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CaMKIlIa-Positive Interneurons Identified via a
microRNA-Based Viral Gene Targeting Strategy
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Tina Ta,! “John A. White,' Jim Berg,> and Xue Han!
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Single-cell analysis is revealing increasing diversity in gene expression profiles among brain cells. Traditional promotor-based
viral gene expression techniques, however, cannot capture the growing variety among single cells. We demonstrate a novel vi-
ral gene expression strategy to target cells with specific miRNA expression using miRNA-guided neuron tags (mAGNET). We
designed mAGNET viral vectors containing a CaMKIla promoter and microRNA-128 (miR-128) binding sites, and labeled
CaMKIIa" cells with naturally low expression of miR-128 (Lm128C cells) in male and female mice. Although CaMKIIx has
traditionally been considered as an excitatory neuron marker, our single-cell sequencing results reveal that Lm128C cells are
CaMKIIa" inhibitory neurons of parvalbumin or somatostatin subtypes. Further evaluation of the physiological properties of
Lm128C cell in brain slices showed that Lm128C cells exhibit elevated membrane excitability, with biophysical properties
closely resembling those of fast-spiking interneurons, consistent with previous transcriptomic findings of miR-128 in regulat-
ing gene networks that govern membrane excitability. To further demonstrate the utility of this new viral expression strategy,
we expressed GCaMP6f in Lm128C cells in the superficial layers of the motor cortex and performed in vivo calcium imaging
in mice during locomotion. We found that Lm128C cells exhibit elevated calcium event rates and greater intrapopulation cor-
relation than the overall CaMKIla" cells during movement. In summary, the miRNA-based viral gene targeting strategy
described here allows us to label a sparse population of CaMKIIa " interneurons for functional studies, providing new capa-
bilities to investigate the relationship between gene expression and physiological properties in the brain.
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(s )

We report the discovery of a class of CaMKIIa" cortical interneurons, labeled via a novel miRNA-based viral gene targeting
strategy, combinatorial to traditional promoter-based strategies. The fact that we found a small, yet distinct, population of
cortical inhibitory neurons that express CaMKIl« demonstrates that CaMKIl« is not as specific for excitatory neurons as
commonly believed. As single-cell sequencing tools are providing increasing insights into the gene expression diversity of neu-
rons, including miRNA profile data, we expect that the miRNA-based gene targeting strategy presented here can help delin-
\eate many neuron populations whose physiological properties can be readily related to the miRNA gene regulatory networks. j
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Introduction

The brain is composed of many specialized cell subtypes, which
together give rise to complex circuit dynamics and functions.
Brain cells have traditionally been classified according to many
criteria, including location, morphology, neurotransmitter con-
tents, and electrophysiological properties (Zeng and Sanes,
2017). With advances in genetic tools, neuron types have been
increasingly defined based on the expression of molecular
markers, which allows for detailed characterization of functional-
ity when associated with physiological phenotypes. However,
neurons that express a common marker gene can still exhibit
great diversity (DeFelipe et al., 2013; Tremblay et al., 2016), and
many marker genes are only loosely related to the electrophysiol-
ogy of the neuron subtype that they label. For example,
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CaMKIle, the a-subunit of the serine/threonine kinase CaMKII,
has conventionally been used as a marker gene for excitatory
neurons (Benson et al., 1992; Jones et al., 1994; Han et al., 2009;
Nathanson et al, 2009; Han, 2012; Liu and Murray, 2012).
However, the function of CaMKII« protein has not been specifi-
cally linked to the excitatory nature of these neurons.

Transcriptomic profiling has started to reveal that the gene
expression diversity of neurons is too great to be encompassed
by single marker genes (Roy et al., 2018). Early efforts focused on
profiling gene expression from small cell populations taken from
precise dissections (Belgard et al., 2011; Hawrylycz et al,, 2012)
or pools of sorted cells expressing common markers (Sugino et
al.,, 2006; Cahoy et al., 2008; Zhang et al., 2014). However, popu-
lation-level analyses have since been shown to mask the hetero-
geneities among individual cells. More recently, single-cell
transcriptomic profiling has enabled the characterization of indi-
vidual brain cells, revealing an increasing number of molecularly
distinct classes of neurons (Pollen et al., 2014; Macosko et al,,
2015; Usoskin et al., 2015; Zeisel et al.,, 2015; Tasic et al., 2016,
2018; Economo et al., 2018; Hodge et al., 2019). For example,
two recent single-cell sequencing (seq) studies analyzed ~20,000
single brain cell nuclei, and identified 133 and 75 transcriptomi-
cally distinct neuron subtypes in mouse primary visual cortex
(Tasic et al., 2018) and in human brain, respectively (Hodge et
al., 2019). Combining single-cell transcriptional profiling and
axonal reconstructions, Economo et al. (2018) subdivided excita-
tory pyramidal tract neurons into two subtypes with distinct pro-
jection patterns and motor functions. These single-cell studies
underscore the genetic and functional diversity among brain cells
and highlight the importance of developing new cell targeting
strategies that can link transcriptomic profiles and functional
properties.

Traditional promotor-based viral labeling techniques, how-
ever, cannot capture the increasing gene expression diversity
among single cells. Recent advances in sequencing technologies
have enabled comprehensive analysis of the relative levels and
combinational patterns of microRNA (miRNA) expression with
unprecedented scope and accuracy. miRNAs are small, 20- to
24-nt-long, noncoding RNAs that suppress gene expression by
hybridizing to their complementary recognition sites within tar-
get mRNA transcripts (Bartel, 2009). A given miRNA tends to
regulate sets of related genes, and its expression is usually corre-
lated with that of its targets and can thus be closely linked to
gene expression profiles. Accumulating evidence suggests that
many miRNAs play important roles in regulating synaptic plas-
ticity and neural network dynamics, and as well are implicated in
neurologic and psychiatric disorders (Harraz et al., 2011; Xu et
al,, 2013). For example, miRNA expression has been used to dis-
criminate between neurons and glia cells (Colin et al., 2009;
Karali et al., 2011), and has been known to vary significantly
across brain regions (Bak et al., 2008; Minami et al., 2014) and
between cell types (He et al., 2012). Recently, miRNAs have been
used as the basis for genetically targeting known neural subsets
(Sayeg et al., 2015; Keaveney et al., 2018), as well as for the diag-
nosis of Huntington’s disease (Reed et al., 2018) and therapy
(Pfister et al., 2018). Thus, viral vector designs integrating
miRNA regulation could provide a promising new strategy to
study the functions of cells with a specific gene expression pro-
file. Here, we demonstrate the use of the miRNA-guided neuron
tag (MAGNET; Sayeg et al., 2015; Keaveney et al., 2018), combi-
natorial to traditional promotor-based gene targeting strategies
for targeted gene expression in neurons on the basis of miRNA
expression.
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Materials and Methods

