem-
istry was performed as similar manner in IHC as describe above. 
Briefly, blocking step was performed with a blocking solution 
(same with IHC, but no goat serum) for 1 hour. Blocking step was 
followed by application of primary antibody, rabbit anti-Aldh1L1 
antibody for 2 hours, RT. After that, the cells were washed in PBS 
and then incubated in corresponding fluorescent secondary anti-
bodies for 1 hour. In three times wash process of secondary anti-
bodies, they also were counterstained with DAPI before coverslips 
were mounted onto slide glass.

RESULTS

Analysis of hALDH1L1 promoter and construction of AAV 

vector

Aldh1L1 has been shown to be a highly specific marker for 
astrocytes with a substantially broader pattern of astrocytic ex-
pression than the conventional astrocyte marker, GFAP [14]. We 
sought to develop hALDH1L1  promoter for potential clinical 
application. To identify the appropriate promoter region of the 
hALDH1L1  gene and compare with other species, we extracted 
and aligned the chromosomal locus of ALDH1L1  for human, 
mouse, rat, cow, marmoset and rhesus monkey using the VISTA-
browser2 (Fig. 1A). We then selected the putative hALDH1L1 
promoter region of 1.3 Kb including the upstream sequences from 
position -1028 to the transcription start site. The size is chosen to 
fit into AAV vector, which is known for its size limitation of about 
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Fig. 1. ALDH1L1 promoter species alignment. (A) VISTA plot of ALDH1L1 locus from human and one from mouse, rat, cow, marmoset and rhesus 
monkey. (B) Expanded VISTA plot of the 1.3 kb upstream promoter region shows that the homology is over the 50% of mouse and other primate. And 
also note that exon 1 is absent in rat and cow. (C) AAV vector construction for Cre recombinase expression controlled by 1.3 kb hALDH1L1 promoter. (D) 
To investigate hALDH1L1 promoter activity, AAV-hALDH1L1-Cre virus was injected into Ai14 mouse. tdTomato protein only can be expressed when 
the stop codon between CAG promoter and tdTomato is eliminated by Cre recombinase which is delivered under hALDH1L1 promoter.
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Fig. 2. hALDH1L1 promoter-driven Cre recombinase-mediated tdTomato expression in thalamic VB. (A) Low magnification images of injection area 
in thalamus. Each color represents as following description. Green indicates immunoreactivity of Aldh1L1 protein; Red indicates tdTomato expression; 
Cyan indicates immunoreactivity of NeuN. Inset indicates the area of target (red area, VB). (VPM, ventral posteromedial nucleus; VPL, ventral postero-
lateral nucleus). (B) High magnification images from the box in (A). (C) Summary graph of percentages of Aldh1L1+ (green) cells and NeuN+ (cyan) 
cells (and also both negative cells, gray) in tdTomato+ cells from each image (Mean±SEM). (D) Quantification of tdTomato+ population with Aldh1L1+, 
NeuN+ and Aldh1L1-/NeuN- cells in thalamic VB area. (E) Summary of tdTomato+ cells in thalamic VB area.
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4.7 Kb. Compared to human, mouse ALDH1L1 promoter was 
shown around 50% homology of genomic conservation (Fig. 1B). 
In contrast, rALDH1L1 promoter showed little homology (<20%), 
suggesting that human form is a much better candidate for a use in 
mouse brain. Then the hALDH1L1 promoter (1.3 Kb) was cloned 
into AAV viral vector together with Cre recombinase to make 
AAV-hALDH1L1-Cre (Fig. 1C). Then the virus carrying AAV-
hALDH1L1-Cre was injected into the transgenic reporter mouse 
line, Ai14, which has loxP-flanked stop cassette between CAG pro-
moter and tdTomato reporter gene (Fig. 1D). The tdTomato fluo-
rescence is turned on when Cre recombinase is expressed by AAV-
hALDH1L1-Cre virus infection. Therefore, hALDH1L1 promoter 
activity can be measured from the tdTomato fluorescence, and 
cell-type of tdTomato+ cell can be determined with immunohisto-
chemistry. 

