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Impairment of GABAergic inhibitory neuronal function is
linked to epilepsy and other neurological and psychiatric disor-
ders. Recombinant adeno-associated virus (rAAV)-based gene
therapy targeting GABAergic neurons is a promising treatment
for GABA-associated disorders. However, there is a need to
develop rAAV-compatible gene-regulatory elements capable
of selectively driving expression in GABAergic neurons
throughout the brain. Here, we designed several novel
GABAergic gene promoters. In silico analyses, including evolu-
tionarily conserved DNA sequence alignments and transcrip-
tion factor binding site searches among GABAergic neuronal
genes, were carried out to reveal novel sequences for use as
rAAV-compatible promoters. rAAVs (serotype 9) were injected
into the CSF of neonatal mice and into the brain parenchyma of
adult mice to assess promoter specificity. In mice injected
neonatally, transgene expression was detected in multiple brain
regions with very high neuronal specificity and moderate-to-
high GABAergic neuronal selectivity. The GABA promoters
differed greatly in their levels of expression and, in some brain
regions, showed strikingly different patterns of GABAergic
neuron transduction. This study is the first report of rAAV
vectors that are functional in multiple brain regions using pro-
moters designed by in silico analyses from multiple GABAergic
genes. These novel GABA-targeting vectors may be useful tools
to advance gene therapy for GABA-associated disorders.

INTRODUCTION

Impairment of GABAergic neurons causes epileptic, neurodevelop-
mental, and psychiatric disorders.'* For example, Dravet syndrome
is an intractable epilepsy disorder caused by mutations in neuronal
sodium channel subunits that, in turn, induce global impairment of
GABAergic neuronal activity."”” One therapeutic strategy for Dravet
syndrome, and other neurological disorders where GABAergic inhi-
bition is impeded, is to enhance GABA neuronal activity in the brain.
Recombinant adeno-associated virus (rAAV)-based gene therapy is a
promising therapeutic approach for correcting deficiencies in
GABAergic neurons. rAAV-compatible gene-regulatory elements
that convey selective gene expression in GABAergic neurons in the
central nervous system (CNS) have been derived from the DIx,
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Gadl, Gad2, and Scnla genes.*”'* These regulatory elements are
capable of driving rAAV-mediated transgene expression in the gen-
eral neuronal population, but differ in CNS distribution and
GABAergic neuronal specificity. Transgene expression induced by
Dix enhancer elements, for example, is GABAergic neuron selective
but restricted to the forebrain.” In contrast, a GadI regulatory element
showed wider transgene distribution, but lower GABAergic-selective
expression than the DIx elements.'” Gad2 and Scnla regulatory ele-
ments show high GABAergic specificity and wider transgene distribu-
tions compared with the DIx elements, but transgene expression is
preferentially operative in the parvalbumin (PV)-expressing subset
of GABAergic neurons.'"'” Therefore, currently there are no
rAAV-compatible gene-regulatory elements that mediate expression
in all subtypes of GABAergic neurons across the CNS (see Duba-Kiss
et al. for review)."”

In this study, we report novel GABAergic-neuron-selective promoters
for use in rAAV vectors. The properties of these rAAVs were assessed
after injection into the cerebral spinal fluid (CSF) of newborn mice
and after intrahippocampal and intracerebellar injections into
adult mice. Our findings demonstrate the utility of advanced in silico
promoter design and provide new tools for use in rAAV gene therapy.
The GABA-targeting vectors studied here may be useful for
developing gene therapies for treating GABA-related disorders such
as epilepsy, autism, and schizophrenia.

RESULTS

In silico analyses of GABAergic gene-regulatory elements

To identify GABAergic neuronal promoters for rAAV9 vectors, we
analyzed the 5'-upstream sequences of GABAergic neuronal genes by
two different in silico strategies. Homology analysis was performed on
the 5'-upstream sequence of the human and mouse GadI genes using
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a LAGAN pairwise genome alignment algorithm.'* The analysis be-
tween human and mouse 5'-upstream sequences revealed four
conserved DNA regions with more than 70% sequence identity within
a 100-base window in the 4-kb upstream regions from the Gadl tran-
scription start site (Figure 1A, red-colored regions). Figure S1 depicts
the DNA sequences of the 5 conserved regions and positions in the
mouse Gadl gene. The homologous DNA regions between human
and mouse genomes were also conserved, with similar sequence iden-
tity, in other mammalian genomes (chimpanzee, gibbon, crab-eating
monkey, marmoset, pig, horse, dog, and cat). The conserved DNA re-
gions in the mouse Gadl 5'-upstream sequence were ligated tandemly
and used as a composite transcription regulatory element.

The homology analysis was followed by an examination of the tran-
scription factor binding sites (TFBSs) in the 5'-upstream sequence
of three GABAergic genes to identify GABAergic neuron-specific
TFBSs: Gadl and Gad2, two isoforms of the GABA synthesis genes
coding for glutamic acid decarboxylase 1 and 2, and Slc32al, coding
for Vgat, the vesicular GABA transporter. The TFBSs in the human
and mouse 5'-upstream sequences of the GABAergic genes, Gadl,
Gad2, and Slc32al, were identified using the JASPAR transcription
factor database.'” The TFBS search revealed that 128 TEBSs were
conserved in the human and mouse GABAergic genes (Figure 1B).
The predicted TFBSs were likely to include TFBSs for GABAergic-
neuron-specific regulation as well as for general neuronal transcrip-
tion. To eliminate the TFBSs for general neuronal expression, we
identified the TFBSs that are shared with the Camk2a gene expressed
primarily in non-GABAergic glutamatergic excitatory neurons and
removed them from the TFBSs identified from the GABAergic
neuronal genes. This subtraction yielded 24 of the original 128
TFBSs, which were then classified as GABAergic regulatory element
candidates (Figure 1C). Predictions of the binding sites of the 24 tran-
scription factors revealed that 149 candidate sites (each with of length
of 10-14 nucleotides) were present in a 17-kb segment of the mouse
Gadl gene 5'-upstream sequence from the start codon (Table S1).
Those TFBS candidates were ligated into the vector in a concatenated
fashion from the 5" end to the 3’ end, thereby creating the 2,100-bp
regulatory element used in the GABA-v4 promoter.

