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Abstract
GABAergic interneurons play a critical role in tuning neural networks in the central nervous system, and
their defects are associated with neuropsychiatric disorders. Currently, the mDlx enhancer is solely used
for adeno-associated virus (AAV) vector-mediated transgene delivery into cortical interneurons. Here, we
developed a new inhibitory neuron-speci�c promoter (designated as the mGAD65 promoter), with a length
of 2.5 kb, from a mouse genome upstream of exon 1 of the Gad2 gene encoding glutamic acid
decarboxylase (GAD) 65. Intravenous infusion of blood-brain barrier-penetrating AAV-PHP.B expressing an
enhanced green �uorescent protein under the control of the mGAD65 promoter transduced the whole
brain in an inhibitory neuron-speci�c manner. The speci�city and e�ciency of the mGAD65 promoter for
GABAergic interneurons, which was assessed at the motor cortex, were almost identical to or slightly
higher than those of the mDlx enhancer. Immunohistochemical analysis revealed that the mGAD65
promoter preferentially transduced parvalbumin (PV)-expressing interneurons. Notably, the mGAD65
promoter transduced chandelier cells more e�ciently than the mDlx enhancer and robustly labeled their
synaptic boutons, called the cartridge, targeting the axon initial segments of excitatory pyramidal
neurons. To test the ability of the mGAD65 promoter to express a functional molecule, we virally
expressed G-CaMP, a �uorescent Ca2+ indicator, in the motor cortex, and this enabled us to monitor
spontaneous and drug-induced Ca2+ activity in GABAergic inhibitory neurons. These results suggest that
the mGAD65 promoter is useful for AAV-mediated targeting and manipulation of GABAergic neurons with
the dominance of cortical PV-expressing neurons, including chandelier cells. 

Introduction
Inhibitory interneurons constitute 10-20% of all neurons in the cerebral cortex [1-3]. They have numerous
neurochemical, morphological, and functional classes. Recent studies have shown that they belong to
one of three groups de�ned by the expression of the Ca2+-binding protein parvalbumin (PV), neuropeptide
somatostatin (SST), and the ionotropic serotonin receptor 5HT3a (5HT3aR) [1]. The PV-expressing cells,
SST-expressing cells, and 5HT3aR-expressing cells accounted for ~40%, ~30%, and ~30% of the cortical
GABAergic neuron population, respectively. The most abundant PV group includes fast-spiking basket
cells and chandelier cells, whereas the SST group is dominated by Martinotti cells [4, 5]. The 5HT3aR
group includes all of the neurons that express the neuropeptide VIP, which accounts for approximately
40% of this group as well as the remaining 60% of neurons that do not express VIP. 

The PV-expressing basket cell, the most abundant subtype, which accounts for approximately 30% of
non-pyramidal neurons, is responsible for the perisomatic inhibition of excitatory pyramidal
neurons [6]. The second-largest cell is the Martinotti cell, and its axons ascend to layer 1 and form
synapses with the dendritic tufts of pyramidal neurons [5, 6]. Chandelier cells, which account for a small
proportion, demonstrate distinctive axonal arborization. The beads of axon terminals, also called
cartridges, vertically innervate the axon initial segments (AISs) of pyramidal cells [7]. Recent studies have
revealed that cortical interneuron activity plays a crucial role in shaping excitatory circuits during learning
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and memory expression [6, 8], and dysfunction of inhibitory neuron subtypes is thought to underlie
various aspects of psychiatric disorders [6, 7, 9, 10]. 

Recent studies have developed several cell type-speci�c promoters that can be incorporated into viral
vectors to enable cell-type-speci�c transgene expression. These promoters include neuron-speci�c
synapsin I promoter [11], astrocyte-speci�c glial �brillary acidic protein (GFAP) promoter [12], and
cerebellar Purkinje cell-speci�c L7-6 promoter [13]. The Ca2+/calmodulin-dependent protein kinase II
(CaMKII) promoter has been used as a forebrain-predominant excitatory neuron-speci�c promoter [14, 15],
while two different studies identi�ed an inhibitory neuron-speci�c distal-less homeobox (Dlx) gene
enhancer sequence, which also con�ned transgene expression to the forebrain [16, 17]. In this study, we
report a novel inhibitory neuron-speci�c promoter. Intravenous infusion of the blood-brain barrier (BBB)-
penetrating AAV-PHP.B-expressing enhanced green �uorescent protein (GFP) under the control of the new
promoter achieved highly e�cient and widespread labeling of inhibitory neurons throughout the brain. We
have described the distinct features of the new promoter in comparison to the currently available
inhibitory neuron-speci�c Dlx enhancer. 

Materials And Methods
Animals

Wild-type and VGAT-tdTomato mice from C57BL/6 backgrounds [18] were used in this study. All
procedures for the care and treatment of animals were performed according to the Japanese Act on the
Welfare and Management of Animals and the Guidelines for Proper Conduct of Animal Experiments
issued by the Science Council of Japan. The experimental protocol was approved by the Institutional
Committee of Gunma University (No. 18–019; 19–028). All efforts were made to minimize suffering and
reduce the number of animals used.

 

Viral Vectors

We used BBB-penetrating AAV-PHP.B [19], except for Figure 1, which used AAV-PHP.eB [20]. The
expression plasmid pAAV, comprising a polyadenylation signal sequence and woodchuck hepatitis virus
post-transcriptional regulatory element (WPRE), was designed to express GFP under the control of a
mouse genomic region upstream of the mouse Gad2 gene encoding glutamic acid decarboxylase (GAD)
65 (see Fig. 1A for detail) or the mouse Dlx gene enhancer (previously referred to as I56i [21] or mI56i [22])
combined with a minimal promoter (mDlx enhancer, hereafter) [16]. The mGAD65 promoter and mDlx
enhancer were inserted into the pAAV plasmid upstream of the GFP gene at restriction enzyme sites
for XhoI and AgeI. pAAV-PHP.B and pAAV-PHP.eB were constructed from the pAAV2/9 plasmid [19], which
was provided by Dr. James M. Wilson at the University of Pennsylvania. Recombinant single-stranded
AAV-PHP.B/PHP.eB vectors were produced by co-transfection into HEK293T cells (HCL4517; Thermo
Fisher Scienti�c; Waltham, MA, USA) with three plasmids: the expression plasmid, pHelper (Stratagene, La
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Jolla, CA, USA), and a packaging plasmid (pAAV-PHP.B or pAAV-PHP.eB) as previously described [13, 23].
Brie�y, HEK293T cells, which were cultured in Dulbecco’s modi�ed Eagle’s medium (D-MEM; D5796-
500Ml, Sigma-Aldrich, St Louis, MO, USA) supplemented with 8% fetal bovine serum (Sigma-Aldrich), were
transfected with three plasmids: pAAV/[mDlx enhancer or mGAD65]-EGFP-WPRE-SV40 or pAAV/mDlx
enhancer-tdTomato-WPRE-SV40, pHelper (Stratagene, La Jolla, CA, USA), and pAAV-PHP.B/PHP.eB using
polyethylenimine. Viral particles were harvested from the culture medium 6 days after transfection and
concentrated by precipitation with 8% polyethylene glycol 8000 (Sigma-Aldrich) and 500 mM sodium
chloride. The precipitated AAV–PHP.B/PHP.eB particles were resuspended in D-PBS and puri�ed with
iodixanol (OptiPrep; Axis-Shield Diagnostics, Dundee, Scotland) continuous gradient centrifugation. The
viral solution was further concentrated in D-PBS using Vivaspin 20 (100,000 MWCO PES, Sartorius,
Gottingen, Germany). The genomic titers of the viral vector were determined by real-time quantitative PCR
using THUNDERBIRD SYBR qPCR Mix (Toyobo, Osaka, Japan) using the 5’- CTGTTGGGCACTGACAATTC-
3’ and 5’-GAAGGGACGTAGCAGAAGGA-3’ primers, which targeted the WPRE sequence. The expression
plasmid was used as the standard. 

 

Intravenous injection

Eight-to fourteen-week-old mice were used in this study. After inducing deep anesthesia via intraperitoneal
injection of ketamine (100 mg/kg BW) and xylazine (10 mg/kg BW), 100 μL of AAV-PHP.B (5.0 × 1013

vg/mL) or AAV-PHP.eB (3.0 × 1013 vg/mL) was injected into the orbital sinus using a 0.5 ml syringe with a
30-gauge needle (08277; Nipro, Osaka, Japan) for 30 to 40 seconds. For supplementary �gure 2, equal
titers (5.0 × 1012 vg) of AAV-PHP.B-expressing tdTomato under the control of the mDlx enhancer and AAV-
PHP.B expressing GFP under the control of the mGAD65 promoter were mixed in advance and injected as
described above. 

