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INTRODUCTION
To date, clinically-approved adeno-associated viral (AAV) vectors 
for central nervous system (CNS) gene therapy almost exclusively 
target neurons, and astrocytes represent a largely unexplored ther-
apeutic target.1–5 In the human brain, an abundance of astrocytes 
(~1.4 astrocytes to every neuron) regulate health and function of 
the CNS, and their dysfunction contributes to disease progression 
in neurodegenerative diseases.6 Given that disease pathogenesis is 
dictated by complex neuronal-glia interactions, and chronic neu-
rodegeneration is characterized by substantial neuronal loss and 
astrogliosis, astrocytes may represent a promising additional cel-
lular target for CNS gene therapy. A greater understanding of the 
diverse molecular expression profiles of neurons and glia, coupled 
with a rapidly expanding repertoire of novel viral serotypes, have 
assisted the development of viral vectors that exhibit diverse tro-
pisms and efficient transduction in the CNS.

Effective astrocyte-targeting has been achieved by coupling 
astrocyte tropic lentiviral7 and AAV serotypes with the classic 
astrocyte-specific glial fibrillary acidic protein (GFAP) promoter.8–10 
However, it is increasingly evident that astrocytes are a diverse pop-
ulation of cells that exhibit extensive molecular heterogeneity; and 
GFAP, traditionally considered a pan-astrocytic marker is one such 
heterogeneously expressed molecule, as reflected by its region-
dependent expression.11–14 Genome-wide transcriptional profiling 
has shown that the aldehyde dehydrogenase family 1, member 

L1 (ALDH1L1) is more homogenously and selectively expressed in 
astrocytes throughout the brain in a pattern more consistent with 
pan-astrocyte expression than GFAP.14 GFAP mRNA is predominantly 
expressed in white matter, while cellular expression of the protein 
is detected in the cell body and the main astrocytic processes. In 
contrast, ALDH1L1 mRNA is more extensively expressed through-
out the CNS and its protein expression extends throughout the cell 
body to the finer astrocytic processes. Indeed, ALDH1L1 labels both 
GFAP-positive and GFAP-negative astrocytes.14 A bacterial artificial 
chromosome transgenic mouse that expresses enhanced green flu-
orescent protein (eGFP) under the control of the ALDH1L1 genomic 
promoter replicates the astrocyte-specific pattern of expression of 
endogenous ALDH1L1.13 Furthermore, nucleotide sequences that 
range from 300 to 1,500 bp in size, from the region immediately 
upstream of the transcription start site of the ALDH1L1 gene have 
been shown to exhibit transcriptional activity in A549 lung carci-
noma cells in vitro, in a manner dependent on the presence of exon 
1 of the gene.15 These studies suggest the potential of ALDH1L1 pro-
moter sequences for applications targeting viral vector-mediated 
gene delivery to astrocytes.

Based on these findings, we aimed to characterize four putative 
ALDH1L1 promoter sequence variants for utilization in AAV vector-
mediated gene transfer to astrocytes in the rat substantia nigra 
pars compacta (SNpc) brain region. Unexpectedly, we found that 
all four promoter variants directed transgene expression exclusively 
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Aldehyde dehydrogenase family 1, member L1 (ALDH1L1) is a recently characterized pan-astrocytic marker that is more homog-
enously expressed throughout the brain than the classic astrocytic marker, glial fibrillary acidic protein. We generated putative 
promoter sequence variants of the rat ALDH1L1 gene for use in adeno-associated viral vector-mediated gene transfer, with an aim 
to achieve selective regulation of transgene expression in astrocytes in the rat brain. Unexpectedly, ALDH1L1 promoter variants 
mediated transcriptional activity exclusively in neurons in the substantia nigra pars compacta as assessed by luciferase reporter 
expression at 3 weeks postvector infusion. This selectivity for neurons in the substantia nigra pars compacta also persisted in the 
context of adeno-associated viral serotype 5, 8 or 9 vector-mediated gene delivery. An in vivo promoter comparison showed the 
highest performing ALDH1L1 promoter variant mediated higher transgene expression than the neuronal-specific synapsin 1 and 
tyrosine hydroxylase promoters. The ALDH1L1 promoter was also transcriptionally active in dentate granule neurons following 
intrahippocampal adeno-associated viral vector infusion, whereas transgene expression was detected in both striatal neurons and 
astrocytes following vector infusion into the striatum. Our results demonstrate the potential suitability of the ALDH1L1 promoter as 
a new tool in the development of gene therapy and disease modelling applications.
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in neurons in the rat substantia nigra, with the neuronal tropism of 
the ALDH1L1 promoters persisting in the context of AAV serotypes, 
5, 8, and 9. Moreover, the ALDH1L1(long)exon1 promoter exhib-
ited significantly greater transcriptional activity in SNpc neurons 
compared with the commonly used neuronal-specific synapsin 1 
(Syn) and tyrosine hydroxylase (TH) promoters. While the neuronal-
specific pattern of transgene expression was maintained following 
AAV9 vector infusion into the rat hippocampus, eGFP transgene 
expression was found in both neurons and astrocytes in the stria-
tum following intrastriatal vector infusion. Our results suggest that 
the ALDH1L1 promoters could be a useful addition to the arsenal of 
tools used in the development of gene therapy and disease model-
ling applications.