Design of GABA-targeting rAAV9 vectors

To evaluate the GABAergic neuronal specificity of the regulatory el-
ements identified by in silico analysis, single-stranded rAAV9 vectors
were synthesized for injection into mice. All rAAV9 constructs
included a carboxy-terminal c-myc epitope tag fused to NaV1 (Fig-
ure 1D). The endogenous mouse NaV 1 protein was used as the en-
coded transgene in this study. Although foreign fluorescent proteins
are often used to analyze cell-type specificity and distribution of
rAAVs, the expression of fluorescent proteins has been associated
with an immune response and cell death.'® In addition, there are
no reports of human NaVB1 gene (SCNIB) duplications, and we
have not previously observed abnormal behaviors in mice after over-
expression of NaVP1.'” Together, these observations suggest that the
use of NaVP1 is appropriate for the accurate assessment of promoter
cell-type specificity and brain transgene distribution.
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Figure 1. In silico analysis of GABA gene-regulatory elements

(A) Homology analysis of human and mouse Gad? gene sequences from the
transcription start site (arrow) to 4 kb upstream in the 5’ untranslated region. The
homology between GAD7 on human chromosome 2 and Gad7 on mouse chro-
mosome 2 is depicted. The red-colored DNA regions indicate sections that are
highly conserved between human and mouse. (B) Venn diagram of TFBSs
conserved in the Gad1, Gad2, and Slc32a1 5' intergenic sequences. One hun-
dred twenty-eight TFBSs were identified (in orange) that overlap among Gad1
(magenta), Gad2 (red), and Slc32a7 (green). (C) Selection of TFBSs for GABAergic
genes. The TFBSs in Camk2a, a glutamatergic neuronal marker, were subtracted
from the TFBSs of GABA genes, yielding 24 TFBSs as candidate GABA-selective
elements. (D) DNA constructs of rAAV9 vectors. DNA components of GABA-v2
(GABA.v2-NaVp1-myc), GABA-v3 (GABA.v3-NaVp1-myc), GABA-v4 (GABA.v4-
NaVp1-myc), AAV-mDIx (mDIx-NaVp1-myc), and AAV-hSynl (hSynl-NaVB1-myc)
are shown. TR, inverted terminal repeats (gray boxes); 3'-downstream region (red
boxes); RBGpA, rabbit B-globin polyadenylation region (black boxes); TFBS,
transcription factor binding site in GABA-v4; WPRE, woodchuck hepatitis virus
posttranslational regulatory element.

GABA-v2 was composed of the regulatory element identified by the ho-
mology analysis, the mouse Gadl minimal promoter,'” the mouse so-
dium channel B subunit 1 (ScnIB gene coding for NaVB1), a portion
of intron 3, and the 3'-downstream sequence of mouse Gadl
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Table 1. Semi-quantification of NaVB1-myc distribution by neonatal i.c.v. + i.c.m. injection

AAV-mDIx

AAV-hSynl

AAV-v2

AAV-v3

AAV-v4

Injection route

2.5+ 2.5 puLicv.

1+ 1 pLicv.+3pLicm.

1+1pLicv. +3 pLicm.

1+ 1 pLicv.+3pLicm.

1+ 1 pLicv. +3pLicm.

Viral titer 64 x 10” GC/mL 2.4 x 10" GC/mL 9.3 x 10" GC/mL 6.2 x 10" GC/mL 7.5 x 10" GC/mL
Total genome copies 3.20 x 10" GC 1.19 x 10" GC 4.67 x 10" GC 3.1 x 10" GC 3.75 x 10" GC
No. mice analyzed 3 5 5 5 4

Frontal cortex + +++ +++ + +++
Somatosensory cortex + +++ +++ + ++

Visual cortex — ++ ++ — +
Hippocampus + (V) ++ + — +

Striatum + +++ ++ +(V) 4

Thalamus - ++ — — _
Hypothalamus — ++ ++ + ++ (V)
Midbrain — + ++ (V) — +

Cerebellum, GL - + — — +

Cerebellum, PL — — — _ +

Cerebellum, ML — — — _ _

Pons — + + — T+

Medulla - + — _ +

+++, high expression; ++, moderate expression; +, low intensity/sparse expression; —, no expression; (V), brain regions where high intersample (mouse) variability was observed; GL,

granule layer; PL, Purkinje layer; ML, molecular layer; GC, genome copies.

(Figure 1D). These DNA components were flanked by inverted terminal
repeats for the integration into the rAAV capsid. Intronic 3’-down-
stream sequences of the mouse Gadl gene were used in GABA-v2 as po-
tential regulatory elements for cell-type-specific gene expression.'*'* To
evaluate the activity of the promoter identified by homology analysis
alone, intron 3 and the 3'-downstream region of Gadl in the GABA-
v2 construct were deleted and replaced with the rabbit B-globin polya-
denylation region (RBGpA) (GABA-v3; Figure 1D). In GABA-v4, the
regulatory elements identified by the TFBS search were used to replace
the regulatory elements in GABA-v3 (Figure 1D).

The GABAergic specificity of the GABA-targeting rAAV vectors was
compared with a mouse DIx (mDIx) enhancer, an established
GABAergic regulatory element,® and the human synapsin I mini-pro-
moter (AAV-hSynl; Figure 1D), which mediates expression in both
excitatory and inhibitory neurons.”**' To create the mDIx and hSynI
constructs, the promoter element in GABA-v3 was replaced with an
mDIx promoter to create AAV-mDIx (Figure 1D), and the human syn-
apsin I mini-promoter was used to create AAV-hSynl (Figure 1D). The
AAV-hSynl construct contained a woodchuck hepatitis virus posttrans-
lational regulatory element (WPRE) between NaVB1-myc and RBGpA,
which was not present in the other rAAVs. The AAVS used were pro-
duced at two vector core facilities (see Materials and methods); titers of
the AAVs used ranged from 2.4el3 to 9.3e13 genome copies per milli-
liter, while the total doses injected ranged from 1.2e11 to 4.6el1 genome
copies (Table 1). While this may have been a factor in detecting the
transgene in some brain regions of low expression, we believe that it
is unlikely that this reasonably narrow range of doses would have a ma-
jor effect on the cellular specificity.

Mapping of the CNS distribution of transgene expression after
neonatal injection

To evaluate transgene expression, the rAAVs were infused to the
lateral ventricles by bilateral intracerebroventricular (i.c.v.) and intra-
cisterna magna (i.c.m.) double injections at postnatal day (PND) 2 for
widespread dispersion of the rAAV through the CSEF. Initially, we in-
jected mDIx in the same manner as the others, 1 pL + 1 pL i.c.v. each
side plus 3 pL i.c.m., but we saw almost no expression. Since AAVs
using mDIx are operative only in the forebrain and, in our hands,
mainly in the hippocampus, we tried injecting 2.5 pL each side
i.cv. only. This resulted in better expression in the forebrain and
was sufficient for conducting the double-label experiments.