Astrocyte specific expression of hALDH1L1-Cre in thalamic 

VB nucleus

To test cell-type specific expression of Cre recombinase by hAL-
DH1L1 promoter in thalamus, AAV-hALDH1L1-Cre virus was 
injected into thalamic VB of Ai14 mouse (Fig. 2A). To identify 
hALDH1L1 promoter-driven Cre recombinase-expressing cells, 
we performed immunohistochemistry with ALDH1L1 antibody 
and high magnification confocal imaging (Fig. 2B). We found 
that the tdTomato+ cells in VB were highly co-localized with Al-
dh1L1 (Fig. 2B, green, 2C). On the other hand, tdTomato+ cells in 
VB were barely co-localized with neuron-specific marker, NeuN 
(Neuronal nuclear antigen) (Fig. 2B, cyan, 2C). Average percent-
age of Aldh1L1+/tdTomato+ cells in each image was much higher 
than that of NeuN+/tdTomato+ cells (Aldh1L1+: 86.7±2.5% versus 
NeuN+: 2.8±0.9%) (Fig. 2C). Among the analyzed total tdTomato+ 
cells, Aldh1L1+ cells were also much more than NeuN+ cells (Al-
dh1L1+: 91.71% versus NeuN+: 2.67%) (Fig. 2D and E). This result 
implicates that AAV-mediated hALDH1L1 promoter-driven gene 
expression is highly astrocyte-specific in thalamic VB area.

Mixed cell-type expression of hALDH1L1-Cre in BLA and 

hippocampal CA1

Next, we tested astrocyte-specific Cre expression in amygdala 
and hippocampus. AAV-hALDH1L1-Cre virus was delivered to 
BLA and hippocampal CA1, respectively (Fig. 3A and 4A). In BLA, 
both cell types, astrocytes and neurons, showed tdTomato fluores-
cence (Fig. 3B). Average percentage of Aldh1L1+/tdTomato+ cells 
in each image was lower than that of NeuN+/tdTomato+ cells (Al-
dh1L1+: 26.5±7.5% versus NeuN+: 69.5±8.7%) (Fig. 3C). Among 
the analyzed total Aldh1L1+ cells, tdTomato+ cells were 28.35%, 
and NeuN+ cells were 68.13% (Fig. 3D and E). These results indi-

cate that AAV-hALDH1L1-Cre virus expresses Cre recombinase 
in both astrocytes and neurons in BLA.

Similar to BLA, in hippocampal CA1, AAV-hALDH1L1-Cre 
virus induced tdTomato fluorescence from astrocytes and neu-
rons in Ai14 mouse (Fig. 4B). Average percentage of Aldh1L1+/
tdTomato+ cells in each image was 20.4±8.8%, which is lower than 
that of NeuN+/tdTomato+ cells (75.3±8.6%) (Fig. 4C). In total of 
analyzed tdTomato+ cells in hippocampal CA1 area, a population 
of Aldh1L1+ cells was 18.00%, and a population of NeuN+ cells 
was 76.25% (Fig. 4D and E). These results indicate that AAV-hAL-
DH1L1-Cre virus expresses Cre recombinase in both astrocytes 
and neurons in hippocampal CA1.

Neuron-specific expression of hALDH1L1-Cre in mPFC

We further investigated activity pattern of hALDH1L1 promoter 
in cortical area by injecting into mPFC (Fig. 5A). In mPFC Cre-
mediated tdTomato expression was highly neuron-specific (Fig. 
5B). Average percentage of NeuN+/tdTomato+ cells in each image 
was much higher than that of Aldh1L1+/tdTomato+ cells (NeuN+: 
91.5±4.4% versus Aldh1L1+: 7.1±3.8%) (Fig. 5C). In total of ana-
lyzed tdTomato+ cells in mPFC area, the population of NeuN+ 
cells was 91.98%, and the population of Aldh1L1+ cells was 6.66% 
(Fig. 5D and E). These results indicate that AAV-hALDH1L1-Cre 
is highly neuron-specific.

Taken together, expression pattern of AAV-hALDH1L1-Cre 
virus-mediated tdTomato fluorescence was different in different 
brain areas (Table 1). Additionally, we further analyzed a propor-
tion of astrocytes that express tdTomato in these brain regions. 
To measure the proportion of astrocytes expressing tdTomato 
fluorescence, we counted all Aldh1L1+ cells near the infected areas 
from each brain region, and the number of tdTomato+ cells with 
Aldh1L1+ was divided by the total number of Aldh1L1+ cells. 
Calculated proportions of astrocytes expressing tdTomato were as 
following, VB: 81.91%; BLA: 51.03%; CA1: 25.55%; mPFC: 13.26%. 
These results indicate that astrocytes in VB, BLA, CA1 and mPFC 
are heterogeneous in virus transduction efficacy or hALDH1L1 
promoter activity.