 

Direct cerebellar injection

The AAV-PHP.B was injected directly into the cerebellar tissue. After inducing deep anesthesia, the mice
were placed in a stereotactic frame. The skin covering the occipital bone was cut, and a burr hole was
made 7 mm caudal to the bregma. The tip of a Hamilton syringe (33 gauge) with an attached micropump
(UltraMicroPump II; World Precision Instrument (WPI) Sarasota, FL, USA) was inserted 1.8 mm below the
pia mater of the cerebellar vermis. Ten microliters of viral solution (1 × 1013  vg/mL) was injected at a rate
of 400  nL/min using a microprocessor-based controller (Micro4; WPI).

 

Immunohistochemistry

https://www.sciencedirect.com/topics/medicine-and-dentistry/anesthesia
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Depending on the antibodies used, we employed different immunohistochemistry protocols (see
Supplementary Table for details). Three weeks after the injection of AAV-PHP.B vectors, the mice were
deeply anesthetized and perfused intracardially with 4% paraformaldehyde phosphate buffer (pH 7.4).
Their brains were removed and immersed in 4% paraformaldehyde in 0.1 M phosphate buffer at 4 °C.
Floating (50 μm thick) and cryostat (20 μm thick) brain sections were prepared using a vibratome
(VT1000S, Leica, Wetzlar, Germany) and cryostat (CM3050S, Leica), respectively. The slices were
permeabilized, blocked with an appropriate blocking solution, and treated with blocking
solution containing the following antibodies: mouse monoclonal anti-CaMKII (1:100; 05–532; Merck,
Germany), rat monoclonal anti-GFP (1:1000; 04404–84; Nacalai, Kyoto, Japan), rabbit polyclonal anti-
GABA (1:1000; A2052; Sigma-Aldrich), goat polyclonal anti-PV (1:200; PV-Go-Af460; Frontier Institute,
Hokkaido, Japan), rat monoclonal anti-SST (1:100; MAB354; Merck, Germany), goat polyclonal anti-
ankyrin G (P-20) (1:50, SC-31778, Santa Cruz Biotechnology, Dallas, TX, USA), mouse monoclonal anti-
calbindin D-28 k (1:500; Swant, Bellinzona, Switzerland), or mouse monoclonal anti-mGluR2 (1:1000;
ab15672; Abcam, Cambridge, UK). After rinsing several times with PBS or PBS containing Triton X-100 at
room temperature (24–26 °C), the slices were incubated with the relevant secondary antibodies (Thermo
Fisher Scienti�c) (see Supplementary Table). They were mounted on glass slides after rinsing several
times with PBS or PBS containing Triton X-100 at room temperature (24–26 °C). For mounting medium,
we used Prolong Gold/Diamond Antifade Reagent (Thermo Fisher Scienti�c) and CC/Mountant antifade
reagent (Diagnostic BioSystems, Pleasanton, CA, USA) for �oating and cryostat sections, respectively. 

 

Retinal slice

Mice treated with AAV-PHP.B were anesthetized and �xed as described above. Their eyes were removed
and frozen in Tissue-Tek O.C.T. compound (Sakura Finetek Japan, Tokyo, Japan). The 16-μm-thick retinal
slices were prepared using a cryostat (CM3050S, Leica) and mounted on glass slides with Prolong
Diamond Antifade Reagent (Thermo Fisher Scienti�c).

 

Confocal microscopy

Most of the �uorescent images of the brain and retinal sections were acquired using a laser-scanning
confocal microscope (LSM 800, Carl Zeiss, Oberkochen, Germany) with 20× or 40× objectives, and z-
stack images of different focal planes were generated. The acquired images were combined using
ImageJ software with the MosaicJ plugin [24].

 

Screening of the promoter candidates
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Sagittal brain slices (50 μm thickness) were obtained from mice treated with AAV-PHP.eB expressing GFP
by the mGAD65 promoter candidate (3k, 2k, or delE1). The slices were immunolabeled for CaMKII, a
marker of excitatory neurons. Fluorescent images were obtained using a confocal microscope with a 20×
magni�cation. We determined the ratio of cells double-positive for GFP and CaMKII (excitatory neurons)
to the total number of GFP-expressing cells. 

 

Relative GFP intensity in the whole brain

Bright-�eld and native GFP �uorescence images of the whole brain were acquired using a �uorescence
stereoscopic microscope (VB-700; Keyence, Osaka, Japan). To measure the GFP �uorescence intensity of
the forebrain and hindbrain, the margin of the corresponding part of the brain was traced on the bright-
�eld image, except for the olfactory bulb, superior and inferior colliculi, and brainstem. GFP �uorescence
intensity within the enclosed area was measured using the ImageJ software (Fiji). Auto�uorescence of
the brain was measured in six non-injected VGAT-tdTomato mice, and the average value was subtracted
from the GFP �uorescence values of all the samples. Finally, data were normalized to the mean value
(100) from the forebrains of VGAT-tdTomato mice that received AAV-PHP.B expressing GFP under the
control of mDlx enhancer. 

 

Speci�cities and e�ciencies of the mGAD65 promoter and mDlx enhancer

To determine the speci�city and e�ciency of the mGAD65 promoter and mDlx enhancer, GFP and
tdTomato �uorescent images were obtained from sagittal brain slices (50 μm thickness) using a
�uorescent microscope (BZ-X700; Keyence) with a 20× objective. The number of GFP (+) and/or
tdTomato (+) cells was counted manually. 

 

Proportion of interneuron subtypes in cortical GABAergic interneurons

To measure the ratio of PV (+) or SST (+) cells to transduced GABAergic interneurons in the cerebral
cortex, wild-type mice were intravenously infused with AAV-PHP.B expressing GFP under control of the
mGAD65 promoter. Three weeks after the viral injection, sagittal brain slices (50 μm thickness) were
immunolabeled for PV and SST. Fluorescent images were obtained using a confocal microscope with a
40× magni�cation. We assessed the ratio of PV (+) or SST (+) cells to GFP (+) cells and the proportion of
GFP (+) cells in PV (+) or SST (+) cells. 

 

Confocal Ca2+ imaging in cortical GABAergic interneurons with G-CaMP
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For the direct injections of AAV-PHP.B expressing G-CaMP7.09 under the control of the mGAD65 promoter,
the mice were kept under stable anesthesia with iso�urane (0.5%) until the end of surgery. The
anesthetized mice were �xed on a stereotactic frame (SRS-5-HT; Narishige, Tokyo, Japan) with a
stereotaxic micromanipulator (SMM-100; Narishige). Their scalps were cut and holes through the
occipital bone were made at the stereotaxic coordinate of AP +1.0 mm and ML ±1.0 mm. The tip of a
Hamilton syringe (10 μL, 33 gauge; 701SN 33/2"/PT3), with an attached microinjector (IMS-20,
Narishige), was stereotactically inserted into the cerebral cortex at a depth of 0.6 – 0.8 mm from the
cranial bone surface. Five microliters of the viral solution (2 × 1013 vg/mL) was injected at a rate of 83.3
nl/min.

Confocal Ca2+ imaging of the acute cortical brain slices was performed as described previously [25] with
some modi�cations. G-CaMP7.09 (G-CaMP) is a recently developed gene-encoded Ca2+ indicator that
increases its �uorescence (similar wavelength range to GFP) when intracellular Ca2+ concentration is
elevated [26]. AAV-injected adult VGAT-tdTomato mice were utilized 3 weeks after the injections to ensure
a stable GCaMP expression. Coronal brain slices (200–300 µm in thickness) of the mouse motor cortex
were prepared using a vibroslicer (VT1200S; Leica, Germany) and maintained in an ACSF containing 125
mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 20 mM D-
glucose and bubbled with 95% O2 and 5% CO2 at room temperature (24–26 °C) for more than 1 h before

the imaging. To examine Ca2+ signals from GABAergic interneurons, we selected G-CaMP (+) and
tdTomato (+) double-positive cells for imaging. The imaging areas were restricted to the M1-M2 regions
(mostly layers – IIIII) of the motor cortex. Confocal �uorescence images of G-CaMP signals were acquired
every 0.1 s (100 ms exposure time, 512 × 512 pixels, no binning) with a 40× water immersion objective
(LUMPLFLN 40XW, Olympus, Tokyo, Japan), a water-cooled CCD camera (iXon3 DU-897E-CS0-#BV-500,
Andor, Belfast, Northern Ireland), and a high-speed spinning-disk confocal unit (CSU-X1, Yokogawa
Electric, Tokyo, Japan) attached to an upright microscope (BX51WI, Olympus, Tokyo, Japan). A 488-nm
light beam from a diode laser module (Stradus 488–50, VORTRAN, USA) for G-CaMP imaging and a 561-
nm laser (LDSYS-561GH-SP43, Solution Systems, Japan) for tdTomato imaging were used for excitation,
and the emitted �uorescence was collected through a band-pass �lter (500–550 nm for G-CaMP and
580–660 nm for tdTomato). During the recordings, cortical slices were perfused with ACSF bath solution
at room temperature (24–26 °C).