Viral vector cloning

Standard molecular cloning procedures (PCR and restriction enzyme
digestion) were used to construct adeno-associated virus (AAV) vectors.
To produce AAV-CaMKIIa-GCaMPéf, the 1.3kb CaMKIIa promoter
(plasmid #64545, Addgene) and the 1.35kb GCaMP6f gene (plasmid
#40755, Addgene; Chen et al, 2013) were amplified via PCR and
inserted between the ITRs (inverted terminal repeats) of an AAV-2
genomic vector (plasmid #50954, Addgene; Lin et al., 2013) via EcoRI,
Ascl, and Spel restriction sites. To produce AAV-CaMKIIa-GCaMP6f-
4 x 128-mAGNET, four instances of the microRNA-128 (miR-128) rec-
ognition site (exact reverse complement of the mouse miRNA sequence)
were added to the 3" untranslated region (UTR) of the GCaMPé6f trans-
gene by annealing single-stranded DNA oligonucleotides synthesized by
DNA (Integrated DNA Technologies) and cloning into NotI sites. To
produce AAV-CaMKIIa-mRuby2-4 x 128-mAGNET, the mRuby2 re-
porter (plasmid #54771, Addgene; Lam et al., 2012) was processed by
PCR and used to replace GCaMP6f in AAV-CaMKIIa-GCaMP6f-
4 x 128-mAGNET via Ascl and Spel sites. Viral vector sequences
are available at GenBank (accession numbers: MW139899, for
AAV-CaMKII-mRuby2-4 x 128-mAGNET; MW139900, for AAV-
CaMKII-GCaMP6f; and MW139901, for AAV-CaMKII-GCaMP6f-
4 x 128-mAGNET).

Virus preparation

Recombinant AAV2.9 was packaged via triple transfections of the AAV-
2 transfer vector (AAV-CaMKIIa-GCaMP6f, AAV-CaMKIIa-GCaMP6f-
4 x 128-mAGNET, or AAV-CaMKIIa-mRuby2-4 x 128-mAGNET),
cap-9 plasmid encoding the Rep and Cap proteins (serotype 9), and
pXX680 helper packaging plasmid, into HEK293FT cells (R700-07,
Thermo Fisher Scientific) using TransIT-293 transfection reagent (MIR
2700, Mirus Bio). Two days post-transfection, HEK cells were washed and
lysed via multiple freeze-thaw cycles and sonication, and virus was puri-
fied from the lysate via polyethylene glycol precipitation (LV810A-1,
System Biosciences). Viral titer was determined via real time PCR (RT-
PCR) (AAVpro Titration Kit version 2, Takara) to be ~2E12 viral
genomes (vg)/ml. Viral transduction was first tested in primary neuron
cultures before in vivo injections were performed.

Patch-seq experiments

Tissue processing. All procedures were done in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Allen Institute for Brain Sciences
Institutional Animal Care and Use Committees. Mice (male and female)
between the ages of postnatal day 45 (P45) and P70 were anesthetized
with 5% isoflurane and intracardially perfused with 25 or 50 ml of ice-
cold slicing artificial CSF [ACSF; 0.5 mum calcium chloride (dehydrate),
25 mum p-glucose, 20 mm HEPES buffer, 10 mm magnesium sulfate, 1.25
mum sodium phosphate monobasic monohydrate, 3 mm myo-inositol,
12 mm N-acetyl-L-cysteine, 96 mm N-methyl-p-glucamine chloride
(NMDG-CI), 2.5 mm potassium chloride, 25 mm sodium bicarbonate,
5 mM sodium L-ascorbate, 3 mm sodium pyruvate, 0.01 mu taurine, and
2 mM thiourea, pH?7.3, continuously bubbled with 95% O,/5% CO,].
Coronal slices (350 um) were generated (model VT1200S Vibratome,
Leica Biosystems). Slices were then transferred to an oxygenated and
warmed (34°C) slicing ACSF for 10 min, then transferred to room tem-
perature holding ACSF [2 mwm calcium chloride (dehydrate), 25 mm p-
glucose, 20 mm HEPES buffer, 2 mM magnesium sulfate, 1.25 mm
sodium phosphate monobasic monohydrate, 3 mm myo-inositol, 12.3
mm N-acetyl-L-cysteine, 84 mm sodium chloride, 2.5 mm potassium chlo-
ride, 25 mm sodium bicarbonate, 5 mm sodium 1-ascorbate, 3 mm
sodium pyruvate, 0.01 mum taurine, and 2 mwm thiourea, pH 7.3, continu-
ously bubbled with 95% O,/5% CO,] for the remainder of the day until
transferred for patch-clamp recordings.

Patch-clamp recording. Slices were bathed in warm (34°C) recording
ACSF [2 mm calcium chloride (dehydrate), 12.5 mm D-glucose, 1 mm
magnesium sulfate, 1.25 mm sodium phosphate monobasic monohy-
drate, 2.5 mM potassium chloride, 26 mwm sodium bicarbonate, and
126 mm sodium chloride, pH 7.3, continuously bubbled with 95% O,/5%
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CO,). The bath solution contained blockers of fast glutamatergic (1 mm
kynurenic acid) and GABAergic synaptic transmission (0.1 mm picro-
toxin). Thick-walled borosilicate glass (catalog #G150F-3, Warner
Instruments) electrodes were manufactured (catalog #PC-10, Narishige)
with a resistance of 4-5M(). Before recording, the electrodes were filled
with ~1.0-1.5pl of internal solution with biocytin [110 mm potassium
gluconate, 10.0 mm HEPES, 0.2 mum ethylene glycol-bis (2-aminoethy-
lether)-N,N,N',N’-tetraacetic acid, 4 mm potassium chloride, 0.3 mm
guanosine 5'-triphosphate sodium salt hydrate, 10 mm phosphocreatine
disodium salt hydrate, 1 mm adenosine 5'-triphosphate magnesium salt,
20 ug/ml glycogen, 0.5 U/pl RNase inhibitor (Takara, 2313A), and 0.5%
biocytin (catalog #B4261, Sigma-Aldrich), pH7.3]. The pipette was
mounted on a Multiclamp 700B amplifier headstage (Molecular
Devices) fixed to a micromanipulator (PatchStar, Scientifica).

Electrophysiology signals were recorded using an ITC-18 Data
Acquisition Interface (HEKA). Commands were generated, signals proc-
essed, and amplifier metadata acquired using MIES (https://github.com/
AllenInstitute/MIES/), written in Igor Pro (WaveMetrics). Data were fil-
tered (Bessel) at 10kHz and digitized at 50kHz. Data were reported
uncorrected for the measured -14 mV liquid junction potential between
the electrode and bath solutions.