As a summary, AAV-hALDH1L1-Cre virus showed highly spe-
cific expression in astrocyte of thalamic area. The virus-mediated 
tdTomato fluorescence could be observed in both astrocyte and 
neuron in amygdala and hippocampus. Finally, AAV-hALDH1L1-
Cre virus in mPFC showed highly specific expression in neuron.

hALDH1L1 promoter activity in cultured system

We further investigated the efficiency of AAV-hALDH1L1-Cre 
virus in cultured system. To examine the Cre recombinase expres-
sion under hALDH1L1 promoter in primary cultured astrocyte, 
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Fig. 3. hALDH1L1 promoter-driven Cre recombinase-mediated tdTomato expression in BLA. (A) Low magnification images of injection area in amyg-
dala. Each color represents as following description. Green indicates immunoreactivity of Aldh1L1 protein; Red indicates tdTomato expression; Cyan 
indicates immunoreactivity of NeuN. Inset indicates the area of target (red area, BLA). (LA, lateral amygdala). (B) High magnification images from the 
box in (A). (C) Summary graph of percentages of Aldh1L1+ (green) cells and NeuN+ (cyan) cells (and also both negative cells, gray) in tdTomato+ cells 
from each image (Mean±SEM). (D) Quantification of tdTomato+ population with Aldh1L1+, NeuN+ and Aldh1L1-/NeuN-cells in thalamic VB area. (E) 
Summary of tdTomato+ cells in BLA.
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Fig. 4. hALDH1L1 promoter-driven Cre recombinase-mediated tdTomato expression in hippocampal CA1. (A) Low magnification images of injection 
area in hippocampus. Each color represents as following description. Green indicates immunoreactivity of Aldh1L1 protein; Red indicates tdTomato 
expression; Cyan indicates immunoreactivity of NeuN. Inset indicates the area of target (red area, CA1). (DG, dentate gyrus). (B) High magnification 
images from the box in (A). (C) Summary graph of percentages of Aldh1L1+ (green) cells and NeuN+ (cyan) cells (and also both negative cells, gray) 
in tdTomato+ cells from each image (Mean±SEM). (D) Quantification of tdTomato+ population with Aldh1L1+, NeuN+ and Aldh1L1-/NeuN-cells in 
hippocampal CA1 area. (E) Summary of tdTomato+ cells in hippocampal CA1 area.
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Fig. 5. hALDH1L1 promoter-driven Cre recombinase-mediated tdTomato expression in mPFC. (A) Low magnification images of injection area in 
mPFC. Each color represents as following description. Green indicates immunoreactivity of Aldh1L1 protein; Red indicates tdTomato expression; Cyan 
indicates immunoreactivity of NeuN. Inset indicates the area of target (red area, mPFC). (PLA, prelimbic area; ILA, infralimbic area). (B) High magnifi-
cation images from the box in (A). (C) Summary graph of percentages of Aldh1L1+ (green) cells and NeuN+ (cyan) cells (and also both negative cells, 
gray) in tdTomato+ cells from each image (Mean±SEM). (D) Quantification of tdTomato+ population with Aldh1L1+, NeuN+ and Aldh1L1-/NeuN- 
cells in mPFC area. (E) Summary of tdTomato+ cells in mPFC area.
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AAV-hALDH1L1-Cre virus was treated in primary cultured corti-
cal astrocyte. AAV-CaMKIIa-Cre virus was utilized as a negative 
control because the CaMKIIa  promoter is specific to excitatory 

neuron, but not astrocyte. Due to the lack of fluorescence gene in 
those viruses, AAV-EF1a-DIO-mCherry virus was co-transduced 
as a reporter (Fig. 6A). Four days after transduction of viruses 

Table 1. Summary of hALDH1L1 promoter activity and astrocytic transduction efficiency (%) in four mouse brain regions, VB, BLA, CA1 and mPFC

Cell types
Thalamic ventrobasal 

nucleus (VB)
Basolateral  

amygdala (BLA)
Hippocampal CA1

Medial prefrontal 
cortex (mPFC)

Astrocytes (%)
Neurons (%)
Others (%)
Astrocytic transduction efficiency (%)