To stimulate GABAergic interneurons, 10 µM glutamate (Glu) dissolved in ACSF bath solution or high K+

solution (total 12.5 mM KCl in the ACSF bath solution) was applied extracellularly via a gravity-fed bath-
application device. Image processing and analysis were performed with Andor iQ2 (Andor), NIH imageJ,
Igor Pro8 (WaveMetrics), and custom-written programs by NH. Image drift (translation drift)
was sometimes observed. In such cases, the drifted images were corrected using ImageJ plugins
(template matching and slice alignment using the OpenCV library) provided by Q. Tseng
(https://sites.google.com/site/qingzongtseng/template-matching-ij-plugin#downloads). Fluorescence at
time t (Ft) in each pixel was background-subtracted, and the Ca2+-dependent relative change in
�uorescence was calculated using the following formula: ΔF/Fbase, where Fbase is the basal �uorescence
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intensity averaged during pre-stimulus frames (i.e., ~ 100 frames before stimulation) and ΔF = Ft - Fbase.
The background �uorescence was obtained from a region lacking a cell structure in the same frame.
The mean values of ΔF/Fbase in each region of interest (ROI) were calculated for each frame. ROIs were
placed on the tdTomato-positive and G-CaMP-positive cellular structures (usually soma-like structures).
To quantify Glu- or high K-induced Ca2+ signals in the G-CaMP positive cells, the peak amplitude of
ΔF/Fbase was measured within a time window of ~100 s after the bath application onset because the
drug took tens of seconds to reach the recorded cells (Fig. 7E and F).

 

Statistical analysis

GraphPad PRISM version 7 (GraphPad Software, San Diego, CA, USA) was used for the statistical
analysis and production of graphic images, except the Ca2+ imaging data. 

Statistical methods are shown in the text and/or in each �gure legend. The data are expressed as mean ±
standard error of the mean.

Results
Identi�cation of a candidate region for inhibitory neuron-speci�c promoters

Inhibitory neurons release the key inhibitory neurotransmitter, GABA, which is synthesized from glutamate
by glutamic acid decarboxylase (GAD); GAD is composed of two isoforms, namely GAD67 and GAD65,
which are encoded by the Gad1 and Gad2 genes in the mouse, respectively [27]. Therefore, we examined
Gad promoter regions for inhibitory neuron-speci�c promoters. A previous study revealed pivotal roles of
Dlx1 and Dlx2, members of the Dlx gene, in GABA synthesis [28]. Recently, Le et al. demonstrated that
DLX1 and DLX2 directly bind to and activate the transcription of Gad promoters [29]. Moreover, using
chromatin immunoprecipitation (ChIP) of the embryonic forebrain, they identi�ed two Dlx target
sequences within the Gad2 promoter region. The Dlx target regions were at nucleotide positions of -2,294
– -2,088 and -958 – -598 (region i and region ii, respectively) (Fig. 1A), both of which contained speci�c
homeodomain DNA-binding tetranucleotide TAAT/ATTA motifs [29]. Thus, these regions were postulated
to be critical for the Gad2 promoter in terms of inhibitory neuron speci�city and promoter activity. 

The packaging limitation of the AAV vector is approximately 4.7 kb, including the inverted terminal repeat
(ITR) sequences at both ends. Given the size of a reporter gene and/or gene of interest, candidate
promoters should be less than 3 kb in length. Taking these into consideration, we cloned a 3 kb region
upstream of the �rst ATG codon of Gad2 [mGAD65(-3,000)] and a similar region that lacked exon 1
[mGAD65(delE1)] (2,542 bp) from the cDNA library of the C57BL/6-mouse genome (Fig. 1A). Of note,
these two candidate regions for inhibitory neuron-speci�c promoters involved both Dlx-binding sites. In
addition, we prepared an additional candidate consisting of a 2 kb sequence upstream of the �rst ATG
codon of Gad2 [mGAD65(-2,000)], which lacked one Dlx target sequence (Region i) [mGAD65(-2,000)]
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(Fig. 1A). These three promoter regions were subcloned into the pAAV expression plasmid. BBB-
penetrating AAV-PHP.eB expressing GFP under the control of one of the three promoter candidates was
produced and intravenously injected into mature mice. 

Three weeks after the viral injection, cerebral sections were produced, immunostained for CaMKII, an
excitatory neuron marker, and examined by confocal microscopy. All three promoter candidates
expressed robust GFP in cortical cells, but we found numerous CaMKII-positive excitatory neurons
expressing GFP in cerebral slices from mice treated with AAV-PHP.eB carrying mGAD65(-3,000) and
mGAD65(-2,000) (Fig. 1B). Quantitative analysis revealed 15–20% of GFP-labeled cells as CaMKII-
positive excitatory neurons (Fig. 1C). In contrast, no GFP-labeled cells expressed CaMKII in the slices that
expressed GFP under the control of mGAD65(delE1) (Fig. 1B, C). To examine whether the GFP (+) cells
expressed GABA, the sections were immunolabeled for GABA. As shown in Supplementary Figure 1, cells
expressing GFP by mGAD65(delE1) were co-immunolabeled for GABA. We assessed 89 GFP (+) cells
from 2 sections and found 87 cells (97.8%) that were co-immunolabeled for GABA. With these promising
�ndings, we focused on mGAD65(delE1) (called mGAD65 promoter hereafter) for further
characterization. 

 

E�cient transduction throughout the brain after intravenous infusion of AAV-PHP.B carrying the mGAD65
promoter

To examine whether the mGAD65 promoter works exclusively in inhibitory neurons, we injected the
vesicular GABA transporter (VGAT)-BAC-based tdTomato-expressing mice (VGAT-tdTomato mice) with
AAV-PHP.B-expressing GFP under the control of the mGAD65 promoter or mDlx enhancer (100 μL, 5.0
×1013 viral genome/mL) (Fig. 2A). Because the VGAT-tdTomato mice expressed tdTomato speci�cally in
inhibitory interneurons throughout the central nervous system (CNS) [18], we determined whether the
transduced (GFP-expressing) cells were inhibitory GABAergic neurons without immunohistochemistry.
The mice were sacri�ced 3 weeks after viral injection. Fluorescent stereomicroscopy of the whole brain
(Fig. 2B, left two images) showed robust transduction throughout the brain by the mGAD65 promoter, in
contrast to the forebrain-restricted transduction by the mDlx enhancer. We measured GFP �uorescence
intensity in the cerebral region (forebrain) and cerebellar cortex (hindbrain). The statistical analysis (two-
way ANOVA for repeated measures, followed by Bonferroni's post hoc test) of GFP �uorescence
intensities of the mGAD65 promoter and mDlx enhancer revealed no difference in the cerebral cortex (p >
0.9999), whereas there was a signi�cant difference in the cerebellar cortex (p < 0.0001) (Fig. 2B, right
graph). Subsequently, we obtained sagittal sections of virally treated brains (Fig. 2C, D). Enlarged images
con�rmed e�cient GFP expression in both the cerebral and cerebellar cortices under the control of the
mGAD65 promoter (Fig. 2E, F). Similar GFP expression was observed in the cerebral cortex, but not in the
cerebellar cortex, in mice expressing GFP under the control of the mDlx enhancer (Fig. 2G, H). 

 



Page 10/30

Inhibitory neuron-speci�c transduction by the mGAD65 promoter in the cerebral cortex

We subsequently examined the speci�city and e�cacy of the mGAD65 promoter in inhibitory neurons.
Low-power �elds of the motor cortex showed an overlap of GFP with tdTomato in VGAT-tdTomato mice
treated with AAV-PHP.B-expressing GFP under the control of mGAD65 (Fig. 3A), similar to those
expressing GFP under the control of the mDlx enhancer (Fig. 3B). High-magni�cation images by confocal
microscopy con�rmed that the mGAD65 promoter and mDlx enhancer similarly expressed GFP in
tdTomato-positive GABAergic interneurons in VGAT-tdTomato mice (arrows in Fig. 3C, D). Quantitative
analysis showed that more than 95% of cells expressing GFP under the control of the mGAD65 promoter
were co-labeled with tdTomato (95.5 ± 0.7%, n = 6 mice), whereas a signi�cantly lower proportion of
neurons expressing GFP under the control of the mDlx enhancer was tdTomato positive (88.3 ± 1.3%, n =
5 mice, p = 0.0007 by unpaired t-test) (Fig. 3E). The transduction e�ciency of GABAergic neurons was
assessed using the ratios of GFP and tdTomato double-labeled cells to tdTomato-positive interneurons.
There was no signi�cant difference in the transduction e�ciencies of the mGAD65 promoter (60.1 ± 2.1%,
n = 6 mice) and the mDlx enhancer (56.5% ± 6.0%, n = 5 mice) (p = 0. 55 by unpaired t-test) (Fig. 3F). 