At PND 30, cortical expression of the NaVB1-myc transgene was
confirmed by immunoblotting using an anti-myc antibody (Fig-
ure 2A; note that different exposure times were used for each lane
shown). NaVB1-myc protein was observed between the relative mo-
lecular weights of 35-48 kDa (likely corresponding to the glycosylated
and unglycosylated forms of NaVB1)'>* in protein lysates from ce-
rebral cortices of mice injected with the GABA-v2, v4, and hSynI vec-
tors. A longer exposure of the immunoblot showed the same banding
pattern for AAV-mDIx (Figure 2A). In contrast, transgene expression
in the cortex of mice treated with GABA-v3 was not detectable by
immunoblotting.

To assess transgene distribution, immunohistochemical analysis was
performed using an anti-myc antibody to label NaV1-myc-express-
ing cells. GABA-v2 showed robust transgene expression in multiple
brain regions, including the cerebral cortex, striatum (including the
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Figure 2. NaVB1-myc protein expression from rAAVs in mouse brain after i.c.v. + i.c.m. injection at PND 2-3

(A) Immunoblot of NaVB1-myc expression using an anti-myc antibody in samples of PND 30 mouse cerebral cortex from mice treated with rAAV vectors at PND 2-3. t
represents the immunoblot exposure time (seconds) of the individual samples to detect NaVB1-myc. GAPDH was used as a loading control. UT, untreated; EV, empty vector-
treated. (B-F) CNS distributions of GABA-v2 (B; n = 5 mice), v3 (C; n = 5 mice), v4 (D; n = 4 mice), mDIx (E; n = 3 mice), and hSynl (F; n = 5 mice). NaVB1-myc protein was
detected by immunostaining with an anti-myc antibody in brain samples collected at PND 30.

globus pallidus, external segment), hypothalamus, and midbrain;
however, transduction of the caudal brain (cerebellum, pons, and me-
dulla) was limited (Figure 2B; Table 1; Figure S2). As expected from
the immunoblot result, GABA-v3 showed a substantially lower level
of expression in the brain compared with GABA-v2 (Figure 2C;
Table 1; Figure S2), with only weak expression in the globus pallidus
external segment. This result suggested that the GadI intron 3 and the
3’'-downstream sequences are required for the robust expression
observed with GABA-v2.

GABA-v4 displayed strong expression in the cortex, with lower
expression in the hippocampus and midbrain and higher expression
in the striatum compared with GABA-v2 (Figure 2D; Table 1; Fig-
ure S2). In addition, GABA-v4 showed low density but consistent
transduction of the medulla in the hindbrain and cells within
the granule and Purkinje layers of the cerebellar cortex (Figure 2D;
Table 1; Figure S2). The selectivities of GABA-v2, v3, and v4 were
directly compared with two promoters previously characterized and
widely used in rAAVs: AAV-mDIx and AAV-hSynl. By comparison,
NaVB1-myc driven by mDIx was found to be restricted to the fore-
brain, in agreement with previous findings.>’ However, the overall
level of transgene expression by AAV-mDIx was very low and sparse
in comparison to GABA-v2 and v4 (Figure 2E; Table 1; Figure S2). In
contrast, AAV-hSynlI displayed robust transduction of the forebrain
(such as the cerebral cortex, especially layer 5; striatum; and hippo-
campus), lower expression in the midbrain, and limited transduction
of the hindbrain (Figure 2F; Table 1; Figure S2).

Cell-type specificity and coverage of transgene expression after
neonatal injection

To evaluate the cell-type specificity of the expressed transgene, we
performed double-label immunohistochemical analyses in samples
collected 4 weeks postinjection from the frontal cortex, striatum,
hippocampal CA1 region, and hypothalamus at PND 30 using an

anti-myc antibody in combination with antibodies for various cell-
type markers (Figures 3, S3, and S4). Anti-NeuN was used as a general
marker of neurons, while anti-GABA was used to label GABAergic
neurons. In the frontal cortex, 90% or more of the myc-expressing
cells were also labeled by anti-NeuN for all five vectors, indicating a
very high degree of neuronal specificity (Figures 3A-3C) (see “immu-
nohistochemistry analyses and imaging” in the materials and
methods for calculation of the cell-type specificity and coverage).
GABA-v2 and v4 showed 9.3% and 5.4% coverage, respectively, of
frontal cortical NeuN-labeled cells expressing NaVB1-myc, whereas
GABA-v3 and AAV-mDIx showed substantially lower coverage
(0.86% and 0.18%, respectively). AAV-hSynl, in comparison, trans-
duced 17% of the neurons (Figure 3D; one-way ANOVA, F =
11.62, p < 0.0001).

In double-labeling experiments, samples collected at PND 30 were co-
labeled with anti-myc and anti-GABA antibodies and revealed that
GABA-v2, v3, and v4 displayed frontal cortical GABA specificities
of 70.7%, 61.5%, and 52.1%, respectively (Figures 3E-3G and S4).
AAV-mDIx showed a degree of GABA specificity (68.0%) comparable
to those of GABA-v2, v3, and v4 (Figures 3G and S4), whereas
AAV-hSynl showed significantly lower specificity (8.7%) than the
GABA-targeting rAAVs (Figures 3H and S4; one-way ANOVA, F =
9.796, p < 0.0001). GABA-v2 and v4 displayed 58.1% and 30.2%
GABAergic neuronal coverage, respectively. Consistent with the
CNS transgene distribution shown in Figure 2, the coverages elicited
by GABA-v3 (7.1%) and AAV-mDIx (18.2%) were low. AAV-hSynI
(17.0%) displayed an ability to transduce cortical GABAergic neurons
comparable to that of AAV-mDIx (18.2%) (Figure 3H).

Analysis of GABA specificity was also performed in the striatum, hip-
pocampal CAl, and hypothalamus (Figure S4). Due to the limited
expression of GABA-v3, this construct was excluded from further
analysis, and quantification of the AAV-mDIx vector could be
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Figure 3. Cell-type specificity and coverage of rAAV vectors in frontal cortex after rAAV injections at PND 2

Immunostaining of NaVB1-myc (magenta) from GABA-v2 (A) and GABA-v4 (B) using anti-myc and anti-NeuN as a pan-neuronal marker (cyan). Quantitative analysis of
transgene expression; NeuN specificity (C) and coverage (D) of the rAAV vectors. Immunostaining of NaVB1-myc (magenta) from GABA-v2 (E) and GABA-v4 (F) with anti-myc
and anti-GABA for GABAergic inhibitory neurons (cyan). Quantitative analysis of GABA specificity (G) and coverage (H) of the rAAV vectors; n = 3—10 mice for each condition.
Scale bars, 50 um. All values are mean + standard error of the mean. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001, Tukey post hoc test.

performed only in the striatum due to insufficient expression in the
other regions. Across all brain regions examined, all of the rAAVs
showed high NeuN specificity (85% or greater; see Figures S9A,
S9E, and S9I), albeit with low coverage (Figures S4, S4B, S4F, and
S$4J). Therefore, the expression elicited by these GABA-based rAAVs
was consistently restricted to neurons across the brain when admin-
istered to the neonatal brain.