After formation of a stable seal and break-in, the resting membrane
potential of the neuron was recorded (typically within the first minute).
A bias current was injected, either manually or automatically using algo-
rithms within the MIES data acquisition package, for the remainder of
the experiment to maintain that initial resting membrane potential. Bias
currents remained stable for a minimum of 1 s before each stimulus cur-
rent injection. Upon completion of electrophysiology recording, the nu-
cleus was slowly extracted from the neuron. The pipette containing
internal solution, cytosol, and nucleus was removed from the pipette
holder, and the contents were expelled into a PCR tube containing the
lysis buffer (catalog #634894, Takara).

cDNA amplification and library construction. We used the SMART-
Seq v4 Ultra Low Input RNA Kit for Sequencing (catalog #634894,
Takara) to reverse transcribe poly(A) RNA and amplify full-length
c¢DNA according to the manufacturer instructions. We performed
reverse transcription and ¢cDNA amplification for 21 PCR cycles in
eight-well strips, in sets of 12-24 strips at a time. At least one control
strip was used per amplification set, which contained four wells without
cells and four wells with 10 pg control RNA. Control RNA was either
Mouse Whole Brain Total RNA (catalog #MR-201, Zyagen) or control
RNA provided in the SMART-Seq v4 kit. All samples proceeded through
Nextera XT DNA Library Preparation (catalog # FC-131-1096,
[lumina) using the Nextera XT Index Kit V2 Set A (FC-131-2001).
Nextera XT DNA Library prep was performed according to manufac-
turer instructions except that the volumes of all reagents including
c¢DNA input were decreased to 0.4x or 0.5x by volume. Subsampling
was conducted to a read depth of 0.5 million per cell.

Sequencing data processing. Fifty bp paired-end reads were aligned
to GRCm38 (mm10) using a RefSeq annotation gff file retrieved from
National Center for Biotechnology Information on January 18, 2016
(https://www.ncbi.nlm.nih.gov/genome/annotation_euk/all/). Sequence
alignment was performed using STAR version 2.5.3 (Dobin et al., 2013)
in two-pass mode. PCR duplicates were masked and removed using
STAR option “bamRemoveDuplicates.” Only uniquely aligned reads
were used for gene quantification. Gene counts were computed using
the R Genomic Alignments package summarize Overlaps function using
“IntersectionNotEmpty” mode for exonic and intronic regions sepa-
rately (Lawrence et al., 2013).

Mapping to neuron class or subclass. Neurons were mapped to class
or subclass as described in the study by Gouwens et al. (2020). The
Patch-seq transcriptomes were mapped to the mouse primary visual ref-
erence taxonomy tree (Tasic et al., 2018) in a top-down manner, trying
to resolve broad classes first, followed by subclasses. For each single-cell
transcriptome, starting from the root and at each branch point, we com-
puted its correlation with the reference cell types using the markers asso-
ciated with the given branch point (i.e., the genes that best distinguished
groups at each branch of the tree) and then chose the most correlated
branch. To determine the confidence of mapping, we applied 100
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bootstrapped iterations at each branch point, and in each iteration, 70%
of the reference cells and 70% of the markers were randomly sampled
for mapping. This was done to evaluate the degree to which mappings
were robust to the effects of individual genes or reference cells. The per-
centage of times a cell was mapped to a given leaf or branch point in the
reference taxonomy was defined as the corresponding mapping proba-
bility. For each cell, the mapping probability was sorted, and then the
cell was assigned to the class (for glutamatergic neurons) or the subclass
(for GABAergic neurons) to which that cell mapped with highest proba-
bility. Each cell included in this dataset was mapped with a combined
probability of >0.95 to the specific cell types within each assigned class
or subclass.

Animal surgery for in vivo calcium imaging and slice physiology
All procedures were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals
and were approved by the Boston University Institutional Animal Care
and Use and Biosafety Committees. First, surgery was performed to
inject a mixture of AAV viruses. Mice were adult female C57BL/6 wild-
type mice (Taconic Biosciences) that were 8 weeks old at the time
of virus injection. AAV viruses (AAV-CaMKIIa-GCaMP6f + AAV-
CaMKIIa-mRuby2-4 x 128-mAGNET or AAV-CaMKIIa-GCaMP6f-
4 % 128-mAGNET + AAV-CaMKIIa-mRuby2-4 x 128-mAGNET) were
premixed at equal particle numbers. Next, 2.5E8 vg of each virus (~600 nl
total) was injected into motor cortex (mediolateral, +1.250; anteroposte-
rior, +1.500; dorsoventral, —0.500). Seven days after the first surgery,
mice underwent a second surgery for implantation of a sterilized custom
imaging window that was previously assembled. The window consisted of
a stainless steel imaging cannula [outer diameter (OD), 3.17 mm; inner di-
ameter, 2.36 mm; height, 2 mm; catalog #B004TUE45E, AmazonSupply),
fitted with a circular coverslip [size 0; OD, 3 mm; Deckgliser Cover
Glasses, catalog #64-0726 (CS-3R-0), Warner Instruments] adhered using
a UV-curable optical adhesive (Norland Products). To access the motor
cortex, the skull directly above the injection site was carefully removed
with a dental drill, then the imaging window was placed flush against the
brain tissue and secured in place with Kwik-Sil and acrylic cement.
During the same surgery, a custom aluminum head plate was attached to
the skull with additional acrylic cement, posterior to the imaging window.
For the patch-clamp recording from parvalbumin (PV) and Lm128C
neurons, another set of animals, either PV-tdTomato (n=4) or PV-cre
(n=3) male and female mice, were injected with AAV-CaMKIla-
GCaMP6f-4 x 128-mAGNET or an equal particle mixture of
AAV-CaMKIIa-GCaMP6f-4 x 128-mAGNET + AAV-flex-tdTomato,
respectively. Injections were made at motor cortex (same coordinates
as above).

Slice electrophysiology

Coronal sections of motor cortex were prepared from two sets of ani-
mals. One group was the CaMKIIa mice coinjected with two AAVs and
subjected to in vivo calcium imaging recordings. The other group included
PV-cre mice, coinjected with flex-tdTomato and AAV-CaMKIla-
GCaMP6f-4 x 128-mAGNET. Animals were anesthetized with iso-
flurane, decapitated, and brains were removed and placed in
oxygen-bubbled sucrose-substituted ACSF: 185 mm NaCl, 2.5 mm KCl,
1.25 mm NaH,PO,, 10 mm MgCly, 25 mm NaHCOj3, 12.5 mum glucose,
and 0.5 mM CaCl,. 400 pm slices were cut via microtome (catalog
#VT1200, Leica Microsystems) and incubated in 30°C ACSF consisting
of 125 mm NaCl, 25 mm NaHCO3, 25 mm p-glucose, 2 mm KCl, 2 mm
CaCl,, 1.25 mm NaH,POy,, and 1 mm MgCl, for 20 min and then cooled
to room temperature.

To differentiate among the different cell types, slice recordings were
performed using a two-photon imaging system (Thorlabs) with a mode-
locked Ti:Sapphire laser (Chameleon Ultra II, Coherent) set to wave-
lengths between 920 and 950 nm, which was used to excite the Alexa
Fluor 488, GCamP6f and tdTomato using a 20, numerical aperture 1.0
(Olympus) objective lens. In one group, Lm128C (labeled with the red
fluorescent marker mRuby2) and CaMKIl« cells (labeled with green
fluorescent GCaMP6f), recordings were made from both green (overall
CaMKIIa™ cell population) and yellow cells (CaMKIla" and mRuby2 ™).
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In the other experimental group, PV cells expressed red fluorescent
tdTomato, Lm128C/PV ™ cells expressed green GCaMP6f, and Lm128C/
PV™ cells coexpressed the two markers and appeared yellow.