 

PV (+) neuron-preferential transduction by AAV-PHP.B carrying the mGAD65 promoter

A previous study demonstrated that mDlx enhancer transduced PV (+) neurons and SST (+) neurons in
proportions that corresponded to their natural distributions [16]. We explored the transduced interneuron
subtypes and their ratios to the total transduced cells using immunohistochemistry. Wild-type mice
received intravenous infusions of AAV-PHP.B expressing GFP under the control of the mGAD65 promoter
(Fig. 4A). Cerebral sections of the mice were prepared 3 weeks after viral injection, followed by
immunolabeling for PV and SST. Confocal laser-scanning microscopy revealed the presence of numerous
GFP-expressing neurons co-immunolabeled with PV or SST (Fig. 4B). We quantitatively assessed the
ratios of PV (+) or SST (+) neurons to GFP-expressing neurons in the motor cortex. The results showed
that PV (+) neurons accounted for approximately 60% of the GFP-expressing neurons; SST (+) neurons
accounted for only 13% (Fig. 4C). The natural abundance of PV (+) and SST (+) neurons within the same
region (motor cortex) of non-injected naïve VGAT-tdTomato mice, which were similarly determined by
immunohistochemistry, were 40% and 20%, respectively (Fig. 4D). Thus, AAV-PHP.B carrying the mGAD65
promoter likely transduced PV (+) neurons more preferentially than other GABAergic neuron classes,
including SST (+) neurons. Statistical analysis con�rmed a signi�cantly higher ratio of transduced PV (+)
neurons (60%) to all GFP-expressing cells than the natural distribution ratio of PV (+) neurons (40%) to
total GABAergic neurons (two-way ANOVA, with Bonferroni’s multiple comparison tests, p < 0.0001). To
con�rm the preferential transduction of PV (+) neurons by the mGAD65 promoter, we examined the
proportion of GFP-expressing cells in PV (+) or SST (+) neurons. The results showed that the majority
(about 90%) of PV (+) neurons expressed GFP, whereas GFP-expressing SST (+) neurons accounted for
only half (~50%) of the total SST (+) neurons (Fig. 4E). 
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Signi�cant transduction of chandelier cells by the mGAD65 promoter

Careful observation of the transduction pro�le of the prefrontal cortex revealed the presence of numerous
vertical dotted lines of GFP in sections transduced by the mGAD65 promoter, but not by the mDlx
enhancer (Fig. 3C, D). These structures likely corresponded with axon terminals of chandelier cells (also
called cartridges), which are synaptic boutons, on the AIS of pyramidal neurons [30, 31]. To verify this,
brain sections expressing GFP under the control of the mGAD65 promoter or mDlx enhancer were
immunostained for ankyrin G, a marker of AIS. Confocal microscopy showed numerous vertical bead-like
structures of GFP along with ankyrin G immunoreactivity in the prefrontal and motor cortex transduced
by the mGAD65 promoter (Fig. 5A, C), whereas the vertical GFP-labeled boutons along the ankyrin G were
not obvious in the brain section transduced by the mDlx enhancer (Fig. 5B, D). These results indicate that
the bead-like structures, which were clearly observed in the cortical sections transduced by the mGAD65
promoter, were chandelier-cell cartridges along the AIS. 

     To examine whether the mGAD65 promoter transduced chandelier cells more e�ciently than that by
the mDlx enhancer, we quantitatively evaluated GFP (+) cartridges in contact with AISs. A previous study
showed that the majority of chandelier cells form 3–5 axo-axonic synapses on a single AIS, and one AIS
is innervated by an average of ~3.8 chandelier cells [30]. Thus, we examined 1) whether randomly
selected AISs were labeled with GFP (+) boutons and 2) the number of GFP (+) boutons per AIS to
estimate the number of transduced chandelier cells innervating the AIS (more transduced chandelier cells
are associated with more GFP-labeled cartridges, likely resulting in more GFP (+) boutons on the AIS). 

     We randomly chose 2 visual �elds from layers 2 to 3 of the prefrontal cortex (total of 6 visual �elds
from 3 mice) and examined the presence or absence of GFP boutons along the AIS stained with ankyrin
G. AISs in mice treated with AAV-PHP.B carrying the mGAD65 promoter tended to be more frequently
labeled with GFP boutons (87.9 ± 9.8%) than those in mice treated with AAV-PHP.B carrying the mDlx
enhancer (68.8 ± 12.5%) (Fig. 5E). Due to the large variance, however, the �ndings did not exhibit a
statistically signi�cant difference (p = 0.2564 on unpaired t-test). Next, we examined the number of GFP
(+) boutons per AIS and found signi�cantly more GFP (+) boutons per AIS in mice treated with AAV-PHP.B
carrying the mGAD65 promoter (7.9 ± 0.6 boutons per AIS, n = 45 axons) than those in mice treated with
AAV-PHP.B carrying the mDlx enhancer (3.3 ± 0.5 boutons per AIS, n = 43 axons) (p < 0.0001 on unpaired
t-test) (Fig. 5F), suggesting that the mGAD65 promoter transduced signi�cantly more chandelier cells
than those by the mDlx enhancer.

     To further con�rm that the mGAD65 promoter transduced chandelier cells more robustly than the mDlx
enhancer, we intravenously injected wild-type mice with a mixture of AAV-PHP.B expressing different
�uorescent proteins. The mixture included AAV-PHP.B expressing GFP under the control of the mGAD65
promoter (AAV-GFP) and that expressing tdTomato under the control of the mDlx enhancer (AAV-
tdTomato) with the same titer (5.0 ×1012 vg) (Supplementary Figure 2A). Three weeks after the injection
of the viral mixture, brain sections were prepared and immunostained for ankyrin G. We observed
numerous �uorescent protein-labeled chandelier cell cartridges under a visual �eld of 319.45 μm2.
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However, it should be noted that chandelier cells have multiple axon collaterals and cartridges, which are
located at an average vertical distance of 360 μm from the parent soma and an average horizontal
distance of 241 μm [30]. Thus, the majority of �uorescent protein-labeled cartridges present within the
same visual �eld likely originated from the same chandelier cell. To assess cartridges from different
chandelier cells, we examined only one cartridge within one randomly selected visual �eld (319.45 μm2).
We �rst used a green channel to select one GFP-labeled cartridge, followed by a shift to a red channel to
examine the co-expression of tdTomato with GFP. We observed 39 GFP-labeled cartridges in 39 visual
�elds from four mice, and we found that only 14 cartridges (35.9%) were co-labeled with tdTomato,
although the tdTomato labeling was smaller and less bright (Supplementary Figure 2B, C). Conversely, we
used a red channel to select one tdTomato-labeled cartridge and shifted to a green channel to verify the
co-expression of GFP with tdTomato. The results showed that more than 70% of tdTomato-marked
cartridges were robustly co-labeled with GFP (16 cells in 22 cells from 4 mice, p = 0.0041 by unpaired t-
test) (Supplementary Figure 2C). Certainly, we cannot rule out that the tdTomato signal was simply
weaker than that of GFP under our experimental conditions. However, the brightness (product of the
extinction coe�cient and quantum yield) of tdTomato was 2.8 times higher than that of GFP [32], and
thus, it would be reasonable to presume that the mGAD65 promoter has greater promoter activity
than the mDlx promoter in chandelier cells.

 

Interneuron-speci�c transduction in the cerebellar cortex by the GAD65 promoter

We examined cerebellar slices from VGAT-tdTomato mice that received intravenous infusions of AAV-
PHP.B expressing GFP under the control of the mGAD65 promoter or mDlx enhancer. The mice were
sacri�ced three weeks after the viral injection, and cerebellar slices were immunostained for calbindin, a
marker for Purkinje cells. In contrast to the lack of GFP expression by the mDlx enhancer (Fig. 6B), highly
e�cient GFP expression was observed in mice treated with AAV-PHP.B carrying the mGAD65 promoter
(Fig. 6A). GFP expression was almost completely matched with tdTomato expression. When examined in
lobule 8, approximately 80% of tdTomato-labeled interneurons expressed GFP in the molecular layer, and
approximately 10% of tdTomato-labeled interneurons expressed GFP in the granule cell layer (Fig. 6C).
GFP-expressing Purkinje cells were barely detectable. Quantitative analysis showed that only 1% of
Purkinje cells in the cerebellar cortex expressed GFP (Fig. 6D). GFP-positive cells in the granule cell layer
were thought to be Golgi interneurons. To prove this, the slices were immunostained for metabotropic
glutamate receptor 2 (mGluR2), a marker of Golgi cells, in the cerebellum [33]. Immunohistochemistry
showed that all GFP-expressing cells in the granule cell layer expressed mGluR2 (Supplementary Figure
3). 