In the striatum, GABA-v2 showed the highest GABA specificity and
coverage (68.5% and 30.9%), whereas GABA-v4 was less specific
(specificity 19.7%; coverage 15.2%) (Figure S4). We note that
GABA-v2, v3, and v4 all show labeling in the globus pallidus, external
segment, consistent with GABAergic neuronal expression (Figure S4).
In the CAl area of the hippocampus, GABA-v2 and v4 showed
similar specificities, 57.0% and 60.6%, respectively (Figure S4).
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Figure 4. Cell-type specificity of GABA-v2, GABA-v4, and hSynl in the striatum
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Mice were injected at PND 2 and brains were collected at PND 30. Quantitative analyses of double labeling of anti-myc and anti-DARPP32 specificity (A) and coverage (B) and
PV neuron specificity (C) and coverage (D) are illustrated. SST specificity and coverage are shown in (E) and (F), while ChAT specificity and coverage are shown in (G) and (H).
All values are mean =+ standard error of the mean; n = 3-5 mice for each cohort. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001, Tukey post hoc test.

Although GABA-v2 showed 22.5% GABA coverage, GABA-v4 eli-
cited only 4.3% (Figure S4). The hypothalamic GABA specificities
of GABA-v2 and v4 were 33.3% and 24.3%, respectively (Figure S4),
and GABA coverages were 28.0% and 12.5% (Figure S4L). These re-
sults demonstrate that GABA-v2 and v4 possess very high neuronal
specificity and moderate-to-high GABA neuron selectivity in the
mouse brain following neonatal injection in the CSF.

Analysis of interneuron subtype selectivity of GABA-v2 and v4
after neonatal injection

Different subclasses of GABAergic interneurons include those that
express PV or somatostatin (SST). To examine expression in these
classes of neurons, mice were treated by i.c.v. and i.c.m. double injec-
tions at PND 2 with GABA-v2 or GABA-v4, and brain samples were
collected at PND 30 and immunostained using anti-myc and anti-PV
(Figures S5A and S5B) or anti-SST (Figures S5E and S5F) antibodies.
In the frontal cortex, GABA-v2 and v4 showed similar PV specificity
(Figure S5C; v2, 46.9%; v4, 39.1%), PV coverage (Figure S5D; v2,
52.4%; v4, 31.2%), SST specificity (Figure S5G; v2, 14.8%; v4,
12.4%), and SST coverage (Figure S5H; v2, 71.9%; v4, 47.7%).

We also assessed PV and SST specificity and coverage in the CAl
of the hippocampus (Figures S5I-S5L). While GABA-v4 showed
prominent expression in both PV- and SST-expressing neurons
(PV, specificity 25.8%, coverage 15.3%; SST, specificity 26.6%,
coverage 62.2%), GABA-v2 preferentially transduced SST-expressing
neurons (PV, specificity 8.0%, coverage 6.5%; SST, specificity 69.1%,
coverage 49.4%) (Figures S5I-S5L). In the hypothalamus, both vec-
tors showed low PV specificity (v2, 8.8%; v4, 6.6%) and moderate
coverage (v2, 21.4%; v4, 26.6%) (Figures S5M and S5N). Hypothalam-
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ic SST specificity and coverage were not evaluated due to very low SST
immunopositivity in this region.

In the striatum, the majority of neurons (95%) are GABAergic
medium spiny neurons, which express the marker DARPP32; the
remaining 5% comprise various types of interneurons, including
PV- and SST-expressing interneurons and GABAergic/cholinergic
choline acetyltransferase (ChAT)-positive interneurons.”® Cellular
specificity and coverage analyses of GABA-v2, GABA-v4, and
AAV9-hSynl with these neuronal markers were conducted.

Remarkably, the transduction of DARPP32-expressing neurons by
GABA-v2 was minimal, whereas GABA-v4 and hSynl primarily ex-
pressed in this class of neurons (specificity, v2, 0.4%; v4, 74.4%; hSynl,
83.2%, one-way ANOVA, F = 243.1, p < 0.0001; coverage, v2, 0.03%;
v4, 13.3%; hSynl, 36.9%, one-way ANOVA, F = 18.92, p = 0.0015)
(Figures 4A and 4B). GABA-v2 showed higher specificity than v4
and hSynl for striatal PV* interneurons (Figure 4C; v2, 68.8%; v4,
10.7%; hSynl, 1.8%; one-way ANOVA, F = 43.50, p < 0.0001) and
for SST" interneurons (Figure 4E; v2, 22.5%; v4, 0.13%; hSynl,
0.67%; one-way ANOVA, F = 1764, p < 0.0001). GABA-v2 also
showed significantly higher SST coverage than v4, but not hSynlI (Fig-
ure 4F; v2, 27.4%; v4, 1.76%; hSynl, 12.0%; one-way ANOVA, F =
8.042, p < 0.0083). Both GABA vectors showed a very high propensity
(and greater ability overall than hSynI) to transduce ChAT" interneu-
rons (coverage, v2, 91.6%; v4, 84.9%; hSynl, 32.0%; one-way ANOVA,
F = 33.25, p < 0.0001), although ChAT specificities were low (v2,
10.3%; v4, 3.0%; hSynl, 0.79%; one-way ANOVA, F = 24.35, p =
0.0004) (Figures 4G and 4H). Therefore, in the striatum GABA-v2
and GABA-v4 displayed strikingly different patterns of expression;
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GABA-v2 was mainly selective for PV-, SST-, and ChAT-expressing
interneurons, whereas GABA-v4 was primarily expressed in the
DARPP32" medium spiny neurons.

Characterization of cell-type specificity and coverage of GABA-
v2 and GABA-v4 after injection into the adult hippocampus and
cerebellum

To assess specificity and coverage in the adult mouse brain, GABA-v2
and v4 were injected into the hippocampus and cerebellum of
2-month old mice and collected 4 weeks later. In the hippocampus,
specificity and coverage in the CA1 region was analyzed. GABA-v2
showed sparse transgene expression in the molecular layer and mod-
erate density expression in the pyramidal layer of the CAl, while
GABA-v4 showed sparse expression in both layers (Figures 5A and
5B). Double-labeling experiments revealed that (1) GABA-v2 and
v4 showed high NeuN specificity (Figure 5C; GABA-v2, 78.7%;
GABA-v4, 93.5%), (2) NeuN coverage of GABA-v2 (30.1%) was
higher than that of GABA-v4 (18.3%; Figure 5D), and (3) GABA
specificity of GABA-v2 (24.7%) was significantly lower than that of
GABA-v4 (48.2%; Figure 5G, p < 0.05 by Student’s t test), whereas
the degrees of GABAergic neuronal coverage of GABA-v2 (46.9%)
and GABA-v4 (46.5%) were nearly identical (Figure 5H). The lower
GABAergic selectivity of GABA-v2 compared with GABA-v4 sug-
gests that, in the adult hippocampus, NaVB1-myc expression from
GABA-v2 may be targeted to non-GABAergic neurons, such as
glutamatergic pyramidal neurons.