Slice electrophysiology recording were done using a patch-clamp
electrode with tips (0.6-1um) pulled via horizontal puller (Sutter
Instrument), and pipette resistance between 4 and 6 M{). Pipettes were
filled with intracellular fluid containing the following: 120 mm K-gluco-
nate, 20 mm KCI, 10 mm HEPES, 7 mMm diTrisPhCr, 4 mm Na,ATP, 2
mm MgCl,, 0.3 mm Tris-GTP, and 0.2 mm EGTA, buffered to pH 7.3
with KOH. Alexa Fluor 488 hydrazide (Thermo Fisher Scientific) was
added to this solution (0.15% w/v) to visualize the pipette under the two-
photon imaging system.

For each recording, pipette capacitance neutralization and bridge
balance compensation were performed before breaking in. Data were
acquired using Multiclamp 700B (Molecular Devices) and a Digidata
1550 (Molecular Devices) with a sampling rate of 10 kHz. The mean *
SE access resistance of all recordings was 31.6 = 5.2 M(Q) (n = 36 cells).

Electrophysiology data analysis

Brain slice electrophysiology data analysis was performed in python with
custom-written scripts using the pyABF package. Spike onsets were
identified by a threshold of 10 on their first derivative, with their peak as
the maximum value. Spike half-widths are the times between the two
halves of the peak voltage amplitude. The rate of rise was calculated by
dividing the change in voltage by the time from spike onset to peak. Rate
of decay corresponds to time for voltage change from peak to the offset
of a spike, defined as the minimum value of the first derivative of the
voltage. To calculate the firing frequency versus injected current (FI)
gain, the change in firing frequency from lowest firing rate to the highest
firing rate was divided by the amount of current injected. Sag was calcu-
lated by subtracting the average membrane potential during the first
50 ms of hyperpolarizing current (—50 pA) from the voltage during the
last 100 ms of the step. The adaptation ratio was obtained by dividing
the mean interspike intervals (ISIs) during the last 200 ms of spiking by
the mean ISIs during the first 200 ms of spiking.

Calcium imaging data acquisition

Animal habituation. Following full recovery from the second sur-
gery, animals were habituated to being head fixed and running on a 3D
treadmill. The mice were habituated for 5, 10, 15, and 20 min/d, respec-
tively, for 4 d.

Image acquisition with scientific complementary metal-oxide-semi-
conductor cameras. Animals were positioned underneath the micro-
scope, and imaged while freely navigating the spherical treadmill. Image
acquisition was performed via custom microscope equipped with a sci-
entific complementary metal-oxide-semiconductor (sCMOS) camera
(ORCA-Flash4.0 LT Digital CMOS camera C11440-42U, Hamamatsu).
GCaMPof fluorescence excitation was accomplished with a 5 W LED
(460 nm; model LZ1-00B200, LED Engin). Custom microscope included
a Leica N Plan 10 x 0.25 PHI microscope objective lens, a dual-band ex-
citation filter (catalog #FF01-468/553-25), a dichroic mirror (catalog
#FF493/574-Di01-25 x 36), and a dual-band emission filter (catalog
#FF01-512/630-25, Semrock), and a commercial SLR lens focused to in-
finity as the tube lens (80-200 mm /4 AlI-s Zoom NIKKOR lens, Nikon).

A custom MATLAB script was used to trigger frame capture and to
synchronize the acquisition of image data with movement information.
TTL (transistor-transistor logic) trigger pulses were delivered to the
camera using a common input/output interface (catalog #USB-6259,
National Instruments). Image acquisition was performed using HC
Image Live (Hamamatsu). Because triggering was initiated using a
MATLAB software loop, the exact sampling intervals varied based on
demands of the Windows 7 operating system. In general, the sampling
rate was ~20Hz. For each image frame, exposure time was fixed at
20 ms. Image data were stored as the multipage tagged image file format
(mpTIFF). For a recording session of 20 min, ~48 GB of image data
were stored, spreading across 12 mpTIFF video files. The acquisition
software was configured to buffer all frames in computer RAM during
image acquisition to optimize acquisition speed. For each animal, full-
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session recordings of GCaMP6f fluorescence (20 min) were performed
using the specifications noted above.

Movement data acquisition. The spherical treadmill was constructed
following the design of Dombeck et al. (2007). Briefly, the treadmill con-
sisted of a 3D printed plastic housing and a Styrofoam ball supported
with air. Movement was monitored using two computer USB mouse
motion sensors affixed to the plastic housing at the equator of the
Styrofoam ball. Each mouse sensor was mounted 3-4 mm away from
the surface of the ball to prevent the interference of ball movement. The
LED sensors projected on the ball surface 78° apart. The x- and y-surface
displacement measured by each mouse sensor was acquired using a sepa-
rate computer running a Linux OS (minimal CentOS 6). A multi-
threaded python script that asynchronously reads and accumulates
mouse motion events was used to send packaged <dx,dy> data at
100Hz to the image acquisition computer via a RS232 serial link.
Motion data were received on the imaging computer using a MATLAB
script that stored the accumulated <dx,dy> between frame triggers
synchronized to each acquired image frame.

Calcium imaging data analysis

Motion correction, manual ROI selection, and AF/F time series calcu-
lation. Motion correction was performed using a custom python script
as described in previous studies (Mohammed et al., 2016; Gritton et al.,
2019). We first performed a series of image processing procedures to
enhance the contrast and the characters of the image. Specifically, for
each imaging session, we first generated a reference image by projecting
the mean values of every pixel in the first mpTIFF video file saved con-
taining ~2000 image frames. We then enhanced the contrast of the
reference image and each frame as following. We removed the low-fre-
quency component (potential nonuniform background) with a Gaussian
filter (python scipy package, ndimage.Gaussian_filter, o = 50). We then
enhanced the boundaries of the high-intensity areas to sharpen the
image. In brief, we low-pass filtered the image with a Gaussian filter
twice at two levels (o =2 and then 1). The intensity differences in two fil-
tered images, which represent the boundaries of high-intensity areas,
were multiplied by 100 and added back to the first low pass-filtered
image (0 =2), resulting in a boundary-sharpened image. Finally, to pre-
vent the potential bleaching that may affect the overall intensity of the
whole image, we normalized the intensity of each image by shifting the
mean intensity to zero and dividing by the SD of the intensity. We then
obtained the displacement between the location of the maximum coeffi-
cient and the center of the image by calculating the cross-correlations
between the enhanced reference image and each enhanced frame. For
each frame, the shift that countered the displacement was then applied
to the original unenhanced image to complete the motion correction.

We then manually selected ROISs, using the maximum-minus-mean
image for each GCaMP6f recording session. The center of each neural
soma was registered using a circle with a radius of 6 pixels, correspond-
ing to 7.8 um. Raw fluorescence traces for each ROI were then extracted
from motion-corrected video using a custom MATLAB script. For each
ROI, we also normalized the trace by shifting the mean value to zero and
scaling so that the maximum intensity equals 100%.