     Although Purkinje cells express GAD65 protein [34], the virally administered mGAD65 promoter failed
to function in Purkinje cells. This may be due to the intravenous administration of AAV vectors; direct
injection of AAV vectors into the cerebellar tissue increases the chance of viral entry into Purkinje cells,
which likely causes Purkinje cell transduction. To verify this, we injected AAV-PHP.B expressing GFP under
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the control of the mGAD65 promoter into the parenchyma of the cerebellar cortex of wild-type mice. Three
weeks after injection, the cerebellar sections were immunostained for calbindin. Confocal microscopy
showed e�cient GFP expression in molecular layer interneurons with a few cells in the granule cell layer
(presumably Golgi cells); there was no GFP expression in Purkinje cells and granule cells (Supplementary
Figure 4). These results con�rm that the mGAD65 promoter serves as an interneuron-speci�c promoter in
the cerebellar cortex. 

 

Speci�c transduction of GABAergic neurons in other brain regions 

Using VGAT-tdTomato mice, we examined the speci�city of the mGAD65 promoter in brain regions other
than the cerebral and cerebellar cortices. Confocal microscopy showed colocalization of GFP
with tdTomato in various brain regions such as the caudate-putamen, CA1 region of the hippocampus,
anterior interposed nucleus, superior vestibular nucleus, and retina (Supplementary Figure 5). These
results suggest that the mGAD65 promoter functions as a GABAergic neuron-speci�c promoter in broad
CNS regions. 

 

Recording of Ca2+ activities in GABAergic interneurons of the motor cortex using the mGAD65 promoter

Next, we examined whether our GABAergic neuron-speci�c gene expression method using the mGAD65
promoter would function for another useful protein, which is G-CaMP7.09, a genetically encoded
�uorescent calcium indicator [26]. Generally, viral expression of G-CaMP is much less e�cient than GFP,
and we adopted the direct AAV injection method to increase the titer of the viral solution exposed to target
neurons and attain a stable and su�cient expression of G-CaMP in the motor cortex. VGAT-tdTomato
mice were used in this experiment, and we con�rmed that all the recorded Ca2+ activities in this
experiment originated from GABAergic neurons by checking the colocalization of G-CaMP signals with
tdTomato signals (Fig. 7A-D). Three weeks after the injection, G-CaMP was stably expressed in the motor
cortex, and most of the transduced cells were tdTomato-positive. In some cells, spontaneous Ca2+ activity
was successfully observed in cellular structures such as somas (Fig. 7A and B), axons (Fig. 7B), and
puncta (putatively synaptic terminals) (Fig. 7C and D) (Supplementary Movie). The Ca2+ signals from
small and �ne structures of G-CaMP-positive cells were usually small and had compromised signal-to-
noise ratios; therefore, the quanti�cation of the Ca2+ signals in the subsequent analysis was performed
using the data recorded from soma-like structures of G-CaMP-positive cells (Fig. 7A and B). When G-
CaMP-positive neurons were stimulated using the bath application of 10 µM glutamate (which mimicked
exogenous mild excitatory inputs to all the neurons in a brain slice) or a high K+ solution (which causes
depolarization of all the neurons in the slice), Ca2+ signals (values of ∆F/Fbase) increased robustly (Fig.
7E and F, ∆F/Fbase peak, Glu: 0.43 ± 0.07, n = 94 cells from 3 mice; high K: 1.18 ± 0.13, n = 126 cells from
3 mice) although the peak amplitude of the values was quite variable in the recorded cells. Collectively,
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these results suggest that the functional Ca2+ indicator G-CaMP proteins are successfully expressed in
GABAergic interneurons in the motor cortex using our method. Thus, we conclude that our AAV-mediated
GABAergic neuron-speci�c gene expression method is also applicable to the expression of a functional
gene. 

Discussion
We found that a 2.5 kb genomic region upstream of exon 1 of the mouse Gad2 gene (encoding GAD65
protein) served as an inhibitory neuron-speci�c promoter and that the promoter enabled us to express a
functional gene in GABAergic neurons (e.g., to perform Ca2+ imaging in inhibitory neurons). In the cerebral
cortex, the mGAD65 promoter transduced PV (+) neurons preferentially compared to other cortical
interneuron types. Notably, chandelier cells were transduced more by the mGAD65 promoter than by the
mDlx enhancer. 

DLX1/2 are core elements in the gene regulatory network and play critical roles in PV (+) neuron
speci�cation [5]. However, a study using mature mice (postnatal day [P] 30) showed undetectable levels
of Dlx1 expression, in contrast to the persistent expression of Dlx2, in PV (+) neurons, and only DLX2 was
su�cient to drive Gad1, Gad2, and Vgat expression in mature mice [28]. DLX1/2 was shown to bind to the
TAAT/ATTA motifs, a core sequence for homeodomain protein binding, which is located in region i and
region ii in the mGAD65 promoter (Fig. 1A) [29]. Thus, in this study, the virally delivered mGAD65
promoter was likely activated in adult cortical interneurons by endogenous DLX2 binding to the motifs
(region i and region ii) present in the mGAD65 promoter. Interestingly, the addition of Gad2 exon 1
upstream of the �rst ATG codon to the mGAD65 promoter also conferred promoter activity on excitatory
pyramidal neurons (Fig. 1). Binding of some transcription factor(s) to the additional sequence may
activate the promoter in pyramidal neurons. Indeed, this ~500 bp region of exon 1 was shown to contain
two consensus sequences of the cyclic AMP-responsive element (CRE) [35]. 

Dlx5/6 genes have an inverted orientation relative to one another, and they share two intergenic
enhancers in the 10 kb noncoding intergenic region 3’ to each of them [22]. We used the upstream
enhancer, which is referred to as I56i [21] or mI56i, speci�cally bound to by both DLX1 and DLX2, as mDlx
enhancers [22]. Studies using in situ hybridization and LacZ expression from the Dlx6 locus showed that
expression of the Dlx6 gene was undetectable in adult cortical interneurons, while the Dlx5-GFP BAC
transgenic mice showed robust GFP expression among different interneuron populations including PV
(+), SST (+), neuropeptide Y(+), and calretinin(+) interneurons in the adult (P60) somatosensory cortex
[36]. These results suggest that DLX5 is expressed only in adult mouse cortical interneurons. Thus, the
mDlx enhancer, which is delivered to the mouse brain by AAV vectors, is thought to be activated
by transcription factor(s) that regulate Dlx5 expression in adult cortical interneurons. Major PV (+)
neurons are basket cells, while chandelier cells account for only a minor population [5]. Although there are
no reports on the expression levels of DLX5 in mature mouse chandelier cells, weak transduction of
chandelier cells by virally introduced mDlx enhancer, relative to the mGAD65 promoter (Fig. 5
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and Supplementary Figure 2), may re�ect modest or only limited levels of DLX5 expression in chandelier
cells. 

Both GAD67 and GAD65 can synthesize the transmitter GABA. However, the two GAD isoforms have
different intracellular distributions and play distinct roles. GAD65, which targets membranes and nerve
endings, is likely associated with the vesicular release of GABA, while GAD67 is more widely distributed in
cells, and it appears to synthesize most cytoplasmic GABA [37]. Like other cortical interneurons,
chandelier cells also have GABAergic synapses with excitatory pyramidal neurons. Thus, chandelier cells
synthesize GAD65 for vesicular GABA release from nerve endings. Accordingly, it is reasonable to
suppose that the virally delivered mGAD65 promoter is activated in chandelier cells and drives the
expression of a transgene. 

Interestingly, the mGAD65 promoter was not activated in Purkinje cells, which are typical GABAergic
neurons, in the cerebellar cortex, although immunohistochemistry and in situ hybridization of adult rat
cerebellum revealed the expression of GAD65 protein as well as GAD65 mRNA in Purkinje cells [34]. So
far, the reason for the absence of mGAD65 promoter activity in Purkinje cells remains unknown. Notably,
GAD65 mRNA is not detectable until P7 in Purkinje cells [38], and neither Dlx2 mRNA nor DLX2 protein is
expressed in the adult mouse cerebellum [39]. Thus, unlike cortical interneurons, Gad2 expression in
Purkinje cells may be regulated by a postnatally upregulated transcription factor (other than DLX2), which
triggers Gad2 expression upon binding to a region outside of the mGAD65 promoter sequence. 