Hippocampal cellular selectivity of GABA-v2 and GABA-v4 was also
assessed with double labeling using anti-myc in combination with
anti-PV and anti-SST (Figures 5I and 5]). PV specificity of GABA-
v4 was significantly higher than that of GABA-v2 (Figure 5K; v2,
6.6%; v4, 28.5%; p < 0.001 by Student’s unpaired t test). PV coverage
and SST selectivity and coverage of GABA-v2 and v4 were similar to
each other (Figures 5L, 5M, and 5N; PV coverage, v2, 47.3%; v4,
63.6%; SST specificity, v2, 6.6%; v4, 22.6%; p = 0.061 by Student’s un-
paired t test; SST coverage, v2, 44.2%; v4, 43.5%). These results further
suggest that GABA-v2 also mediates some expression in the non-GA-
BAergic neuronal population in the hippocampus.

GABA specificity of GABA-v2 was lower after adult injections
compared with injections made at PND 2 (PND 2, 57.0% vs. 24.7%
in the adult hippocampal CAl; p = 0.016 by unpaired Student’s t
test, t = 3.02, df = 8), while GABA specificity of GABA-v4 was roughly
comparable between the adult and the PND 2 injections (PND 2,
60.6% vs. 48.2% in the adult CA1).

The cerebellum displayed relatively low transduction after PND 2
injection of GABA-v2 and v4 (Table 1). Therefore, to further charac-
terize promoter activity, these rAAV's were injected into the adult cer-
ebellum (the site of injection is illustrated schematically in Figure S6).
Strong localized transduction was observed in the cerebellum in
mice injected with GABA-v2 and v4 (Figure 6). Cellular specificity
and coverage of cerebellar GABAergic neurons were quantified by
immunostaining with an anti-myc antibody in combination with
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anti-calbindin-28K for marking Purkinje neurons (Figure 6A) or
with anti-PV for basket and stellate cells in the molecular cell layer,
as well as Purkinje neurons (Figure 6B). Double-labeling analyses re-
vealed that GABA-v4 showed higher calbindin (Purkinje neuron)
specificity and coverage than GABA-v2 (calbindin specificity,
GABA-v2, 2.2%; GABA-v4, 12.5%; calbindin coverage, GABA-v2,
6.4%; GABA-v4, 30.0%; Figures 6C and 6D). PV specificity and
coverage of GABA-v4 were moderate (specificity, 36.3%; coverage,
36.0%) and higher than those of GABA-v2 (specificity, 8.7%;
coverage, 10.2%; Figures 6E and 6F). Inhibitory Golgi neurons are
large cells that are sparsely distributed among the glutamatergic
granule neurons in the granule cell layer.”* Large myc-positive cells
in the granule cell layer of mice injected with GABA-v2 and
GABA-v4 were sparsely distributed in the granule layer; the pattern
of immunolabeling strongly suggested that these were inhibitory
Golgi neurons (Figures 6G and 6H). Overall, these results indicated
that GABA-v2 and GABA-v4 in the adult cerebellum have different
patterns of expression and that GABA-v4 showed higher cerebellar
GABAergic selectivity than GABA-v2.

DISCUSSION

Strategies for the selection of rAAV-compatible gene-regulatory
elements

A major challenge in discovering regulatory elements (transcriptional
promoters, enhancers, and suppressors) for use in rAAVs is the iden-
tification of the key stretches of genomic DNA that mediate cell-type
specificity and subsequently arranging and condensing these se-
quences into smaller DNA segments that can be used to drive recom-
binant transgene expression within the limited space available in
rAAV vectors (maximum 4.7 kb for single-stranded rAAV vectors
and 2.3 kb for self-complementary rAAVs). To identify the regulatory
elements from long genomic DNA sequences, we used three types of
in silico analyses. The first, used previously by Niibori et al.,'” was
straightforward: promoter selection by truncation of the genomic
DNA upstream of the transcription start site. In the context of the
Gadl gene, a 2.7-kb segment of the 5 upstream region (which we
call GABA-vl) showed high neuron specificity (90% based on
NeuN co-immunolabeling), but relatively low GABA selectivity
(30% or less)."” The second strategy was to identify genomic DNA se-
quences conserved among mammalian species in GABA-linked
genes; this approach was used to create GABA-v2, which included
conserved sequences in both the 5" upstream and the 3’ downstream
regions of the mouse Gadl gene. The GABA-v3 construct was iden-
tical to GABA-v2 but did not contain the conserved 3’ downstream
sequence in Gadl. The third strategy utilized TFBS analyses whereby
multiple conserved GABA gene-linked sequences were combined
into a single rAAV construct to create GABA-v4.

We performed TFBS prediction using JASPAR datasets to develop the
GABA-v4 promoter (Figure 1). However, this approach may not
effectively exclude false-positive TFBSs from the selection. An
alternative strategy to minimize false-positive TFBS candidates is to
identify the TFBS-bound transcription factors in vivo by chromatin
immunoprecipitation-sequencing (ChIP-seq) datasets from the
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Figure 5. NeuN and GABA specificity and coverage after adult hippocampal injections

Brain sections were collected 28 days postinjection and the CA1 region was analyzed. Double-labeling immunostaining of NaVB1-myc from GABA-v2 (A, E, and |) and GABA-
v4 (B, F, and J) with anti-myc and anti-NeuN (A and B), anti-GABA (E and F), or anti-PV and SST (I and J) antibodies in the CA1. Quantitative analysis of NeuN specificity (C),
NeuN coverage (D), GABA specificity (G), GABA coverage (H), PV and SST specificity (K and M), and PV and SST coverage (L and N) with GABA-v2 and GABA-v4 in the CA1.
Scale bars, 100 um. Values are means + standard errors of the mean; n = 6 mice for PV and SST and n = 3 for NeuN. Mo, molecular layer; Py, pyramidal cell layer. *p < 0.05,

**p < 0.0001, unpaired t test.
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Figure 6. Double-label analysis of calbindin, PV, and NeuN specificity and coverage after injection of GABA-v2 and -v4 into the adult mouse cerebellum

Representative examples of immunostaining of NaVB1-myc of GABA-v2 and GABA-v4 with anti-myc and anti-calbindin antibodies (A) and anti-myc and anti-PV (B).
Quantitative analysis of calbindin cellular specificity (C) and coverage (D) and PV specificity (E) and coverage (F). (G) Immunostaining with anti-myc and anti-NeuN antibodies.
(H) Quantitative analysis of NeuN cellular specificity. Scale bars, 100 um. Values are means + standard errors of the mean; n = 3 mice for each analysis. Mo, molecular layer;

Pu, Purkinje cell layer; Gr, granule cell layer. *p < 0.05, unpaired t test.