RESULTS
ALDH1L1 promoter variants coupled with AAV9 selectively target 
neurons in the SNpc
Previous studies characterizing the potential utility of ALDH1L1 
regulatory sequences in gene delivery applications prompted us to 
investigate cell type-specificity and activity of ALDH1L1 promoter 
sequences with and without exon 1 in the context of AAV vector-
mediated gene expression in vivo. Firstly, to determine whether 5ʹ 
sequences upstream of the ALDH1L1 transcription start site exhibit 
efficient transcriptional activity in the absence of exon 1, we gen-
erated AAV expression plasmids (Figure 1) expressing a lucifer-
ase (Luc) reporter gene under control of -931 bp ALDH1L1(short) 
(ALDH1L1(S)) and -1,974 bp ALDH1L1(long) (ALDH1L1(L)) nucleo-
tide fragments relative to the ALDH1L1 transcriptional start site 
(0 bp) (Figure 1). To determine the influence of exon 1, that may 
contain enhancer sequences,15 a +138 bp sequence spanning exon 
1 of the ALDH1L1 gene was cloned into the above promoter con-
structs to generate additional ALDH1L1(short)exon1 (ALDH1L1(S)
ex1)- and ALDH1L1(long)exon1 (ALDH1L1(L)ex1)- Luc plasmids 
(Figure 1). The four ALDH1L1 promoter variants were packaged into 
AAV serotype 9 (AAV9) vectors. To characterize their tropism in the 
rat SNpc, titer-matched AAV9 vectors (2 × 109 genomes) were unilat-
erally injected into the rat SNpc (n = 3 rats per vector), and cellular 
transduction patterns of transgene expression were analyzed at 3 
weeks by immunohistochemical analysis. An additional subgroup 
of rats injected with an AAV9 vector expressing a yellow fluorescent 

protein reporter gene (YFP) under the control of a 2.2 kb GFAP pro-
moter (AAV9-GFAP-YFP) that targets astrocytes as well as neurons 
in the rat hippocampus10 was included to enable comparisons 
between the cellular transduction patterns mediated by the differ-
ent promoters.

Consistent with our previous observations, YFP immunoreactiv-
ity was detected in both “star-like” astrocytes with highly ramified 
processes, as well as neurons in rats injected with the AAV9-GFAP-
YFP vector (Figure 2a), indicating that while the GFAP promoter can 
direct expression in astrocytes, nonspecific transcriptional activity 
also occurs in a subset of neurons. Unexpectedly, all four ALDH1L1 
promoter sequences targeted Luc expression exclusively to nigral 
neurons as determined by the morphology of transgene-express-
ing cells (Figure 2b). Luc was expressed throughout neuronal cell 
bodies and their fibers, while there was no evidence of transgene 
expression in astrocytes. Selective neuronal transgene expres-
sion was confirmed by double-immunofluorescent labelling using 
antibodies to cell-specific markers. Luc-positive cells exclusively 
colocalized with the dopamine neuronal marker TH, but not with 
the astrocytic and microglial markers, GFAP and ionized calcium 
binding adapter molecule 1 (Iba1), respectively (Figure 2c). Due to 
weak immunoreactivity achieved with an anti-ALDH1L1 antibody, 
an anti-GFAP antibody was used for labelling astrocytes (results not 
shown).

The levels of transgene expression appeared to positively cor-
relate with the sequence length of the promoters, with the two 
promoters containing the 1,974 bp ALDH1L1(L) sequence mediat-
ing considerably higher transgene expression in comparison to the 
shorter counterparts containing the 931 bp ALDH1L1(S) sequence 
(Figure 2b,d), as determined by semiquantitative analysis of the 
density of Luc immunoreactivity in the SNpc. Both ALDH1L1(L)ex1 
and ALDH1L1(L) promoters mediated significantly higher trans-
gene expression compared with ALDH1L1(S)ex1, or ALDH1L1(S) 
sequences (One-way analysis of variance (ANOVA); F3,8 = 10.56; P < 
0.01). Inclusion of exon 1 in the ALDH1L1(L) and ALDH1L1(S) pro-
moters did not result in any further increase in transgene expres-
sion. In addition to the selective nigral transgene expression 
achieved with all ALDH1L1 promoter variants, ALDH1L1(L)ex1- and 
ALDH1L1(L)-regulated Luc expression spread into the neighbor-
ing ventral tegmental area (VTA), SN pars reticulata (SNpr), and the 
midbrain reticular nucleus (Supplementary Figure S1), while trans-
gene expression was more restricted to the SNpc with ALDH1L1(S)
ex1 and ALDH1L1(S) (Figure 2b). Quantification of total volume of 
transduced brain region further confirmed the sequence length-
dependent activity of the ALDH1L1 promoters. The highest vol-
ume of transgene expression within the SNpc, SNpr, and VTA was 
achieved with ALDHL1(L)ex1 and ALDH1L1(L) (Figure 2e) compared 
with both ALDH1L1(S)ex1 and ALDH1L1(S) (One-way ANOVA; F3,8 = 
33.73; P < 0.001). Inclusion of exon 1 in the long or short ALDH1L1 
promoters also had no effect on volume of transgene expression.