For cerebellar cell-type-speci�c promoters available with viral vectors, previous studies identi�ed the
Purkinje cell-speci�c L7-6 promoter [13] and astrocyte-speci�c Gfap promoter [12, 40]. Although no
cerebellar interneuron-speci�c promoter is currently available, the present study proposes the mGAD65
promoter as an interneuron-speci�c promoter when AAV vectors are directly injected into the cerebellar
cortex. Thus, AAV vectors expressing a transgene under the control of the mGAD65 promoter would be
useful for studying the pathophysiological roles of cerebellar interneurons and their in�uence on
cerebellar function. 

Abbreviations
GABA: gamma-aminobutyric acid; Dlx/DLX: Distal-less homeobox; AAV: Adeno-associated virus; kb: kilo
base; GAD: Glutamic acid decarboxylase; PV: Parvalbumin; SST: Somatostatin; 5HT3aR: 5-
hydroxytryptamine type 3A receptor; VIP: Vasoactive intestinal peptide; AISs: Axon initial segments; GFAP:
Glial �brillary acidic protein; CaMKII: Ca2+/calmodulin-dependent protein kinase II; BBB: Blood-brain
barrier; GFP: Green �uorescent protein; VGAT: Vesicular GABA transporter; WPRE: Woodchuk hepatitis
virus posttranscriptional regulatory element; HEK293T: Human embryonic kidney cells 293 cells
expressing mutant version of SV40 large T antigen; SV40: Simian virus40; D-PBS: Dulbecco’s phosphate-
buffered saline; PCR: Polymerase chain reaction; qPCR: Quantitative real-time polymerase chain reaction;
BW: Bodyweight; Vg: Viral genome; mGluR2: Metabotropic glutamate receptor 2; ChIP: Chromatin
immunoprecipitation; DNA: Deoxyribonucleic acid; bp: Base pair; ITR: Inverted terminal repeat; delE1:



Page 16/30

deletion exon1; cDNA: Complementary deoxyribonucleic acid; CNS: Central nervous system; ANOVA:
Analysis of variance; CA1: Cornu ammonis 1 of hippocampus; P: Postnatal day; CRE: Cyclic AMP-
responsive element; LacZ: Bacterial beta-galactosidase gene; BAC: Bacterial arti�cial chromosome; SEM:
Standard error of the mean; I.V.: intravenous; RFP: Red �uorescent protein; ML: Molecular layer; GCL:
granule cell layer; IHC: Immunohistochemistry; IntA: Anterior interposed nucleus; SuVe: Superior vestibular
nucleus; G-CaMP: �uorescent calcium indicator G-CaMP7.09; M1: primary motor cortex; M2: secondary
motor cortex; Glu: glutamate; ROI: region of interest

Declarations
Ethics approval and consent to participate

All procedures for the care and treatment of animals were performed according to the Japanese Act on
the Welfare and Management of Animals, and the Guidelines for Proper Conduct of Animal Experiments
as issued by the Science Council of Japan. The experimental protocol was approved by the Institutional
Committee of Gunma University (No. 18–019; 19–028). 

Consent for publication

Not applicable

Availability of data and materials

All data generated or analyzed during this study are included in this published article and its
supplementary information �les. Please contact the authors of the materials.

Competing interests

The authors declare that they have no competing interests. 

Funding

This work was supported by the Japan Society for the Promotion of Science (JSPS) KAKENHI Grants
(Number 16K15477, and 18H02521), grants from the program for Brain Mapping by Integrated
Neurotechnologies for Disease Studies (Brain/MINDS) from the Japan Agency for Medical Research and
Development (AMED) (grant number  JP20dm0207057), and grants from Research on Measures for
Intractable Diseases (Ataxic Diseases and Neurodegenerative Diseases) from the Ministry of Health,
Labour, and Welfare (to H. Hirai). This work was also supported by JSPS KAKENHI, Grant Number
19K06899 (to A. Konno).

Authors' contributions

Conceptualization, C.H., A.K., H.H.; Methodology, C.H., A.K., H.H.; Investigation, C.H., A.K., N.H., R.K., R.M.;
Experimental Materials, R.K., J.N.; Writing – Original Draft, C.H., A.K., R.K., H.H.; Writing – Review & Editing,



Page 17/30

C.H., A.K., N.H., R.K., H.H.; Supervision, H.H.

Acknowledgments

The authors thank Asako Ohnishi, Nobue Mc Cullough, and Ayako Sugimoto for AAV vector production,
Junko Sugi for the preparation of retinal slices and Junko Sugiyama for raising the mice. 

References
1. Rudy B, Fishell G, Lee S, Hjerling-Le�er J: Three groups of interneurons account for nearly 100% of

neocortical GABAergic neurons. Developmental neurobiology 2011, 71(1):45-61.

2. Swanson OK, Maffei A: From Hiring to Firing: Activation of Inhibitory Neurons and Their Recruitment
in Behavior. Frontiers in molecular neuroscience 2019, 12:168.

3. Tremblay R, Lee S, Rudy B: GABAergic Interneurons in the Neocortex: From Cellular Properties to
Circuits. Neuron 2016, 91(2):260-292.

4. Feldmeyer D, Qi G, Emmenegger V, Staiger JF: Inhibitory interneurons and their circuit motifs in the
many layers of the barrel cortex. Neuroscience 2018, 368:132-151.

5. Lim L, Mi D, Llorca A, Marín O: Development and Functional Diversi�cation of Cortical Interneurons.
Neuron 2018, 100(2):294-313.

�. Hattori R, Kuchibhotla KV, Froemke RC, Komiyama T: Functions and dysfunctions of neocortical
inhibitory neuron subtypes. Nature neuroscience 2017, 20(9):1199-1208.

7. Inan M, Anderson SA: The chandelier cell, form and function. Current opinion in neurobiology 2014,
26:142-148.

�. Letzkus JJ, Wolff SB, Lüthi A: Disinhibition, a Circuit Mechanism for Associative Learning and
Memory. Neuron 2015, 88(2):264-276.

9. Gonzalez-Burgos G, Cho RY, Lewis DA: Alterations in cortical network oscillations and parvalbumin
neurons in schizophrenia. Biological psychiatry 2015, 77(12):1031-1040.

10. Marín O: Interneuron dysfunction in psychiatric disorders. Nature reviews Neuroscience 2012,
13(2):107-120.

11. Matsuzaki Y, Oue M, Hirai H: Generation of a neurodegenerative disease mouse model using lentiviral
vectors carrying an enhanced synapsin I promoter. Journal of neuroscience methods 2014, 223:133-
143.

12. Shinohara Y, Konno A, Takahashi N, Matsuzaki Y, Kishi S, Hirai H: Viral Vector-Based Dissection of
Marmoset GFAP Promoter in Mouse and Marmoset Brains. PloS one 2016, 11(8):e0162023.

13. Nitta K, Matsuzaki Y, Konno A, Hirai H: Minimal Purkinje Cell-Speci�c PCP2/L7 Promoter Virally
Available for Rodents and Non-human Primates. Molecular therapy Methods & clinical development
2017, 6:159-170.

14. Nassi JJ, Avery MC, Cetin AH, Roe AW, Reynolds JH: Optogenetic Activation of Normalization in Alert
Macaque Visual Cortex. Neuron 2015, 86(6):1504-1517.



Page 18/30

15. Tye KM, Prakash R, Kim SY, Fenno LE, Grosenick L, Zarabi H, Thompson KR, Gradinaru V,
Ramakrishnan C, Deisseroth K: Amygdala circuitry mediating reversible and bidirectional control of
anxiety. Nature 2011, 471(7338):358-362.

1�. Dimidschstein J, Chen Q, Tremblay R, Rogers SL, Saldi GA, Guo L, Xu Q, Liu R, Lu C, Chu J et al: A
viral strategy for targeting and manipulating interneurons across vertebrate species. Nature
neuroscience 2016, 19(12):1743-1749.

17. Lee AT, Vogt D, Rubenstein JL, Sohal VS: A class of GABAergic neurons in the prefrontal cortex sends
long-range projections to the nucleus accumbens and elicits acute avoidance behavior. The Journal
of neuroscience : the o�cial journal of the Society for Neuroscience 2014, 34(35):11519-11525.

1�. Kaneko R, Takatsuru Y, Morita A, Amano I, Haijima A, Imayoshi I, Tamamaki N, Koibuchi N, Watanabe
M, Yanagawa Y: Inhibitory neuron-speci�c Cre-dependent red �uorescent labeling using VGAT BAC-
based transgenic mouse lines with identi�ed transgene integration sites. The Journal of comparative
neurology 2018, 526(3):373-396.

19. Deverman BE, Pravdo PL, Simpson BP, Kumar SR, Chan KY, Banerjee A, Wu WL, Yang B, Huber N,
Pasca SP et al: Cre-dependent selection yields AAV variants for widespread gene transfer to the adult
brain. Nature biotechnology 2016, 34(2):204-209.