Calcium event identification and waveform calculations. Because of
the baseline shift of GCaMP6f fluorescence during each calcium imaging
session, and the heterogeneity of signal quality among different ROIs
within each field of view, it is difficult to detrend each fluorescence trace
without affecting calcium event waveforms. Thus, we identified calcium
waveforms using frequency domain features of the GCaMP6f fluores-
cence traces, where each calcium event is associated with an increase in
low-frequency power (<2Hz), because of the time constant of GCaMP6f
responses.

We first calculated the spectrogram from raw fluorescence traces
(MATLAB chronux, http://chronux.org/; mtspecgramc with tapers =
[2 3] and window=[1 0.05]), and averaged the oscillatory power <2 Hz.
To detect any significant changes in power, we calculated the change in
the power at each time point and identified all positive outliners corre-
sponding to increases in power (MATLAB function “isoutliner”). For
outliners that occurred at consecutive time points, we chose the first out-
liner as the onset of the power change. We then determined the offset of
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the power change as the first time point where the power decreases. We
then mapped the onset and the offset time points of the power change
back to the raw fluorescence traces for calcium event detection. We first
identified the peak of each calcium event. Briefly, we examined the time
points from the offset of the power change, to the second time point
when the raw fluorescence trace decreased. Within this time window, we
identified the peak fluorescence as the peak of a calcium event. The onset
of a calcium event is determined as the time point when the raw fluores-
cence is at the minimum between the power change onset event and the
calcium event peak. We excluded calcium events with an amplitude (the
signal difference between the peak and the onset) <3 SDs of the fluores-
cence trace in a 10 s time window before the calcium event onset. In a
few occasions, our event detection procedure may detect the same event
more than once; therefore, we further refine the results by combining
events that share overlapping time points.

To calculate the rise and fall time of the calcium event of each ROI,
we first aligned all calcium events to their peak and averaged the traces
within 5 s before and after the peak as the representative waveform
(length, 10 s). The rise and fall times were then determined using the
representative calcium waveform for each ROL The rise time is defined
as the time from the time point when the intensity increases above
threshold, defined as 1 SD above the mean intensity during the 10 s win-
dow, to the peak of the waveform. The fall time is the time between the
peak and the time point when the intensity dropped below the threshold.
We excluded any ROIs that did not have well defined rise or fall times,
such as the trace of the waveform did not fall below threshold after peak.

The size of each calcium event is calculated as the area of each cal-
cium waveform above the threshold, calculated as described at each
waveform of a given ROI and then averaged across all calcium events for
a given ROL

Pairwise correlation analysis between neuron pairs. We first binar-
ized the calcium intensity trace by converting the time points within the
rising phase of a calcium event (from event onset to peak, as identified
above) to ones, and all other time points to zeros. The pairwise correla-
tion coefficient from neuron A to neuron B is defined as the time points
sharing ones in both A and B, divided by the number of total time points
of ones in A. To obtain the representative pairwise correlation coefficient
for each neuron, we averaged the pairwise correlation coefficient from
the neuron to every other neuron.

Movement data analysis

Spherical treadmill calibration. To map the Styrofoam ball move-
ment to actual mouse linear velocity, we first calibrated the ball. We
pinned the two sides of the ball at the equator perpendicular to each of
the two computer mouse sensors, and then rotated the ball over a fixed
distance perpendicular to the sensor to obtain the translation factors for
calculating physical distance. The two computer mouse sensors were
calibrated separately. Each computer mouse sensor reading was com-
posed of a vertical reading and a lateral reading.

Linear velocity calculation. We calculated the linear displacement of
the animal in two perpendicular directions. One direction (y-axis of ani-
mal movement) is calculated from the vertical reading of one sensor.
The other direction (x-axis of animal movement) is calculated from the
vertical readings of both sensors, using the following equations:

L—Rcos @
sin 6

Y =R

Where L is the vertical reading from the left sensor, R is the vertical
reading from the right sensor, and 6 is the angle between the two sen-
sors relative to the center of the ball that was fixed at 78°. The changes in
linear distance were computed as follows: D = (X2+Y?)*...D is the
change in linear distance between two data sampling points, where each
reading is triggered by TTL pulses as described above. To compute linear
velocity, we divided the linear distance over time between sample points.
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Identification of sustained periods of movement with high and low
speed. We identified periods of high versus low linear speed similar to
that described by Gritton et al. (2019). Briefly, we first smoothed each
linear velocity trace using a low-pass Butterworth filter with a low-pass
frequency of 1.5Hz and then identified the time periods at which the
smoothed linear velocity exceeded 5 cm/s for at least 1 s (MATLAB com-
mands “butter” and then “filtfilt” for zero-phase filtering). These periods
were considered to be periods of movement with high speed. Similarly,
periods during which the smoothed linear velocity of the mouse stayed
at <5cm/s for at least 1 s were considered periods of movement with
low speed. If a period overlapped with the first or the last data point of a
recording session, it is excluded from further analysis, because of the
uncertainty of the start or the end of the period.

Calcium event properties across cell types during different movement
periods. Calcium events considered to be in the high-speed or low-speed
movement periods were used for event rate and pairwise correlation cal-
culations as long as the onset of a calcium event occurred during one of
these time periods. Calcium event properties (event rate and pairwise
correlation) were averaged for each ROI, and the differences between
high- and low-speed time periods were assessed using a paired t test
across all neurons.

Immunohistology

After the conclusion of in vivo calcium imaging recordings, animals
were perfused with 4% PFA (except for animals used for slice electro-
physiology). Brains were postfixed in 4% PFA at room temperature for
3 h, cryoprotected in 30% sucrose, then flash frozen in OCT (optimal
cutting temperature) compound. Frozen brains were sectioned (coronal)
at 50 um on a cryostat, and slices were stored in PBS + 0.05% sodium
azide. Brain slices were stained with antibodies against CaMKIIa (1:50;
catalog #sc-13 082, Santa Cruz Biotechnology), followed by Alexa Fluor
633 goat anti-rabbit or goat-anti-guinea pig secondary antibody (1:1000;
catalog #A21071 or #A21105, Thermo Fisher Scientific). All stained
brained slices were imaged via confocal microscopy.

Confocal imaging and quantification

Confocal imaging was performed on an Olympus FV1000 scanning con-
focal microscope, using a 10x lens or a 60x water-immersion lens.
Z-stacks were taken by imaging at 2 um intervals throughout the 50 pm
slices. Consistent laser settings were used for all imaging sessions, as fol-
lows: 488 nm laser 3.5%, 350 V; 543 nm laser 13%, 600 V; and 633 nm
laser 5%, 600V. GCaMP6f" and/or mRuby2 " cell bodies were first iden-
tified throughout the stack, then categorized as immunopositive or
immunonegative for specific antibody makers. Immunopositive cell
counts were pooled across slices stained for the same marker for each
animal and normalized to the total Lm128C cell count across those sli-
ces. In this way, the proportion (percentage) of Lm128C cells that coloc-
alize with each immunomarker was calculated independently. For each
animal, we analyzed at least one to four nonoverlapping confocal stacks
from two to six slices.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request. Viral vector sequences are available
from GenBank (accession numbers: MW139899 for AAV-CaMKII-
mRuby2-4X128-mAGNET; MW139900 for AAV-CaMKII-GCaMP6f;
and MW 139901 for AAV-CaMKII-GCaMP6{-4X128-mAGNET).