Neurotropism of the ALDH1L1 promoters persists in the context of 
astrocyte-tropic AAV serotypes 5, 8, and 9
To determine whether we could direct cell-specificity of the ALDH1L1 
promoters toward astrocytes in an AAV serotype-dependent man-
ner, their properties in the context of two additional astrocyte-
tropic serotypes, AAV5 and AAV8 were subsequently investigated. 
Similar to AAV9, these serotypes have previously exhibited astro-
cytic tropism in various regions in the rodent and nonhuman 
primate CNS.8,9,16 Selective neuronal tropism of the ALDH1L1 pro-
moters persisted in the context of AAV5, and AAV8 at 3 weeks after 

Figure 1   Schematic representation of the ALDH1L1 promoter sequences 
relative to the transcription start site (0 bp), and the AAV expression 
cassette configuration (ITR, inverted terminal repeat; WPRE, woodchuck 
post-transcriptional regulatory element; BGHpA, bovine growth 
hormone polyadenylation signal). ALDH1L1, aldehyde dehydrogenase 
family 1, member L1.
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intranigral infusion of titer-matched vectors (2 × 109 genomes, n = 3 
per vector), based on Luc-immunoreactive cell morphology, as rep-
resented in the context of ALDH1L1(L)-mediated transgene expres-
sion (Figure 3a). In the SNpc, AAV9-mediated Luc expression was 
higher compared with AAV8 (One-way ANOVA; F2,6 = 7.98; P < 0.05)  

(Figure 3b), while there was no difference in the intensity of Luc 
immunoreactivity between AAV9 and AAV5 vector-injected SNpc. 
Our results suggest that although a larger transduction volume was 
achieved with AAV9 in comparison with AAV8 and AAV5 (One-way 
ANOVA; F2,6 = 24.99; P < 0.01), more restricted targeting of SNpc 

Figure 2  ALDH1L1 promoter variants selectively target transgene expression to nigral neurons. (a) Immunolabelling with anti-GFP antibody 
showing dYFP expression in neurons (arrow) and astrocytes (arrowhead) in a representative AAV9-GFAP-YFP injected brain. (b) Immunolabelling 
with anti-Luc antibody showing promoter length-dependent neuronal-specific Luc immunoreactivity in representative nigral sections injected 
with ALDH1L1(L)ex1-, ALDH1L1(L)-, ALDH1L1(S)ex1-, or ALDH1L1(S)-coupled AAV9 vector constructs. (c) Double-immunofluorescent labelling 
of Luc expressing cells with TH, GFAP, and Iba1. Neuronal-specific activity of ALDH1L1 promoters represented by colocalization of ALDH1L1(L)ex1-
regulated Luc expression in neurons, but not astrocytes and microglia. (d) Intensity of Luc immunoreactivity in SNpc. (e) Total volume of transgene 
expression within the SNpc, SNpr and VTA. Bars represent the mean ± SEM for n = 3; One-way analysis of variance (ANOVA) **P < 0.01, ***P < 0.001. 
Scale bars for a and b 500 µm for low-power image and 100 µm for high-power inset, and c 50 µm. AAV, adeno-associated viral; ALDH1L1, aldehyde 
dehydrogenase family 1, member L1; GFAP, glial fibrillary acidic protein; GFP, green fluorescent protein; Iba1, ionized calcium binding adapter 
molecule 1; Luc, luciferase; SEM, standard error of mean; SNpc, substantia nigra pars compacta; SNpr, SN pars reticulata; VTA, ventral tegmental area;  
YFP, yellow fluorescent protein.
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dopaminergic neurons might be better achieved with AAV8 and 
AAV5 vectors (Figure 3c).

ALDH1L1(long)exon1 mediates superior nigral transgene 
expression in comparison to commonly used neuronal promoters, 
Syn and TH
To determine whether the ALDH1L1(L)ex1 promoter variant could 
potentially mediate superior neuronal transgene expression than 
commonly used neuronal specific promoters, we conducted a 
comparison between the ALDH1L1(L)ex1 and a human Syn pro-
moter or rat TH promoter in the context of AAV9, the serotype that 
mediated the highest levels of transgene expression. We gener-
ated additional AAV plasmids expressing eGFP reporter gene under 
the control of these promoters and packaged AAV9 vectors. Titer-
matched AAV9 vectors (2 × 109 genomes) were unilaterally injected 
into the rat SNpc (n = 10 per vector), and transgene expression lev-
els were analyzed at 3 weeks postvector infusion. eGFP fluorescence 
in fixed nigral sections (Figure 4a), and semiquantitative Western 
blot analysis of nigral lysates (Figure 4c,e) indicated that ALDH1L1(L)
ex1 mediated significantly higher levels of eGFP expression in the 
nigra in comparison to Syn (ALDH1L1(L)ex1 84.75 ± 3.18% versus 
Syn 26.40 ± 1.64%; unpaired t-test, t8 = 16.30; P < 0.0001), while 
TH-regulated eGFP expression was barely detectable, although 
prolonged exposure of the blots confirmed low level eGFP expres-
sion (Supplementary Figure S2). The levels of eGFP expression in 
the dopaminergic neuronal terminal fields in the striatum paral-
leled that in the nigra, with the intensity of signal strongest with 
the ALDH1L1 promoter (ALDH1L1(L)ex1 86.14 ± 8.22% versus Syn 

11.76 ± 3.28%, TH-regulated eGFP expression undetected; unpaired 
t-test, t8 = 8.41; P < 0.0001) confirming high transcriptional activity 
of the ALDH1L1(L)ex1 promoter (Figure 4b,d,f ).

ALDH1L1(L)ex1 promoter directs transgene expression in 
hipppocampal dentate granule neurons but both neurons and 
astrocytes in the rat striatum
Next, we asked whether the neuronal specificity of ALDH1L1(L)ex1 
promoter activity observed is also maintained in other brain regions 
such as the striatum and hippocampus. AAV9-ALDH1L1(L)ex1-eGFP 
or AAV9-Syn-eGFP vectors (2 × 109 genomes) were unilaterally 
injected into the hippocampus (n = 8 per vector) or striatum (n = 
8 per vector) in subgroups of rats, and transgene expression levels 
were analyzed at 3 weeks postvector infusion.