20. Chan KY, Jang MJ, Yoo BB, Greenbaum A, Ravi N, Wu WL, Sánchez-Guardado L, Lois C, Mazmanian
SK, Deverman BE et al: Engineered AAVs for e�cient noninvasive gene delivery to the central and
peripheral nervous systems. Nature neuroscience 2017, 20(8):1172-1179.

21. Zhou QP, Le TN, Qiu X, Spencer V, de Melo J, Du G, Plews M, Fonseca M, Sun JM, Davie JR et al:
Identi�cation of a direct Dlx homeodomain target in the developing mouse forebrain and retina by
optimization of chromatin immunoprecipitation. Nucleic acids research 2004, 32(3):884-892.

22. Zerucha T, Stühmer T, Hatch G, Park BK, Long Q, Yu G, Gambarotta A, Schultz JR, Rubenstein JL,
Ekker M: A highly conserved enhancer in the Dlx5/Dlx6 intergenic region is the site of cross-
regulatory interactions between Dlx genes in the embryonic forebrain. The Journal of neuroscience :
the o�cial journal of the Society for Neuroscience 2000, 20(2):709-721.

23. Matsuzaki Y, Konno A, Mochizuki R, Shinohara Y, Nitta K, Okada Y, Hirai H: Intravenous
administration of the adeno-associated virus-PHP.B capsid fails to upregulate transduction e�ciency
in the marmoset brain. Neuroscience letters 2018, 665:182-188.

24. Thévenaz P, Unser M: User-friendly semiautomated assembly of accurate image mosaics in
microscopy. Microscopy research and technique 2007, 70(2):135-146.

25. Shuvaev AN, Hosoi N, Sato Y, Yanagihara D, Hirai H: Progressive impairment of cerebellar mGluR
signalling and its therapeutic potential for cerebellar ataxia in spinocerebellar ataxia type 1 model
mice. The Journal of physiology 2017, 595(1):141-164.

2�. Shiba Y, Gomibuchi T, Seto T, Wada Y, Ichimura H, Tanaka Y, Ogasawara T, Okada K, Shiba N,
Sakamoto K et al: Allogeneic transplantation of iPS cell-derived cardiomyocytes regenerates primate
hearts. Nature 2016, 538(7625):388-391.



Page 19/30

27. Erlander MG, Tillakaratne NJ, Feldblum S, Patel N, Tobin AJ: Two genes encode distinct glutamate
decarboxylases. Neuron 1991, 7(1):91-100.

2�. Pla R, Stanco A, Howard MA, Rubin AN, Vogt D, Mortimer N, Cobos I, Potter GB, Lindtner S, Price JD et
al: Dlx1 and Dlx2 Promote Interneuron GABA Synthesis, Synaptogenesis, and Dendritogenesis.
Cerebral cortex (New York, NY : 1991) 2018, 28(11):3797-3815.

29. Le TN, Zhou QP, Cobos I, Zhang S, Zagozewski J, Japoni S, Vriend J, Parkinson T, Du G, Rubenstein
JL et al: GABAergic Interneuron Differentiation in the Basal Forebrain Is Mediated through Direct
Regulation of Glutamic Acid Decarboxylase Isoforms by Dlx Homeobox Transcription Factors. The
Journal of neuroscience : the o�cial journal of the Society for Neuroscience 2017, 37(36):8816-8829.

30. Inan M, Blázquez-Llorca L, Merchán-Pérez A, Anderson SA, DeFelipe J, Yuste R: Dense and
overlapping innervation of pyramidal neurons by chandelier cells. The Journal of neuroscience : the
o�cial journal of the Society for Neuroscience 2013, 33(5):1907-1914.

31. Somogyi P: A speci�c 'axo-axonal' interneuron in the visual cortex of the rat. Brain research 1977,
136(2):345-350.

32. Shaner NC, Campbell RE, Steinbach PA, Giepmans BN, Palmer AE, Tsien RY: Improved monomeric
red, orange and yellow �uorescent proteins derived from Discosoma sp. red �uorescent protein.
Nature biotechnology 2004, 22(12):1567-1572.

33. Neki A, Ohishi H, Kaneko T, Shigemoto R, Nakanishi S, Mizuno N: Metabotropic glutamate receptors
mGluR2 and mGluR5 are expressed in two non-overlapping populations of Golgi cells in the rat
cerebellum. Neuroscience 1996, 75(3):815-826.

34. Esclapez M, Tillakaratne NJ, Kaufman DL, Tobin AJ, Houser CR: Comparative localization of two
forms of glutamic acid decarboxylase and their mRNAs in rat brain supports the concept of
functional differences between the forms. The Journal of neuroscience : the o�cial journal of the
Society for Neuroscience 1994, 14(3 Pt 2):1834-1855.

35. Makinae K, Kobayashi T, Kobayashi T, Shinkawa H, Sakagami H, Kondo H, Tashiro F, Miyazaki J,
Obata K, Tamura S et al: Structure of the mouse glutamate decarboxylase 65 gene and its promoter:
preferential expression of its promoter in the GABAergic neurons of transgenic mice. Journal of
neurochemistry 2000, 75(4):1429-1437.

3�. Wang Y, Dye CA, Sohal V, Long JE, Estrada RC, Roztocil T, Lufkin T, Deisseroth K, Baraban SC,
Rubenstein JL: Dlx5 and Dlx6 regulate the development of parvalbumin-expressing cortical
interneurons. The Journal of neuroscience : the o�cial journal of the Society for Neuroscience 2010,
30(15):5334-5345.

37. Soghomonian JJ, Martin DL: Two isoforms of glutamate decarboxylase: why? Trends in
pharmacological sciences 1998, 19(12):500-505.

3�. Greif KF, Erlander MG, Tillakaratne NJ, Tobin AJ: Postnatal expression of glutamate decarboxylases
in developing rat cerebellum. Neurochemical research 1991, 16(3):235-242.

39. Saino-Saito S, Berlin R, Baker H: Dlx-1 and Dlx-2 expression in the adult mouse brain: relationship to
dopaminergic phenotypic regulation. The Journal of comparative neurology 2003, 461(1):18-30.



Page 20/30

40. Shinohara Y, Konno A, Nitta K, Matsuzaki Y, Yasui H, Suwa J, Hiromura K, Hirai H: Effects of
Neutralizing Antibody Production on AAV-PHP.B-Mediated Transduction of the Mouse Central
Nervous System. Molecular neurobiology 2019, 56(6):4203-4214.

 

Figures



Page 21/30

Figure 1

Inhibitory neuron-speci�c mGAD65 promoter candidates and their screening using
immunohistochemistry. (A) Schematic displaying mouse Gad2 (mGAD65) promoter regions examined as
candidates for the inhibitory neuron-speci�c promoter. Mouse genomic regions (3000, 2542, and 2000
bp) upstream of the �rst ATG codon (position 0) in exon 1 of the Gad2 gene were cloned from C57BL/6-
mice cDNA library. mGAD65 (delE1) shares most portions with mGAD65 (-3000), but it lacks the exon 1
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sequence. Black bars (Regions i and ii) depict relative positions of the TAAT/ATTA motif, a core sequence
for homeodomain protein binding. (B) Immunohistochemistry of the motor cortices obtained from mice
that received intravenous infusions of AAV-PHP.eB expressing GFP by one of the promoters described in
(A). The brain sections were double immunolabeled for GFP and CaMKII, a marker of the excitatory
neurons in the cerebral cortex. Scale bars; 50 μm. (C) Quantitative analysis of each promoter candidate in
terms of the speci�city for inhibitory neurons. Ratios of CaMKII-expressing (double-positive) excitatory
neurons to total GFP (+) cells were measured. For respective promoter candidates, we examined 4 visual
�elds in 2 sections from one animal. The value obtained from each visual �eld was plotted. We found 29
double-positive cells in 147 GFP (+) cells (20.0 ± 3.6%) for the mGAD65 (-3000), and 18 double-positive
cells in 131 GFP (+) cells (13.7 ± 0.5%) for the mGAD65 (-2000); no double-positive cells were found in 75
GFP (+) cells (0.0 ± 0.0%) for the mGAD65 (delE1). ***p = 0.0007, **p = 0.0089 and p = 0.28 by ANOVA
with Bonferroni’s post hoc test.