Results

Viral labeling of a sparse population of CaMKIIa" and low
in miR-128 expression brain cells (Lm128C cells)

CaMKIIa has conventionally been used as a cell type-specific
marker gene for excitatory neurons in the cortex (Benson et al,,
1992; Jones et al., 1994; Han et al., 2009; Nathanson et al., 2009;
Han, 2012; Liu and Murray, 2012), and cortical CaMKIla" neu-
rons have been shown to express miR-128 at a high level (He et
al.,, 2012). However, when we incorporated miR-128 target sites
in our earlier mAGNET designs, we consistently observed a
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small fraction of labeled CaMKIIa ™ neurons, indicating a lack of
miR-128 expression in these CaMKIla" neurons (Sayeg et al.,
2015). These results suggest that CaMKIIa " cells can be further
divided into subtypes based on their miR-128 expression levels.
To characterize this unique neuron subset that is CaMKIIa™
and low in miR-128 expression (low-miRNA-128 CaMKIl«
cells, Lm128C cells), we designed an AAV-Lm128C-mAGNET
viral construct. AAV-Lm128C-mAGNET uses a 1.3kb mouse
CaMKIIa promoter (Dittgen et al., 2004) and contains four
repeats of the miR-128 target site (perfectly complimentary to
the mouse miR-128 consensus sequence) within the 3" UTR of
the transgene (Fig. 1A,B). Using this Lm128C-mAGNET design,
all infected CaMKIIa " cells produce mRNA transcripts because
of the chosen promoter. However, in cells with a naturally high
expression of miR-128, gene transcripts are knocked down,
whereas in cells with low levels of miR-128, gene transcripts sur-
vive to be translated.

To statically label Lm128C neurons, we delivered a red fluo-
rescent reporter mRuby2 in the AAV-Lm128C-mAGNET viral

vectors (Fig. 14,B). Additionally, to facilitate in vivo calcium ac-
tivity recordings from either Lm128C neurons or the overall
CaMKIIa™ population, we also codelivered another AAV bear-
ing the calcium indicator GCaMP6f under the regulation of
the CaMKIla promoter, with or without the cassette of miR-
128 binding sites (Fig. 1A4,B). CaMKIla mice were injected
with AAV-CaMKIla-GCaMP6f-Control (Fig. 1A) to label all
CaMKIIa " neurons with GCaMP6f. Lm128C mice were injected
with AAV-Lm128C-GCaMP6f-mAGNET (Fig. 1B) to label only
Lm128C neurons with GCaMP6f. Both groups were also coin-
jected with AAV-Lm128C-mRuby-mAGNET to label Lm128C
cells with mRuby2. All injections consisted of ~600pul of a 1:1
virus mixture (1E9 vg/virus) in superficial motor cortex (Fig. 1C).
At the conclusion of in vivo experiments, we processed the
brain tissue and characterized mRuby2-labeled Lm128C cells
via confocal microscopy. We found that Lm128C neurons are
sparsely distributed across all cortical layers in mouse motor
cortex (Fig. 1E,F). Staining with an anti-CaMKIIa antibody
showed that 99 £ 1% of Lm128C neurons expressed CaMKIIa
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Single-cell sequencing analysis of Lm128C cells. A, Heat map showing gene expression values for individual Lm128C cells in mouse motor cortex slices using the Patch-seq tech-

nique (n=18). Color in top bar indicates the subclass that each cell maps to, and the corresponding dendrogram. Orange, SST; red, PV; green, glutamatergic (Glu). B, Representative electro-
physiology traces from cells that map to SST, PV, and glutamatergic subclasses. One-second-long current injections to hyperpolarized potentials show passive properties, while spike train
properties are shown with injections for each cell 60 pA above rheobase. C, Box plots of population electrophysiology responses. Top, Fl gain, calculated as the change in firing frequency from
lowest firing rate to highest firing rate, divided by the current injected. Middle, Rate of spike decay, calculated as the time from peak voltage to the minimum value of the first derivative of
voltage. Bottom, Spike half-width, calculated as the time between the two midpoints of the spike waveforms. Individual data points for each cell are overlaid, with color corresponding to the
same mapping as in A and B, with gray indicating cells without successful transcriptomic processing.

(Fig. 1D,G), confirming that CaMKII« promoter exclusively la-
beled CaMKIIa-expressing neurons. We then further quantified
the percentage of GCaMP6f-expressing cells (overall CaMKITa ™
neurons) that also expressed mRuby2 (Lm128C marker) in
CaMKII« animals (7 = 1334 cells from five mice) and found that
Lm128C neurons constitute 8 + 2% of the overall CaMKIla"
neuron population (Fig. 1E,G). Similar colocalization analysis in
Lm128C animals revealed that 98 == 2% of GCaMP6f-expressing
neurons (Lm128C marker) also expressed mRuby2 (Lm128C
marker; n=347 cells from five mice), confirming that coinjected
AAVs transduced nearly all of the same cells (Fig. 1F,G).

Single-cell transcriptomic analysis reveals that Lm128C cells
express CaMKIIx and GABA transporters, and can be
mapped to mainly parvalbumin-expressing or somatostatin-
expressing subtypes

To assess the gene expression patterns and the corresponding
physiological properties of Lm128C cells, we performed single-
cell mRNA sequencing of Lm128C cells. We injected mice with
AAV-Lm128C-GCaMP6f-mAGNET in the superficial motor
cortex region and performed patch-seq analysis of GCaMP6f "
Lm128C cells. We found that 16 of the 18 cells transcriptomically
analyzed were GABAergic, expressing glutamate decarboxylase
genes [glutamic acid decarboxylase-1 (GAD1) and GAD2], and

the GABA transporter gene Slc6al (Fig. 24). Two of the 18 cells
analyzed exhibited low levels of expression of Slc17a7, a vesicular
glutamate transporter gene, indicative of excitatory nature. Based
on the gene clusters generated in our previous study using the
single-cell RNA-seq dataset in the mouse visual cortex (Tasic et
al., 2018), the GABAergic Lm128C neurons mapped to the so-
matostatin (SST)-expressing (11 cells) or PV-expressing (5 cells)
branches of the transcriptomic tree. The electrophysiological
features obtained in these neurons are in general consistent
with the faster spiking properties of these interneuron subtypes
(Fig. 2B,C).

Consistent with our antibody staining and colocalization
analysis with CaMKIl« (Fig. 1D,G), all but one cell analyzed con-
tained significant levels of CaMKIIaw mRNA. miR-128 has been
shown to regulate the expression of several ion channels that
govern membrane excitability (Tan et al., 2013); thus, we focused
our analysis on these genes. We observed consistent expression
of most ion channel genes that have been shown to be regulated
by miR-128, and are known to regulate membrane excitability,
such as Cacnala/b/c/d and Cacna2d3 (families of voltage-gated
calcium channels), Keng2/3 (potassium channels), and Scnla/
1b/2b (sodium channels; Fig. 2A). The presence of these proteins
that are known to be negatively regulated by miR-128 confirmed
that Lm128C cells are indeed low in miR-128 expression.
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Together, these results demonstrate that Lm128C cells exhibit
electrophysiological and transcriptomic features consistent with
a population of inhibitory interneurons, including both PV and
SST subtypes, and with gene expression profiles consistent with
low miR-128 expression.