In the hippocampus, both vectors targeted eGFP immunore-
activity predominantly to dentate granule neurons, with a very 
sparse number of eGFP-expressing CA1 pyramidal neurons also 
detected (Figure 5a). In comparison to the detection of the trans-
gene in astrocytes in hippocampal sections from a rat that had 
been injected with an AAV9-GFAP-dYFP10 (Figure 5a), we did not 
observe any eGFP-expressing cells with an astrocytic morphology 
in the ALDH1L1-eGFP or Syn-eGFP injected brains (confirmed with 
double-immunofluorescent labeling; data not shown), consistent 
with our observations in the substantia nigra. Unexpectedly, there 
was a wide variability in eGFP expression levels between animals 
allocated to both immunohistochemistry and Western blot analy-
sis within each treatment group. This contributed to the lack of 
detection of any differences when comparing Western blot band 

Figure 3  ALDH1L1 promoter variants coupled with AAV serotypes 9, 8, and 5 direct transgene expression to nigral neurons. (a) Neuronal Luc expression 
mediated by ALDH11L1 promoters in the context of AAV9, AAV8, and AAV5 (represented by ALDH1L1(L) vector constructs). (b) Intensity of Luc 
immunoreactivity in the SNpc. (c) Total volume of transduction (mm3) within the SNpc, SNpr, and VTA. Bars represent mean ± SEM, n = 3, One-way 
analysis of variance (ANOVA), *P < 0.05, **P < 0.01. Scale bars for (a) 500 µm for low-power image and 100 µm for high-power inset. AAV, adeno-
associated viral; ALDH1L1, aldehyde dehydrogenase family 1, member L1; Luc, luciferase; SEM, standard error of mean; SNpc, substantia nigra pars 
compacta; SNpr, SN pars reticulata; VTA, ventral tegmental area.
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intensities between treatments (ALDH1L1(L)ex1 79.38 ± 41.62% 
versus Syn 20.99 ± 9.14%; unpaired t-test, t6 = 1.37) (Figure 5b,c). 
Although further studies will be required, a general observation 
across all high expressing samples in both the immunohistochemi-
cal and Western blot analysis suggested that the ALDH1L1 pro-
moter produced higher expression levels compared with the Syn 
promoter (Figure 5b,c).

We found that although eGFP expression levels in the striatum 
between the two vector treatment groups were comparable by 
Western blot analysis (ALDH1L1(L)ex1 124.55 ± 16.80% versus Syn 
125.06 ± 43.98%; unpaired t-test, t6 = 0.011) (Figure 6), there were 
significant differences in the transgene expression patterns follow-
ing intrastriatal infusion of these vectors. As expected, eGFP was 
exclusively expressed in neurons and surrounding neuropil in the 
Syn-eGFP vector-injected brains, while eGFP immunoreactivity was 
more diffuse and found in both neurons as well as astrocytes in the 
ALDH1L1(L)ex1- vector injected striatum (Figure 6a,b). Neuropil 
staining was lighter in the ALDH1L1(L)ex1- compared with the Syn-
eGFP vector injected striatum. Further studies will be required to 
determine whether this is reflective of transgene expression in dif-
ferent subpopulations of striatal neurons. Altogether, these results 
suggest that the ALDH1L1(L)ex promoter is transcriptionally active 
in neurons and some astrocytes but in a region-dependent manner.

DISCUSSION
ALDH1L1 is an astrocyte marker that is more homogenously 
expressed in astrocytes throughout the brain than the classic 

astrocyte marker, GFAP14; and indeed, the genomic ALDH1L1 pro-
moter in bacterial artificial chromosome transgenic mice has been 
shown to target GFP expression selectively to astrocytes in a pattern 
that parallels the expression of the endogenous ALDH1L1 gene.13 
In this study, we generated AAV vectors containing four ALDH1L1 
putative promoter sequences and evaluated the ability of these 
variants to transcriptionally regulate Luc expression in astrocytes. 
We initially focused on characterization of cellular transduction pat-
terns in the rat SNpc. Unexpectedly, the ALDH1L1 promoter variants 
targeted transgene expression exclusively to neurons, predomi-
nantly in the SNpc and to a lesser extent in neurons in neighboring 
midbrain regions. The longer ALDH1L1(L)ex1 and ALDH1L1(L) vari-
ants mediated higher levels of Luc expression compared with the 
shorter ALDH1L1(S) promoters, suggesting that the longer promot-
ers contain more DNA elements necessary for increased transcrip-
tional activity. Based on the assumption that the extent of diffusion 
and spread of the four AAV9-ALDH1L1 vectors in the SN would be 
similar, more widespread detection of Luc immunoreactive neu-
rons in the two longer ALDH1L1(L) promoter treatment groups at 
sites distal to the infusion site, where cells would be expected to 
be transduced with fewer AAV vector genomes, is also indicative 
of stronger transcriptional activity. This contributed to significantly 
increased volumes of transduced tissue in the ALDH1L1(L)ex1- and 
ALDH1L1(L)- vector-injected brains.