Figure 2
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Native GFP of sagittal sections from mice 3 weeks after intravenous injection of AAV vectors. (A)
Schematic showing the expression cassettes of AAV vectors, which express GFP under the control of the
mGAD65 promoter or mDlx enhancer. The mice received intravenous injections (i.v.) of the blood-brain
barrier (BBB)-penetrating AAV-PHP.B. (B) Fluorescent stereoscopy of whole brains expressing GFP by the
mGAD65 (left) or mDlx enhancer (right). Graph next to the brains shows the relative GFP �uorescent
intensities (average ± SEM) in the forebrain (F) and hindbrain (H) transduced by the mGAD65 promoter or
mDlx enhancer. Values from respective mice (n = 6 mice in each group) were plotted on each bar graph.
****p < 0.0001 by 2-way ANOVA for repeated measures with Bonferroni’s posthoc test. (C, D) Sagittal
brain sections from mice expressing GFP under the control of the mGAD65 promoter (C) or mDlx
enhancer (D). (E-H) Enlarged GFP �uorescent images of square regions in panels (C and D). Scale bars;
100 μm.
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Figure 3

Speci�c and e�cient transduction of cortical GABAergic interneurons by the mGAD65 promoter. VGAT-
tdTomato mice that express tdTomato speci�cally in GABAergic neurons received intravenous (i.v.)
injections of blood-brain barrier (BBB)-penetrating AAV-PHP.B expressing GFP under the control of the
mGAD65 promoter or mDlx enhancer. The motor cortex was observed 3 weeks after the viral injection by
confocal microscopy. (A-D) Low (A, B) and high (C, D) magni�ed images of native GFP and tdTomato.
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Arrows indicate cells double-labeled with GFP and tdTomato (GABAergic interneurons). Red arrowheads
show GFP expression in tdTomato-negative cells (non-GABAergic cells). Scale bars; 50 μm (A, B) and 20
μm (C, D). (E) Graph showing highly speci�c transduction of cortical interneurons by the mGAD65
promoter. The speci�city was determined by the ratio of double-labeled cells to total GFP (+) cells. The
value obtained from each mouse was plotted on the bar. For the mGAD65 promoter, we assessed 1,553
GFP (+) cells in 6 sections from 6 animals, and we found that 1,483 cells were co-labeled with tdTomato
(95.5 ± 0.7%). For the mDlx enhancer, we examined 1,161 GFP (+) cells in 5 sections from 5 animals, and
we found that 1,025 cells were co-labeled with tdTomato (88.3 ± 1.3%). ***p = 0.0007 by unpaired t-test.
(F) Graph showing transduction e�ciency of cortical interneurons by the mGAD65 promoter, in
comparison to the mDlx enhancer. Transduction e�ciency was determined by the proportion of GFP (+)
cells in tdTomato (+) cells. For the mGAD65 promoter, we counted 2,132 tdTomato (+) cells in 6 sections
from 6 animals, in which 1,268 cells were GFP positive (60.1 ± 2.1%). For the mDlx enhancer, we observed
1,503 tdTomato (+) cells in 5 sections from 5 animals, in which 850 cells were GFP positive (56.5 ± 6.0%).
p = 0.55 by unpaired t-test.

Figure 4

PV (+) neuron-preferential transduction by the mGAD65 promoter. (A) The expression cassette of AAV-
PHP.B expressing GFP under the control of the mGAD65 promoter. (B) Immunohistochemistry of the
motor cortices from wild-type mice 3 weeks after the viral injection. Brain sections were immunostained
for PV (light blue) and somatostatin (SST) (magenta). Blue arrowheads indicate GFP-expressing PV (+)
neurons, and magenta arrowheads show GFP-expressing SST (+) neurons. Scale bar; 20 μm. (C) Bar and
circle graphs showing proportions of PV (+), SST (+), and other cell types among GFP-expressing cells.
We observed 2,884 GFP (+) cells (n = 5 sections from 5 mice). (D) Bar and circle graphs showing natural
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ratios of PV (+), SST (+), and other cell types to all GABAergic interneurons in the motor cortex of non-
injected control mice. The proportions were determined by immunohistochemistry using VGAT-tdTomato
mice. We examined 2,027 tdTomato (+) cells (n = 4 sections from 4 mice). (E) Bar graph showing the
proportions of GFP-expressing cells in PV (+) or SST (+) neurons. We found 733 GFP-expressing cells in
802 PV (+) cells (91.2 ± 1.6%) and 134 GFP-expressing cells in 264 SST (+) cells (50.7 ± 4.5%) (n = 5
sections from 5 mice). (C - E) Floating bars indicate upper, median, and lower quartiles (boxes) and value
from each mouse (dots). Note that the majority (about 60%) of transduced cells were PV (+) neurons (C).
PV (+) neurons accounted for approximately 40% of all interneurons in the motor cortex (D). More than
90% of PV (+) neurons were transduced in contrast to approximately 50% of SST (+) neurons that were
not transduced (E).

Figure 5

GFP labeling of the chandelier cell cartridges by the mGAD65 promoter. (A, B) Immunohistochemistry of
the prefrontal cortex. Sagittal sections from wild-type mice treated with AAV-PHP.B expressing GFP under
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the control of the mGAD65 promoter (A) or mDlx enhancer (B) were immunostained for ankyrin-G
(magenta). (C, D) Enlarged images of the square regions in A, B. Note bead-like GFP labeling of chandelier
cell synaptic boutons on the axon initial segments (AIS) of excitatory pyramidal neurons (arrowheads).
Insets in the upper and lower right panels show the magni�cation of the boxes. Scale bars; 50 μm (A, B)
and 20 μm (C, D). (E) The ratio of AISs with GFP (+) boutons to total AISs in the prefrontal cortex. (F) The
number of GFP (+) boutons per AIS in the prefrontal cortex. Values adjacent to the �oating boxes in (E, F)
are the averages. ****p < 0.0001 on unpaired t-test.
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Figure 6

Interneuron-speci�c transduction in the cerebellar cortex by the mGAD65 promoter. VGAT-tdTomato mice
received intravenous infusions of AAV-PHP.B expressing GFP under the control of the mGAD65 promoter
or mDlx enhancer. Three weeks after the viral injection, cerebellar sections were immunostained for
calbindin, a marker for Purkinje cells. (A, B) Representative �uorescent images of the cerebellar cortex
(lobule 8) [GFP (left), tdTomato (middle), and the merged images with calbindin (blue) (right)]. Scale bars;
50 μm. (C) Graphs showing percentage of GFP (+) cells in tdTomato (+) cells in the molecular layer (ML)
and granule cell layer (GCL). For the mGAD65 promoter, 551 tdTomato (+) cells in the molecular layer
were examined, in which 443 cells expressed GFP; in the granule cell layer, 546 tdTomato (+) cells were
observed, in which 44 cells expressed GFP (n = 6 sections from 6 mice). For the mDlx enhancer, 1,061
tdTomato (+) cells in the molecular layer were examined, in which 2 cells expressed GFP; in the granule
cell layer, 495 tdTomato (+) cells were observed, in which 4 cells expressed GFP (n = 5 sections from 5
animals). (D) Graph showing ratio of GFP (+) Purkinje to total Purkinje cells. For the assessment of the
mGAD65 promoter, we examined 1,622 Purkinje cells immunolabeled for calbindin from 4 mice, in which
only 15 cells expressed GFP. Similarly, for the mDlx enhancer, we observed 1,451 Purkinje cells from 4
mice, and we found 6 GFP (+) cells.
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Figure 7

Assessment of Ca2+ activities in GABAergic inhibitory neurons in the motor cortex using the mGAD65
promoter. (A-D) Left panels show the averaged confocal images (averaging hundreds of frames) of G-
CaMP signals (green) and single tdTomato images (magenta) of the same location in the M1 or M2
region of the motor cortex in the acute brain slices. Regions of interest (ROIs) were placed in somas (A, B;
yellow), an axon (B, blue), and puncta (C, yellow) of the G-CaMP (+) and tdTomato (+) structures for Ca2+
signal analysis. Right panels represent traces of spontaneous Ca2+ signal changes calculated from the
ROIs depicted in the left panels. (E, F) Left panels show individual traces of relative Ca2+ signals in
several somas of GABAergic neurons in individual �elds of view. Bath application of 10 µM glutamate
(Glu, E) or high K+ solution (F) induced an increase in Ca2+ signals. The right panels (box plots) show
open circles indicating individual data points of the Ca2+ signal peak values. The horizontal line and the
box represent the median value and the interquartile range, respectively. The error bars indicate one
standard deviation above and below the mean value (�lled circle).



Page 30/30

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

Supplementary�gures.pdf

SupplementaryTableRevise12272020.pdf

SupplementaryMovie.mp4

https://assets.researchsquare.com/files/rs-55575/v3/e8c0ac77beee65b9a62a2961.pdf
https://assets.researchsquare.com/files/rs-55575/v3/0735bba20d8c2ce153fa1ecb.pdf
https://assets.researchsquare.com/files/rs-55575/v3/a81f5061234a199451676529.mp4