UniBind or ENCODE portal.”>*® Although there are limitations to
the availability of the transcription factors in these databases, this
approach and others (e.g., Lawler et al.*”) may allow elimination of
the false-positive TFBSs. Another tactic would be to increase the
number of non-GABAergic neuronal genes used in the GABA-v4
promoter design. In this study, the Camk2a gene is used as the only
non-GABAergic gene. However, the Camk2a promoter is selective
for, but not entirely specific for, glutamatergic neurons,”® and there-
fore the use of additional non-GABAergic genes (e.g., vGlutI or Ibal)

to further exclude TFBS candidates may further eliminate other false-
positive TFBSs. More stringent exclusion of false-positive TFBSs from
the GABA-v4 promoter may contribute not only to decreasing the
size of the promoter, but also to increasing the cell-type specificity.

Factors affecting the CNS distributions and GABAergic neuronal
selectivities of the rAAVs

Initial in vivo assessments of the efficacies of the novel GABA pro-
moters were performed following rAAV9 treatment on PND 2.
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Injection of rAAVs into the CSF at this early postnatal stage was done
to facilitate widespread vector dispersion in the CNS. We and others
have shown that intra-CSF injections of rAAVs in the mouse and rat
CNS on PND 2 or 3 results in superior brain-wide distribution
compared with intra-CSF injections made at later time points (e.g.,
see Gholizadeh et al.,”’ Arsenault et al.,”’ Hampson et al.,’® and
Hooper et al.’"). A direct comparison was made among our novel
GABA-based vectors with an rAAV using the mDIx enhancer
element for GABA neuron-selective expression and an rAAV9 con-
taining the human synapsin I promoter for general neuronal
expression.

Our findings demonstrate that after PND 2 injection into the CSF,
GABA-v2 and v4 showed broad brain distribution of the expressed
transgene protein and modest-to-high GABA selectivity (20%-
70%). The mDIx promoter has previously been reported to convey
high GABA specificity after rAAV injection into adult cerebral cortex
or hippocampus (90% or more).*’ However, we found that after PND
2 CSF injection of the mDIx construct, the level of transgene expres-
sion was low, and the brain distribution was limited to small popula-
tions of neurons in the mouse forebrain.

In contrast, expression from GABA-v2 and v4 was observed in the
forebrain, midbrain, hindbrain, and cerebellum. This observation is
consistent with the fact that the Gadl gene encoding the Gad-67
form of the enzyme is expressed in GABAergic neurons throughout
the brain. GadI-expressing neurons encompass a wide variety of
GABAergic neuronal subtypes, each of which shows different firing
properties and distinct transcriptional expression profiles.”>** This
raises the possibility that Gadl gene expression may be regulated by
different transcription mechanisms in different cell types.

Notably, we found that, following neonatal administration of GABA-
v2, transgene expression in the striatum almost entirely precluded
GABAergic medium spiny neurons and was largely restricted to inter-
neurons. This finding suggests that regulation of the expression of
Gadl in striatal spiny neurons differs from that in striatal interneu-
rons and may be regulated by genetic elements not found in
GABA-v2. Interestingly, expression by GABA-v4 in the striatum
following the same treatment was almost entirely absent in SST" in-
terneurons and was mainly found in medium spiny neurons and PV"*
interneurons, further illustrating potential differences in the regula-
tion of expression of GABAergic genes between neuronal subclasses.

We also sought to compare the cell-type specificity of the rAAVs at
PND 2 after intra-CSF injections made directly into adult mouse
brain. Of particular interest was an assessment of activity in the
hippocampus and cerebellum, as perturbations in GABA neuronal
functions in these regions are associated with disease states such as

. . . . 524,34,35
epilepsy, autism, and schizophrenia.

Intrahippocampal and intracerebellar injections of GABA-v4 in
adult mice showed strong transgene expression and moderate
GABA selectivity, which was comparable to the level of GABA selec-

tivity seen after neonatal intra-CSF injection. In contrast, administra-
tion of GABA-v2 into the adult parenchyma displayed somewhat
lower GABA selectivity relative to neonatal CSF treatment. Expres-
sion mediated by GABA-v2 in the hippocampus appeared to be
present in some glutamatergic neurons, and thus, the GABA-v2 pro-
moter may encode regulatory elements that activate transcription in
glutamatergic neurons. One explanation for dual expression in both
GABAergic and glutamatergic neurons may be that the transcription
factors are expressed in both neuronal types. For example, CREB,
REST, and EGR are transcription factors that are expressed in both
glutamatergic and GABAergic neurons.”* >’

The findings from this study demonstrate that it is possible to
generate GABA promoters that differ greatly in the level of expression
across the CNS and in the degree of GABA neuron-subtype
selectivity. In particular, the high GABA neuron selectivity of the
GABA-v4 construct illustrates the utility of creating novel gene-reg-
ulatory elements that do not naturally exist in genomes. Importantly,
the in silico methods developed here for the study of GABA-selective
promoters are applicable to the identification of rAAV-compatible
gene-control elements in other genes. These approaches could be
combined with datasets for RNA expression, the binding of transcrip-
tion-regulatory proteins, and the use of three-dimensional genomic
structures to develop other novel gene-regulatory elements with
high cell-type specificity and broad CNS expression.

MATERIALS AND METHODS

Acquisition of 5’ intergenic sequences of neuronal genes

The genomic DNA sequences between the 5’ end of the coding re-
gions of neural genes (Gadl, Gad2, Slc32al, and Camk2a genes)
and the 3’ end of their 5'-upstream genes (Erich2, Myo3a, Arhgap40,
and Arsi genes) were obtained from the human (hg38) and mouse
(mm10) genome sequences in the UCSC Genome Browser.