91.71
2.67
5.61

81.91

28.35
68.13

3.52
51.03

18.00
76.25

5.75
25.55

6.66
91.98

1.36
13.26

Fig. 6. AAV-hALDH1L1-Cre virus test in primary cultured system. (A) Map of AAV vectors expressing Cre recombinase under hALDH1L1 and CaM-
KIIa promoter. To investigate hALDH1L1 and CaMKIIa promoter activity in naïve primary cultured cortical astrocytes, AAV-EF1a-DIO-mCherry 
virus was co-transduced. Reporter mCherry fluorescence protein can be expressed when a recombination occurs at Cre-loxP recombination sites (DIO: 
Double-floxed inverse Orientation) by Cre recombinase activity. AAV-CaMKIIa-Cre virus, whose promoter is known as excitatory neuron-specific, was 
used as a negative control. (B) Immunocytochemistry results showing mCherry expression by Cre recombinase in the condition of treatment with two 
viruses, AAV-hALDH1L1-Cre and AAV-EF1a-DIO-mCherry viruses. (C) Immunocytochemistry results showing no mCherry expression in negative 
control condition of treatment with two viruses, AAV-CaMKIIa-Cre and AAV-EF1a-DIO-mCherry viruses. Each color represents as following descrip-
tion. Blue indicates nuclear staining with DAPI; Green indicates astrocyte staining with Aldh1L1; Red indicates recombinase-dependent mCherry ex-
pression.
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on cultured astrocyte, in AAV-hALDH1L1-Cre and AAV-EF1a-
DIO-mCherry viruses treated condition, mCherry fluorescence 
could be observed (Fig. 6B). However, AAV-CaMKIIa-Cre and 
AAV-EF1a-DIO-mCherry viruses treated condition did not show 
mCherry fluorescence (Fig. 6C). These results indicate that hAL-
DH1L1 promoter-mediated gene delivery for astrocyte is feasible 
in cultured system.

DISCUSSION

Our study is the first development and characterization of 
hALDH1L1 promoter. We have demonstrated that the degree of 
astrocyte-specific targeting by hALDH1L1 promoter is variable 
in different brain regions (Table 1). There could be several reasons 
why expression pattern is different among different brain areas. 

One possible reason is that serotype of AAV virus could affect 
cell-type specificity of virus infection, as many studies previously 
reported [22-24]. Natural AAV viruses have a specific pattern of 
infection that reflects the interaction and recognition between the 
viral capsid, envelope and receptors expressed in susceptible cells. 
In particular, although AAV serotype 4 and AAV rh43 are known 
to target astrocytes [7, 25], the receptor of this serotype has not 
yet been identified. Moreover, pseudotype-dependent lentivirus 
has been utilized to target for astrocyte. In the current study, we 
utilized AAV-DJ serotype to target astrocytes with hALDH1L1 
promoter. AAV-DJ serotype shows higher transduction efficiency 
than any natural serotype in vitro ; it displays very high infectiv-
ity across a broad range of cell types in vivo [12]. In short, AAV-
DJ serotype is more optimized for higher transduction efficiency, 
regardless of cell types. Thus, the apparent differential expression 
pattern among brain areas may be a result of the intrinsic promot-
er activity rather than AAV serotype. 

Another possible reason could be that hALDH1L1 promoter has 
less specificity in mouse brain. Although mouse ALDH1L1 pro-
moter shows more than 50% of homology to human counterpart, 
the difference might be enough to influence cell-type specific-
ity. However, as previously reported, rALDH1L1  promoter also 
showed different patterns in different rat brain areas [18], which 
implies that even in the same species the ALDH1L1  promoter 
could result in different expression pattern in different brain re-
gions. To make the hALDH1L1 more specific to astrocytes in vari-
ous brain regions, it is necessary to optimize the promoter by trim-
ming the promoter systematically, deleting potential transcription 
factor binding sites for neurons while leaving essential transcrip-
tion factor binding sites for astrocytes. It is worthwhile to note that 
ALDH1L1 -related transgenic mouse lines (ALDH1L1-EGFP or 
ALDH1L1-Cre/ERT2) were made by utilizing endogenous mouse 

ALDH1L1 promoter with highly selective astrocyte-specificity in 
most of the brain regions [16, 17]. Therefore, mouse ALDH1L1 
promoter, which is small enough to fit into AAV viral vector, 
should be developed and characterized for astrocyte-specificity in 
mouse brain in the future.

Lastly, the neurons that expressed tdTomato fluorescence by 
hALDH1L1 promoter may have alternative gene silencing system 
for endogenous ALDH1L1  promoter. Human ALDH1L1 pro-
moter is already known to have extensive methylation sites (CpG 
island) [26]. Regarding the methylation, higher methylation level 
of CpG sites in ALDH1L1 promoter could lead to less expression 
of its protein [27], and indeed, it leads to less ALDH1L1 mRNA 
and protein expression in human lung adenocarcinomas [26]. 
Therefore, it will be interesting to investigate in the future the 
methylation level and epigenetic modulation in the neurons that 
showed tdTomato fluorescence.

In conclusion, AAV-mediated gene expression under hAL-
DH1L1 promoter is astrocyte-specific in thalamic VB area. This 
hALDH1L1 promoter should be useful for investigations of astro-
cytic function in thalamic VB area.
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