Of the native AAV serotypes characterized thus far, AAV9, AAV8, 
and AAV5 are the most efficient serotypes for astrocyte trans-
duction; we and others have shown that these serotypes exhibit 

Figure 4  ALDH1L1(L)ex1 mediates significantly higher levels of nigral and striatal transgene expression in comparison to Syn and TH promoters, 
following intranigral AAV vector infusion. Representative images showing (a) nigral and (b) striatal eGFP fluorescence in rats injected with AAV9 
vectors expressing eGFP under control of ALDH1L1(L)ex1, Syn or TH promoters. Representative western blot analysis of (c) nigral and (d) striatal 
homogenates from rats injected with PBS vehicle, ALDH1L1(L)ex1, Syn, and TH AAV vectors probed with anti GFP antibody. Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was used as the loading control. Semiquantitative analysis of band intensities from western blots of (e) nigral and (f) striatal 
lysates. Bars represent the mean ± SEM, n = 5 per vector, unpaired Student’s t-test, ****P < 0.0001. Scale bar for a and b 200 µm. AAV, adeno-associated 
viral; ALDH1L1, aldehyde dehydrogenase family 1, member L1; eGFP, enhanced green fluorescent protein; PBS, phosphate buffered saline; SEM, 
standard error of mean; SNpc, substantia nigra pars compacta; Syn, synapsin 1; TH, tyrosine hydroxylase.
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astrocytic tropism in various regions in the rodent and nonhu-
man primate CNS.8–10,16–18 Consistent with our previous results, we 
found that AAV9 coupled with the widely used GFAP promoter tar-
geted transgene expression to both nigral neurons and astrocytes 
confirming that nigral astrocytes are permissive to both AAV9 
transduction, and also that an exogenously delivered promoter 
can be transcriptionally active in these cells. Because astrocytes 
exhibit a broad molecular and functional heterogeneity under 
resting and pathological states,11,19–26 such molecular diversity may 
influence region-specific tropisms and transduction efficacies of 
viral vectors. A switch to either an AAV8 or AAV5 vector serotype 
to mediate gene transfer did not alter the neuronal transduction 
pattern, confirming that a lack of detectable levels of transcrip-
tional activity of the ALDH1L1 promoter in astrocytes contrib-
utes to an absence of astrocytic Luc expression. Furthermore, our 
results suggest that although AAV9 may mediate more efficient 
neuronal transduction mechanisms in the rat SNpc as assessed 
by the density of Luc immunoreactivity when compared with the 
AAV8 vector-injected group, the large difference in transduction 
volumes between these vector serotypes suggests that more focal 
targeting of transgene expression to the SNpc would be better 
achieved with AAV5 or AAV8 vectors. Altogether, we conclude that 

the ALDH1L1 promoter variants exclusively target neurons in the 
SNpc.

To broaden the potential utility of these promoters, we deter-
mined whether the neuronal transgene expression pattern with the 
ALDH1L1(L)ex1 promoter was maintained in other brain regions. 
We found that consistent with that observed following intranigral 
infusions, transcriptional activity of the ALDH1L1(L)ex1 promoter 
was restricted to neurons in the hippocampal dentate gyrus using 
a sensitive anti-GFP antibody and diaminobenzidine (DAB) chro-
mogen to detect eGFP transgene. In contrast, eGFP expression was 
observed in neurons and astrocytes in the striatum using the same 
immunodetection method suggesting that striatal astrocytes may 
possess potential subtype-specific molecular mechanisms that 
allow more efficient AAV transduction and/ or ALDH1L1(L)ex1 pro-
moter activity. However, the weaker level of transgene expression 
in astrocytes compared with a moderate level of staining in neurons 
suggests that targeting of transgene expression in striatal astro-
cytes may be less efficient than that in neurons. Future work analyz-
ing the neuron to astrocyte transduction ratio, as well as the specific 
neuronal subtypes that are transduced in the striatum will extend 
the applicability of the ALDH1L1 promoters to studies characteriz-
ing molecular profiles of striatal cell populations.

Figure 5  ALDH1L1(L)ex1 mediates transgene expression in neurons following intrahippocampal AAV vector infusion. (a) Representative low power 
images showing eGFP immunoreactivity in the hippocampus of rats injected with AAV9-ALDH1L1(L)ex1 or -Syn vectors, in comparison to staining in 
a brain injected with AAV9-GFAP-dYFP. High magnification images of eGFP-immunoreactive neurons (arrows) or astrocytes (arrowheads in the GFAP-
dYFP injected brain) in the dentate gyrus (DG) or CA1 region from these sections are included. Western blot analysis of (b) hippocampal homogenates 
from rats injected with PBS vehicle, ALDH1L1(L)ex1, and Syn AAV vectors probed with anti GFP antibody. GAPDH was used as the loading control. 
(c) Semiquantitative analysis of band intensities from western blots. Bars represent the mean ± SEM, n = 4 per vector. Scale bar for low power images 
500 and 200 µm for high power images. AAV, adeno-associated viral; ALDH1L1, aldehyde dehydrogenase family 1, member L1; eGFP, enhanced green 
fluorescent protein; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; GFAP, glial fibrillary acidic protein; PBS, phosphate buffered saline; SEM, 
standard error of mean; Syn, synapsin 1; YFP, yellow fluorescent protein.
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Additional studies aimed at identifying the additional sequence 
motifs necessary for cell-specific expression may allow the gen-
eration of astrocyte-specific and/or dual neuronal- and astrocyte-
transcriptional targeting ALDH1L1 promoters that are tailored for brain 
regions and transgenes of interest. Deletion analysis of the 2.2 kb GFAP 
promoter showed that a 45 bp sequence within the 2.2 kb GFAP pro-
moter silences its activity in neurons.12 It is possible that the exclusion of 

similar sequence motifs that silence neuronal expression and those that 
activate astrocytic expression from our ALDH1L1 promoters may have 
resulted in their selective activity in neurons, instead of the astrocyte-
specific expression achieved with the full length ALDH1L1 genomic 
promoter in bacterial artificial chromosome transgenic mice.13