Lm128C neurons exhibit biophysical properties that are
characteristic of fast-spiking interneurons

To further characterize the biophysical properties of Lm128C
cells, we performed two-photon guided patch-clamp electro-
physiological recordings in motor cortex brain slices prepared
from mice previously used for in vivo calcium imaging experi-
ments. We identified CaMKII« cells as those only positive
for GCaMP6f, and Lm128C cells as those positive for both
GCaMP6f and mRuby2 (as detailed in Fig. 1A). Electro-
physiology analysis was performed on neurons in the superficial
cortex region, primarily layer 2/3 cells that can also be analyzed
using wide-field calcium imaging. We measured the voltage
responses to step current injections in both CaMKIlI« (Fig. 3A,
blue) and Lm128C cells (Fig. 3A, orange). The slope of the spike
frequency-current (F-I) relationship was significantly steeper
for Lm128C cells (Fig. 3B), suggesting heightened membrane
excitability. Additionally, Lm128C cells exhibit narrower spike
half-width, and faster spike decay rate than the overall CaMKII«
cell population (Fig. 3Ci). Increased excitability, narrower spikes,
and greater afterhyperpolarization are characteristics of fast-spik-
ing interneurons. Together, these results further confirm that the
electrophysiological properties of the overall CaMKIl« cells are
consistent with those typically observed in pyramidal cells,
whereas the properties of Lm128C neurons are consistent with

those typically observed in fast-spiking interneurons (McCormick
et al., 1985; Suter et al., 2013; Gonzalez-Sulser et al., 2014; Ferrante
et al,, 2017). miR-128 has been shown to regulate the expression
of several ion channels and signaling components of the extracel-
lular signal-regulated kinase 2 network that governs neuronal
excitability, and deficiency in this miRNA impacts motor function
(Tan et al., 2013). The observed elevated membrane excitability in
Lm128C neurons, with naturally low levels of miR-128 expression,
is consistent with the role of miR-128 in regulating membrane
excitability.

Lm128C interneurons regardless of PV expression have
fast-spiking biophysical profiles similar to that of PV ™
interneurons

Single-cell sequencing analysis suggested that Lm128C neurons
can be mapped to either the PV or the SST subtype based on
their transcriptomic properties (Fig. 2). To further assess bio-
physical differences between the two subclasses of Lm128C cells,
we performed patch-clamp recording in PV-tdTomato mice
injected with AAV-Lm128C-GCaMP6f-mAGNET (n=4), and
PV-cre mice (n=3) injected with both AAV-flex-tdTomato and
AAV-Lm128C-GCaMP6f-mAGNET. In both cases, PV cells
expressed tdTomato. Lm128C/PV ™ neurons, presumable SST-
mapped Lm128C cells, are positive for GCaMP6f and negative
for tdTomato, LM128c/PV " neurons are positive for both
GCaMPéf and tdTomato, and PV cells are positive for tdTomato
and negative for GCaMP6f. Electrophysiology results revealed that
all three populations exhibited steep F-I curves, narrow spike
shapes, and large afterhyperpolarizations following the repolariza-
tion of spikes (Fig. 4B,C), consistent with the fast-spiking features,
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Figure 4. Electrophysiological properties of Lm128C interneuron subtypes. A, Representative voltage responses (top) of a PV interneuron (navy), an Lm128C neuron positive for PV
(Lm128C/PV ™, orange), and an Lm128C neuron negative for PV (Lm128C/PV", yellow), to stepped current injections (bottom). Bi, Fl for each neuron recorded (n = 10 neurons for PV n=9
for LM128C/PV™, and n=7 for Lm128C/PV"). Bii, Fl gain for the three neuron groups, calculated as the change in firing frequency from the lowest firing rate to the highest firing rate divided
by the amount of current injected. C, Sag for the three neuron groups. D, Adaptation ratio for the three neuron groups (:p = 0.03). Ei, Representative average spike shapes of the three neuron
populations. Eii, Spike half-width, calculated as the time between the two midpoints of the spike waveforms. Eiii, Rate of decay, the time from peak voltage to the minimum value of the first
derivative of voltage. p Values were calculated using two-tailed unpaired Student’s ¢ test, NS, not significant.

and that observed in Figure 3. Lm128C neurons, both Lm128C/
PV~ and LM128C/PV " subtypes, appear to have slightly narrower
spikes than PV ™" neurons; however, the difference is not significant
(Fig. 4C). Together, these results demonstrate that Lm128C cells ex-
hibit fast-spiking electrophysiological properties that are tradition-
ally associated with GABAergic PV " interneurons.

Although both PV and SST cells can exhibit a fast-firing and
narrow spike shape phenotype, previous studies have demon-
strated that these two cell types can be differentiated by two addi-
tional electrophysiological features, the adaptation ratio (Large et
al,, 2016) and the membrane voltage sag (Yavorska and Wehr,
2016). We estimated the membrane voltage sag associated with a
step hyperpolarization as the absolute difference between the
steady-state decrease in voltage and the largest decrease in

voltage following a hyperpolarizing current step. Specifically,
sag is calculated as the average voltage during the first 50 ms
in response to a —50 pA current injection, subtracted from
the last 100 ms of the —50pA current injection step. We
found no differences among the three groups in terms of the
size of the membrane voltage sag (Fig. 4C). In contrast, the
adaptation ratio, calculated as the ratio of interspike intervals
during the last 100 ms of spiking divided by the first 100 ms
of spiking, was significantly greater in LM128C/PV~ cells
than in LM128C/PV ™" neurons (Fig. 4D), consistent with pre-
vious observations in SST cells (Large et al., 2016). Together,
these results further support the Patch-seq transcriptomic
results that Lm128C cells are predominantly inhibitory neu-
rons of the PV and SST subtypes.
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Figure 5. I vivo calcium imaging of overall CaMKIlcx and Lm128C neurons in motor cortex. A, Schematic of an imaging window and a head bar implanted on the mouse head. B, In vivo

calcdum imaging paradigm: animals were awake and head fixed under the imaging microscope during voluntary locomotion on a spherical treadmill. Two USB motion sensors were used for
movement tracking. ¢, Custom GCaMP6f imaging setup with an SCMOS camera. D, Experimental timeline for both the CaMKllox and Lm128C mice groups. E, Representative wide-field images
from in vivo calcium imaging recordings (maximum—mean pixel intensity across all frames) for a CaMKllae mouse (left) and an Lm128C mouse (right). Top, GCaMPéf fluorescence. Bottom,
GCaMPé6f fluorescence overlaid with manually identified ROIs corresponding to individual GCaMP6f-expressing neurons. F, Representative calcium traces (top) and waveforms (bottom) from a
(aMKllex neuron (left) and an Lm128C neuron (right). Black traces (bottom) represent the average event waveform, and the red line indicates the average activation threshold. G-J, Calcium
event rate (@), event rise time (H), and fall time (/), and intrapopulation pairwise correlation for the overall CaMKIla: population and Lm128C neurons (J). Bar plots represent the mean = SD
across recording sessions (n = 10 recording sessions for each group, 2 recording sessions/mouse; n =5 mice/group), p values were determined via a two-tailed unpaired Student’s ¢ test.