The locations of the 5'-upstream sequences for each gene are as fol-
lows: human GADI, from 170,798,894 to 170,818,592 on chromo-
some 2; mouse Gadl, from 70,540,811 to 70,563,832 on chromosome
2; human GAD2, from 26,211,963 to 26,216,810 on chromosome 10;
mouse Gad2, from 22,618,169 to 22,622,663 on chromosome 2; hu-
man SLC32A1, from 38,649,848 to 38,724,725 on chromosome 20;
mouse Slc32al, from 158,550,628 to 158,611,242 on chromosome 2;
human CAMK2A (minus strand), from 150,289,625 to 150,297,214
on chromosome 5; mouse Camk2a, from 60,917,768 to 60,925,779
on chromosome 18.

Homology analysis

A pairwise alignment was performed on human and mouse Gadl
5'-upstream sequences by the LAGAN alignment program,'* and
the sequence identity was visualized by the VISTA program.*’ The
length of the sequence window was 100 bases, and the number of
the homologous nucleotides between the two sequences out of 100 ba-
ses was calculated as the percentage identity. DNA sequences with
more than 70% identity in the mouse Gadl 5 -upstream sequence
were extracted and ligated sequentially from the 5’ end.
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Transcription factor binding site prediction

TFBSs in human and mouse Gadl, Gad2, Slc32al, and Camk2a 5 -up-
stream sequences were predicted by the motifs module of Biopython
using position-specific scoring matrices (PSSMs) converted from the
position-frequency matrices of non-redundant vertebrate transcrip-
tion factor binding profiles in the JASPAR CORE 2018 database.'”
The GC content for the calculation of the position-weight matrices
and the PSSMs was 40%. The threshold of the TFBS prediction by
PSSM used employed a balanced threshold (1,000). The TEBS se-
quences conserved in both species and overlapping among three
GABA genes—Gadl, Gad2, and Slc32al—were extracted. Then,
TFBSs present in the Camk2a gene, a gene primarily expressed in glu-
tamatergic neurons,”! were subtracted from the TFBSs conserved in
the three GABAergic genes. The TFBSs specific to the GABAergic
genes were identified on mouse Gadl 5'-upstream sequence,
extracted, and ligated from the 5 -end sequentially. These custom
gene promoters were ligated to the coding region of the mouse
Scnlb gene as described previously.'” The GenBank accession
numbers for the promoters described in this paper (Figure 1D)
are GABA-v2, 0Q348122; GABA-v3, 0Q348123; GABA-v4,
0Q348124; mDIx, 0Q348125; and hSyn, OQ348126.

AAV vector generation and virus production

GABA-v2 was composed of the DNA fragments of (1) inverted terminal
repeats (ITRs; all constructs used ITRs from AAV2), (2) high DNA
sequence identity from the mouse genome, (3) the mouse Gadl minimal
promoter, (4) the mouse Scn1b gene encoding NaV 1 protein fused toa
c-myc tag at the C terminus (NaVB1-myc), (5) a part of intron 3 of
mouse Gadl, (6) the mouse Gadl 3'-downstream sequence, and (7) a
second ITR. These DNA fragments were arranged in a tandem manner.
The DNA sequences between the ITRs of GABA-v2, GABA-v3, and
GABA-v4 were synthesized and cloned in the pMA vector by
GeneArt (Thermo Fisher). pAAV-mDIx-GFP and hSynI-FMRI-
WPRE were obtained from Addgene and the University of Pennsylva-
nia Vector Core, respectively. The GFP and WPRE in AAV-mDIx-GFP
and fmrl cDNA in hSynI-FMR1-WPRE were replaced with NaV1-
myc amplified from pAAV-Gad.vl-NaVBl-myc by PCR using
TopTaq DNA polymerase (Qiagen).'® The primer set for NaVB1-myc
amplification was (1) forward, 5'-gtcaGAATTCgatcGCTAGCcgatgc
caccATGGGGACGCTGCTGGCTCTCG-3, and (2) reverse, 5'-gcatG
GATCCacgt TCACAGATCCTCTTCTGAGATGAG-3'. The plasmids
were amplified and purified by endotoxin-free Maxi-Prep (Qiagen)
for AAV9 production.

AAV particles were manufactured at the University of Pennsylvania
Vector Core (GABA-v4-NaVB1) and at Vigene Biosciences (GABA-
v2-NaVB1, GABA-v3-NaVB1, mDIx-NaV1, Synapsin-NaVB1) and
were purified using iodixanol gradient ultracentrifugation to
remove impurities and empty capsids. Viral titers were determined
using qPCR (Vigene) or digital drop PCR (University of
Pennsylvania) with quantification based on the ITRs present in the
viral genome. All mice were injected with viruses containing AAV9
capsids.
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Mice and neonatal cerebrospinal fluid injections

C57BL/6] wild-type (B6) mice and 129S6/SvEvTac Scnla heterozy-
gous (129S Scnla+/—) mice were obtained from The Jackson Labora-
tory. Male 129S Scnla+/— mice were crossed with female B6 mice
to generate 129S x B6 F1 hybrid Scnla+/— (F1 Scnla+/—) and
wild-type (F1 WT) littermate offspring. The mice were kept on a
06:00-20:00 light/dark cycle with ad libitum access to water and
food. All animal protocols and procedures were approved by the
University of Toronto Animal Care Committee. The mice were in-
jected with GABA-v2 (2 x B6 mice and 2 x F1 WT mice), GABA-
v3 (5 x F1 WT mice), GABA-v4 (7 x F1 WT mice and 3 x F1
Scnla+/— mice), AAV9-mDIx (4 x F1 WT mice), or AAV9-hSynl
(5 x F1 WT mice) via bilateral i.c.v. and i.c.m. routes at PND 2 as
described by Niibori et al..'” The needle was placed at 1 mm anterior
from lambda and 1 mm lateral from the midline for i.c.v. injection
and 2 mm posterior from lambda along the midline for ic.m.
injection. The injection needles were custom-made from 30G
needles and were connected to a Quintessential stereotaxic injector
(Stoelting) through high-performance liquid chromatography
(HPLC) tubing. The cut edge of the needle was placed facing posterior
for i.c.v. injection and toward the ventral side for i.c.m. injection.
Five microliters of AAV vector (1 pL/side bilaterally for i.c.v.
injection, plus 3 pL for i.c.m. injection for GABA-v2, v3, v4, and
hSynI and 2.5 pL/side bilateral i.c.v. for AAV9-mDIx) was infused
at a flow rate of 1 pL/min. The needle was kept in place for an addi-
tional minute after the infusion. rAAV9 doses ranged from
1.19 x 10" to 4.67 x 10"' genome copies (GCs) for GABA-v2,
3.10 x 10'"' GCs for GABA-v3, 3.75 x 10'' GCs for GABA-v4,
320 x 10" GCs for AAV-mDIx, and 1.19 x 10" GCs for AAV-
hSynI (see Table 1).