Our results suggest that the ALDH1L1 promoter variants could 
have utility as additional tools in the development of gene therapy 

Figure 6  ALDH1L(L)ex1 targets transgene expression in both neurons and astrocytes following intrastriatal AAV vector infusion. Representative low 
power images showing eGFP immunoreactivity in striatum from rats injected with (a) AAV9-ALDH1L1(L)ex1 or (c) Syn promoters. High magnification 
images show eGFP-immunoreactive neurons (arrow) and astrocytes (arrowhead) in a brain injected with a AAV9-ALDH1L1(L)ex1-eGFP, and selectively 
in neurons (arrow) in a brain injected with c AAV9-Syn-eGFP. (b, d) Double-immunofluorescent colabeling of eGFP expressing cells with NeuN or GFAP 
showing neuronal (arrow) and astrocytic (arrowhead) transgene expression. Western blot analysis of (e) striatal homogenates from rats injected with 
PBS vehicle, ALDH1L1(L)ex1, and Syn AAV vectors probed with anti GFP antibody. GAPDH was used as the loading control. (f) Semiquantitative analysis 
of band intensities from western blots. Bars represent the mean ± SEM, n = 4 per vector. Scale bar for a, c low power images 500 µm and 100 µm for 
high power images, and b, d 50 µm. AAV, adeno-associated viral; ALDH1L1, aldehyde dehydrogenase family 1, member L1; GAPDH, Glyceraldehyde 
3-phosphate dehydrogenase; GFAP, glial fibrillary acidic protein; eGFP, enhanced green fluorescent protein; PBS, phosphate buffered saline; SEM, 
standard error of mean.
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and disease modelling applications. Coupling a neurotropic AAV 
serotype with a promoter that is highly active and specific to certain 
neuronal populations is advantageous in achieving optimal levels 
of transgene expression at the lowest possible vector dose, while 
restricting therapeutic protein expression to specific CNS nuclei. 
Constitutively active viral promoters such as the cytomegalovirus 
or chicken beta-actin/cytomegalovirus hybrid promoters are rou-
tinely used to achieve high levels of neuronal transgene expression 
in the CNS.16,27–32 However, one disadvantage of viral promoters is 
that they are susceptible to epigenetic modification such as pro-
moter methylation that silences transcriptional activity over time.33 
Alternatively, endogenous neuronal promoters such as neuron-spe-
cific enolase, platelet-derived growth factor-β chain, Syn, and TH, 
in the context of AAV serotypes have been used to target neurons 
in various CNS regions.27,28,34–36 In the SNpc, Syn, and TH promoters 
have been shown to target transgene expression to dopaminergic 
neurons.35,36 Here we show in a comparative analysis of various neu-
ronal promoters that the ALDH1L1(L)ex1 promoter variant medi-
ated significantly higher levels of transgene expression compared 
with the Syn and TH promoters, suggesting its potential utility for 
driving therapeutic transgene expression in nigral dopaminergic 
neurons.

Neuronal-specific transgene expression was also observed in the 
hippocampus. The reasons for variability in hippocampal transgene 
expression levels within each vector treatment group are unclear 
given that we observed quite marked consistency in expression lev-
els following intranigral or intrastriatal vector infusion. Nevertheless, 
there is some indication that the ALDH1L1 promoter may also drive 
higher levels of transcriptional activity in dentate granule cell neu-
rons compared with the Syn promoter although this will require 
further confirmation. Future studies will assess whether injection 
coordinates for hippocampal infusions need optimization.

In conclusion, our results describe new promoters that could 
have broad utility for gene therapy and disease modelling appli-
cations. AAV vectors have been shown to be safe in human gene 
therapy but the modest packaging capacity of AAV restricts the size 
of the therapeutic gene cassettes to <4.7 kb. Thus the size of the 
ALDH1L1(L) promoter variants could place limitations on the size 
of transgenes that can be delivered using an AAV vector system. 
We found that inclusion of exon1 did not lead to any appreciable 
increase in transcriptional activity in the rat brain in contrast to that 
observed in previous studies,15 suggesting it could be excluded. 
Because smaller promoters considerably ease the size restriction on 
therapeutic genes that can be cloned into AAV expression cassettes, 
future studies should examine whether the two short ALDH1L1 pro-
moters may potentially exhibit greater activity than Syn in various 
brain regions, and whether transcriptional regulation under the 
ALDH1L1 promoters is also altered under disease conditions. It may 
also be useful to investigate the effect of different routes of vec-
tor administration18 as well as higher vector titers8 which may also 
affect cellular transduction patterns.

MATERIALS AND METHODS
Development of AAV plasmids
Short (S) 931 bp and long (L) 1,974 bp cDNA sequences immediately 
upstream of (or relative to) the transcription start site of the rat ALDH1L1 
gene (GenBank accession number AC_000072.1) were generated using 
the reverse primer 5ʹ-ATAGAGCTCGGCAGAAGCTCCGGTCTTAT-3ʹ, and for-
ward primers, 5ʹ-ATACTCGAGGGATCCTCCAGGACAGAGCT-3ʹ and 5ʹ-ATACTC 
GAGTTCACTCTCTACTGCCTGAC-3ʹ, respectively. These were cloned into 
the poly-linker site of an AAV plasmid containing a truncated wood-
chuck hepatitis post-transcriptional regulatory element and short bovine 
growth hormone polyadenylation signal flanked by AAV2 inverted 

terminal repeats. To insert exon 1 (ex1) (138bp) into the plasmid con-
structs, a cDNA sequence containing exon 1 were generated using forward 
primer 5ʹ-ATACTCGAGGGATCCTCCAGGACAGAGCT-3ʹ and reverse primer 
5ʹ-ATATCGCGACCAAGGTCAAAGACAGGAAG-3ʹ. cDNA for firefly luciferase 
(Luc) or eGFP from Aequorea victoria were subsequently cloned into the 
poly-linker site to yield ALDH1L1(L)-Luc, ALDH1L1(S)-Luc, ALDH1L1(L)ex1-
Luc, ALDH1L1(S)ex1-Luc, and ALDH1L1(L)ex1-eGFP. Yellow fluorescent pro-
tein (YFP) cDNA was cloned into the poly-linker site of an AAV expression 
plasmid under the control of the 2.2 kb human GFAP promoter (GenBank 
accession no. M67446). eGFP was cloned into the poly-linker site of an AAV 
expression plasmid under the control of a 803 bp rat tyrosine hydroxy-
lase (GenBank accession no. EU240461.1) and a 619 bp human synapsin 1 
(GenBank accession no. NG_008437.1) promoters, and containing a wood-
chuck hepatitis post-transcriptional regulatory element and short bovine 
growth hormone polyadenylation signal flanked by AAV2 inverted terminal 
repeats.

AAV vector packaging
The AAV expression plasmids were packaged into AAV serotype 5, 8 and 9 
vectors and purified by iodixanol density ultracentrifugation, and genomic 
titers were determined by real-time Polymerase chain reaction using prim-
ers to woodchuck hepatitis post-transcriptional regulatory element as 
described previously.8 Bands corresponding only to the viral capsid protein 
VP1, -2 and -3 were visible by Coomassie blue staining on sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis gels. The vector stock titers (vec-
tor genomes/ml) generated were as follows: ALDH1L1(L)-Luc, 9.1 × 1012; 
ALDH1L1(S)-Luc, 4.1 × 1012; ALDH1L1(L)ex1-Luc, 2.7 × 1012; ALDH1L1(S)ex1-
Luc, 6.9 × 1012; ALDH1L1(L)ex1-eGFP, 2.7 × 1012; Syn-eGFP, 2.34 × 1012; and 
TH-eGFP, 2.33 × 1012. All vector stocks were diluted to 1.0 × 1012 for the brain 
infusions.

Vector infusions
All animal experiments were conducted under guidelines and approval by 
The University of Auckland Animal Ethics Committee. Male Sprague–Dawley 
rats (250–300 g) were anaesthetized with an intraperitoneal (i.p) dose 
(70 mg/kg) of pentobarbital, and positioned in a Kopf stereotaxic frame 
(David Kopf Instruments, Tujunga, CA). Subgroups of rats were randomly 
assigned to receive 2 μl of AAV vector or 1× phosphate-buffered saline (PBS) 
vehicle infused unilaterally into the nigra (coordinates: anterior-posterior 
(AP) −5.3 mm, medial-lateral (ML) + 2.3 mm, dorsal-ventral (DV) −7.6 mm 
from dural surface, bregma = 0), hippocampus (coordinates: AP −3.6 mm, 
ML +2.1 mm, DV −4.3 mm from skull surface) or striatum (AP +1.4 mm, ML 
−2.5 mm, DV −5.5 mm from skull surface)37 at a rate of 70 nl/min for the nigral 
infusions and 200 nl/min for the hippocampal and striatal infusions regu-
lated by a microinfusion pump (World Precision Instruments, Sarasota, FL).

Immunohistochemistry
Rats were killed 3 weeks postvector infusion by an i.p. overdose of pento-
barbital (100 mg/kg), and transcardially perfused with 100 ml of 0.9% (w/v) 
saline, followed by 4% (w/v) paraformaldehyde in 0.1 mol/l phosphate buf-
fer, pH 7.4 (Sigma-Aldrich, St Louis, MO). The brains were postfixed in 4% 
paraformaldehyde overnight at 4°C, followed by cryoprotection in 30% 
(w/v) sucrose in PBS for 72 hours at 4ºC. Forty micron coronal brain sections 
were cut and used for immunohistochemistry as described previously.8 
Endogenous peroxidase activity was blocked by incubating sections in 1% 
(v/v) H2O2 in 50% methanol for 20 minutes, followed by an overnight incuba-
tion with rabbit anti-Luc (1:1,000; 70C-CR2029RAP; Fitzgerald, North Acton, 
MA), or rabbit anti-GFP antibody (1:50,000; ab290; Abcam, Cambridge, UK) 
diluted in PBS containing 0.2% (v/v) Triton X-100 and 10% (v/v) horse serum. 
Sections were then incubated with biotinylated secondary antibodies, goat 
anti-rabbit (1:250; Sigma-Aldrich) for 3 hours, followed by 2 hours incuba-
tion with ExtrAvidin Peroxidase (1:250; SigmaAldrich). Immunoreactivity 
was visualized by incubation with diaminobenzidine(DAB) in 0.1 mol/l phos-
phate buffer containing 0.01% H2O2 (v/v), and images were captured on an 
Olympus AX70 microscope (Olympus, Centre Valley, PA) using a CX9000 digi-
tal camera and StereoInvestigator software (MBF Biosciences, Williston, VT).