Adult parenchymal injection

Sixty to eighty-day-old C57BL/6] mice were administered 1 pL of
rAAV (1 x 10" GC/mL) into the hippocampus or cerebellum by
stereotaxic injection. The mice were anesthetized with a mixture of
ketamine (150 mg/kg) and xylazine (10 mg/kg) in saline solution
by intraperitoneal injection. The coordinates for the hippocampal in-
jection were 2 mm posterior from the bregma, 1.8 mm lateral from the
midline, and 1.5 mm deep from the bregma, and the coordinates for
the cerebellar injection were 6 mm posterior from the bregma,
1.8 mm lateral from the midline, and 2 mm deep from the bregma.
rAAVs were injected with a sterilized Hamilton syringe (no. 702) at
a flow rate of 0.1 pL/min. The needle was left in place for an additional
minute after the infusion. The incisions were sutured after adminis-
tration of meloxicam (2 mg/kg), and the mice were allowed to recover
on a heating pad.

Immunoblotting

The cerebral cortices from PND 29-32 mice were dissected, frozen on
dry ice, and stored at —80°C until processing. Cortical hemispheres
were added to 1 mL homogenization buffer (0.05 M Tris, 1% SDS,
1x cOmplete mini-protease inhibitor [Roche Diagnostics], pH 7.4-
7.6) and were homogenized using a Heidolph homogenizer. Total
protein concentration was measured using the Pierce BCA assay kit
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(23227; Thermo Scientific). Samples were diluted to 1 mg/mL in sam-
ple buffer containing 2 M urea, 1 x NuPAGE LDS sample buffer (In-
vitrogen), and 0.1 M dithiothreitol (Bioshop) and incubated at 37°C
for 20 min. Ten micrograms of protein was loaded per lane and
resolved on 10% SDS-polyacrylamide gels, transferred to a nitrocellu-
lose membrane, and blocked for 1 h at room temperature with 5%
skim milk diluted in wash buffer (1 mM Tris, 150 mM NaCl, 0.2%
Tween 20 in distilled water). Primary antibodies were applied to
the membranes (rabbit anti-myc [1:3,000; Abcam], diluted in 5%
skim milk in wash buffer; rabbit anti-GAPDH [1:2,000; Abcam],
diluted in 5% bovine serum albumin in wash buffer) and incubated
overnight at 4°C. After washing, the membranes were incubated for
2 h at room temperature in secondary antibody (goat anti-rabbit
IgG horseradish peroxidase conjugated [1:3,000; Jackson ImmunoR-
esearch], diluted in 2% skim milk in wash buffer). Membranes were
imaged using the SuperSignal West Pico PLUS Chemiluminescent
Substrate Kit (Thermo Scientific) and ChemiDoc Image System
(Bio-Rad).

Immunohistochemistry analyses and imaging

Mice ages PND 29-32 were anesthetized by intraperitoneal injection
of ketamine/xylazine solution and transcardially perfused with 1x
phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde
(PFA) in 1x PBS, and postfixed in 4% PFA at 4°C overnight. The
brains were immersed in 30% sucrose solution for 1-3 days and
then frozen on dry ice with O.C.T. Compound medium (Fisher
Healthcare). Twenty-micrometer-thick brain slices in the sagittal
plane were cut using a Leica CM3050 S cryostat and were stored at
4°C in PBS. Unless otherwise specified, all of the following steps
were conducted at room temperature. Brain slices were incubated
in 1% Triton X-100 for 30 min, incubated in blocking buffer (5%
bovine serum albumin, 5% normal donkey serum in 1x PBS) for 1
h, and then incubated in primary antibody diluted in blocking buffer
solution overnight at 4°C. The primary antibody used for qualitative
distribution analyses of the NaVB1-myc transgene was rabbit anti-
myc (1:4,000, ab9106; Abcam). For quantitative double-label ana-
lyses, the primary antibodies used were rabbit anti-GABA (1:1,000,
A2052; Sigma-Aldrich), rabbit anti-NeuN (1:9,000, ab177487; Ab-
cam), rabbit anti-PV (1:1,000, ab11427; Abcam), rat anti-SST
(1:100, MAB354; Millipore Sigma), and mouse anti-calbindin 28-K
(1:1,000, C9848; Sigma-Aldrich). The slices were incubated in
secondary antibody diluted in 5% donkey serum in 1x PBS for 2 h.
Secondary antibodies used were donkey anti-rabbit Alexa Fluor 594
(1:2,000, A21207; Invitrogen) and goat anti-rat Alexa Fluor 647
(1:3,000, A21247; Invitrogen). Sections were washed again five
times. For quantitative double-label analyses, the following interme-
diate steps were performed at this stage: rabbit anti-myc antibody
(Abcam ab9106) was conjugated to Alexa Fluor 488 fluorophore
using the Alexa Fluor 488 antibody labeling kit (Thermo Fisher Sci-
entific), diluted in blocking buffer 1:1,000, incubated with the slices
overnight at 4°C, and then incubated in DAPI (5 pg/mL in 1x
PBS) for 20 min, washed once with 1x PBS, mounted on microscope
slides, air dried, and covered in Prolong Gold Antifade Solution
(Invitrogen).

For qualitative transgene distribution analysis, tiled images of brain
slices stained with rabbit anti-myc were taken at 4x magnification
of an area encompassing the entirety of each section using a Cytation5
slide scanner (Bio-Rad) (maintained by the Center for Pharmaceutical
Oncology, Leslie Dan Faculty of Pharmacy, University of Toronto).
The images were stitched to give a single image of the section. Images
were taken of sagittal sections approximately 1, 2, and 3 mm from the
midline for analysis. Semi-quantitative scoring of transgene expres-
sion in selected brain regions was performed by gating the background
signal in Image] Fiji relative to untreated negative controls.

For quantitative cell specificity analysis, images of double-labeled
brain slices (two slices per mouse) were obtained at 20x magnifica-
tion using an LSM700 confocal microscope (Zeiss). Image analysis
and cell counting were performed using Image] Fiji. Specificity was
calculated as the number of cells with overlapping NaVp1-myc-ex-
pressing cells and cell-type marker-expressing cells divided by the
number of total cells with NaVB1-myc-expressing cells, multiplied
by 100%, whereas coverage was calculated as the number of cells
with overlapped cells divided by the total number of cells with cell-
type-expressing cells multiplied by 100%.

Statistical analyses

Data comparing two groups were analyzed with a two-tailed, un-
paired t test, while data with more than two groups were analyzed
by one-way analysis of variance (ANOVA, followed by Tukey’s post
hoc test. The results are presented as the mean + standard error of
the mean.
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