For eGFP immunodetection in the promoter comparison study, the bio-
tin/avidin amplification step was omitted to reduce the intensity of eGFP 
immunoreactivity. Following the overnight incubation with rabbit anti-GFP 
antibody (1:50,000; ab290; Abcam), these sections were incubated with horse-
radish peroxidase-conjugated goat anti-rabbit (1:500; A0545; Sigma Aldrich) 
for 2 hours. Immunoreactivity was visualized by incubation with diaminoben-
zidine (DAB) in 0.1 mol/l phosphate buffer containing 0.01% H2O2 (v/v).
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Immunofluorescence
For immunofluorescence labeling, 0.01% H2O2 treatment was omitted, and 
sections were incubated with rabbit anti-Luc (1:500; 70C-CR2029; Fitzgerald) 
or rabbit anti-GFP (1:50,000; ab290; Abcam) in combination with either mouse 
anti-GFAP (1:50 000; G3893; Sigma Aldrich), mouse anti-TH (1:500; MAB318; 
Millipore, Billerica, MA), mouse anti-NeuN (1:1000; MAB377; Millipore), or 
goat anti-Iba1 (1:2,000; ab5076; Abcam, Cambridge, UK) for 48 hours at 4°C, 
and subsequently incubated with donkey anti-rabbit Alexa-488 secondary 
antibody (1:1,000; Invitrogen) in combination with either donkey anti-mouse 
Alexa-594 (1:1,000; Invitrogen) or biotinylated donkey anti-goat secondary 
antibody (1:1,000; Jackson ImmunoResearch, Westgrove, PA) for 24 hours at 
4°C. For Iba1 detection, sections were further incubated with streptavidin 
Alexa-594 (1:1,000; Invitrogen) for 24 hours at 4°C. Images were acquired on 
an Olympus FV1000 confocal laser scanning microscope (Tokyo, Japan) with 
an oil-immersion x60 objective, and Olympus Fluoview version 3.0 Software.

Volume measurement
The volume of midbrain tissue expressing transgene in the SNpc, SNpr, and 
VTA by AAV vectors was estimated using the Cavalieri estimator probe on 
Stereo Investigator 7 (MBF Bioscience). On every sixth 40 μm section (each 240 
μm apart), markers were placed at a grid size of 50 μm to outline areas contain-
ing Luc-immunoreactive cell bodies and fibers within the SNpc, SNpr, and VTA. 
The volume of transgene expression was estimated by the software based on 
the average area of transgene expression and rostro-caudal distance.

Density measurements of transgene staining
Intensity of transgene staining within the SNpc was measured using ImageJ 
software (ImageJ version 1.48, National Institute of Health). A standardized 
threshold intensity was set for grayscale images of every sixth 40 μm section 
(each 240 μm apart) to select Luc immunoreactive neuronal cell bodies and 
fibers within the outlined SNpc, and the reciprocal chromogen intensity was 
calculated by subtracting the measured intensity from a maximum intensity 
value of 255.

Western blotting
Three weeks postinfusion of AAV9-ALDH1L1(L)ex1-eGFP, AAV9-Syn-eGFP, 
and AAV9-TH-eGFP (n = 4–5 per vector), rats were killed and then nigral, 
striatal or hippocampal regions were dissected. Each tissue sample was 
homogenized by sonication in ice-cold lysis buffer (50 mmol/l Tris-HCl, 
2  mmol/l ethylenediaminetetraacetic acid (EDTA), 0.05% Triton X-100; pH 
7.4) containing protease inhibitors (Complete Protease inhibitor Cocktail; 
Roche Diagnostics, Mannheim, Germany). Lysates were centrifuged at 
8,000g in a microfuge for 10 minutes at 4°C, and supernatants collected 
for analysis. For western blot analysis of eGFP expression, 20 µg of tissue 
lysate was resolved by 12% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis, and transferred to Hybond-ECL membranes (GE Healthcare, 
Uppsala, Sweden). The membranes were blocked with 5% (w/v) skim milk 
powder in Tris-buffered saline containing 0.05% (v/v) Tween 20 (20 mmol/l 
Tris, 0.5 mol/l NaCl, 0.05% Tween 20; pH 7.4), and incubated with rabbit 
anti-GFP antibody (1:50,000; ab290; Abcam) or mouse anti-glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) (1:50,000; ab8245, Abcam) overnight 
at 4°C. The following day, the membranes were incubated with horseradish 
peroxidase-conjugated goat anti-rabbit (1:10,000; A0545; SigmaAldrich), or 
anti-mouse (1:5,000; sc-2005, Santa Cruz Biotechnology, Dallas, TX) antibod-
ies diluted in Tris-buffered saline at room temperature for 2 hours, prior to 
detection of immunoreactive bands with enhanced chemiluminescence 
detection reagent (GE Healthcare Life Sciences). Chemiluminescent bands 
were visualized and gel images acquired using a ChemiDoc MP imaging sys-
tem (BioRad). Density of eGFP protein band relative to the reference protein, 
GAPDH was estimated using the Image Lab software (version 4.1; BioRad).

Statistical analysis
Data are expressed as mean ± standard error of mean (SEM) . A one-way 
ANOVA with Tukey’s post hoc test or unpaired Student’s t-test were per-
formed using SPSS (IBM SPSS, version 21, Chicago, IL) to compare means, 
with significance levels set at P < 0.05.
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