Lm128C cells exhibit distinct calcium event dynamics, event
rate, and pairwise correlation during locomotion compared
with overall CaMKII« neurons in mouse motor cortex

To illustrate the utility of the mAGNET labeling strategy in func-
tional analysis of neurons during behavior, we performed
calcium imaging from Lm128C versus overall CaMKIIa cell pop-
ulations in mice during locomotion. Since Lm128C cells com-
prise a minor fraction (~8%; Fig. 1G) of the neurons labeled in
CaMKIIe animals, the effects observed in CaMKII« animals are
primarily dominated by neurons with high levels of miR-128.
Thus, our labeling scheme allows us to differentiate the physio-
logical differences between neurons with high and low levels of
miR-128 expression.

The experimental timeline for in vivo calcium imaging
recordings is summarized in Figure 5D. First, mice were coin-
jected with a combination of AAVs (Fig. 1A,B), including the ge-
netically encoded calcium indicator GCaMPé6f targeted either to
the population of overall CaMKIIa neurons (“CaMKIIe” ani-
mals) or specifically to CaMKIIa neurons with low miR-128
(“Lm128C” animals) using the AAV-Lm128C-mAGNET vector
(Fig. 1A,B). We later implanted a head bar and an imaging win-
dow centered over the injection site in motor cortex (Fig. 5A).
During in vivo calcium imaging, mice were awake, head fixed,
and engaged in voluntary locomotion on a spherical treadmill

(Dombeck et al., 2007; Mohammed et al., 2016; Gritton et al.,
2019) positioned under a wide-field fluorescence microscope
(Fig. 5B,C).

We motion corrected GCaMP6f fluorescence videos, man-
ually selected ROIs from the maximum mean fluorescence inten-
sity images (Fig. 5E), extracted the normalized fluorescence
intensity traces for these ROIs, and identified individual calcium
events. Consistent with the trend observed in the postfixed brain
slices (Fig. 1), recordings from CaMKIla mice contained as
many as approximately six times the number of GCaMP6f-
expressing neurons as recordings from Lm128C mice (Fig. 5E,
compare right, left). We found that the calcium event rate was
significantly elevated for Lm128C neurons, compared with the
overall CaMKII« population (Fig. 5G). In addition, the durations
of calcium events were significantly shorter for Lm128C neurons
compared with the CaMKII« population, with faster rise and fall
times (Fig. 5F,H,I), suggesting that these neurons exhibit faster
intracellular calcium dynamics. Furthermore, Lm128C neurons
show significantly elevated pairwise correlation with other
Lm128C cells when compared with the correlation among the
overall population of CaMKIla neurons (Fig. 5]). Overall, the
features exhibited by Lm128C neurons in behaving mice, includ-
ing elevated event frequency, faster event dynamics, and greater
synchrony, are typically associated with nonpyramidal interneu-
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Figure 6. Differential modulation of calcium activity by movement speed in the overall CaMKIl
mouse movement speed and corresponding calcium traces during a recording session, for a CaMK
in red, and periods of low-speed movement are highlighted in green. B-D, Event rate (events per

« population and Lm128C neurons in the motor cortex. A7, A2, Representative examples of
lae mouse (A7) and a Lm128C mouse (A2). Periods of high-speed movement are highlighted
minute; B), event size (area under the curve; (), and intrapopulation pairwise correlation (D)

during periods of high-speed and low-speed movement for the overall CaMKllce population and Lm128C neurons. Bar plots present the mean == SE (CaMKIlx: n = 1850 neurons for B and D,

n=1659 neurons for C, Lm128C: n =330 neurons for B and D, n =322 neurons for C; n=>5 mic
NS, not significant.

rons in the cortex (Chen et al., 1996; Hu and Agmon, 2015), con-
sistent with our Patch-seq transcriptomic analysis and electro-
physiological characterizations in brain slices (Figs. 2-4).

Lm128C cells are distinctly modulated by movement

compared with overall CaMKIIa neurons during locomotion
Because motor cortex neurons are known to be modulated by
movement, we examined whether the overall CaMKII« neurons
and Lm128C neurons exhibit distinct relationships with move-
ment parameters. We identified periods when mice were moving
at high speed (>5 cm/s for at least 1 s) versus at low speed (<5
cm/s for at least 1 s) and compared calcium responses of the
overall CaMKII« cells and Lm128C neurons during these time
periods (Fig. 6A). We found that Lm128C neurons exhibited
significantly elevated event rate during periods of high-speed
movement, whereas the overall CaMKIla neuron population
exhibited similar event rates during both periods (Fig. 6B). In
addition, both the overall CaMKIla population and Lm128C
neurons exhibited larger event size, calculated as the area under
the waveform, during high-speed movement compared with that
during low-speed movement (Fig. 6C). These results are consist-
ent with the general observation that many motor cortex neu-
rons increase their activity when movement is more rigorous
(Armstrong and Drew, 1984; Ebina et al., 2018). The fact that
Lm128C neurons showed a significant increase in event rate, but
not the overall CaMKIla neuron population, may be related to
the fact that Lm128C neurons have shorter event duration.
Interestingly, we also found that the overall CaMKII« population
exhibited greater pairwise correlation during high-speed move-
ment compared with that during low-speed movement, whereas

e for CaMKllx group, and n=5 mice for Lm128C group; two-tailed paired Student’s ¢ test),

Lm128C cells showed no change in pairwise correlation (Fig.
6D). Together, these results demonstrate that the overall
CaMKIIa population and Lm128C neurons were both positively
modulated by movement speed. The overall CaMKIIa popula-
tion could further increase their intrapopulation correlation
when movement speed increases, whereas Lm128C neurons
showed no change in correlation when movement speed changes.

Discussion

We here demonstrate a novel viral gene expression strategy,
using mMAGNET designs, combinatorial with traditional promo-
tor-based strategies, for targeted gene expression in neurons with
specific endogenous miRNA expression profiles. This strategy
enables in vivo labeling and functional characterization of unique
neuron populations. Using this viral strategy, we labeled a sub-
type of CaMKIla" inhibitory interneurons on the basis of
miRNA profile (low miR-128) and illustrated their unique elec-
trophysiological and calcium activity patterns in mouse motor
cortex. This study provides direct evidence that CaMKIle is pres-
ent in a set of inhibitory neurons, and identified a novel neural
subtype characterized on the basis of miRNA profile in vivo.
Importantly, this study opens the door for a new avenue of study-
ing cells with distinct expression profiles through miRNA regula-
tion. As single-cell analysis tools provide increasing insight into
the gene expression diversity of neurons, including miRNA profile
data, we expect that miRNAs will emerge as important cellular
markers. Furthermore, as the regulation networks of individual
miRNAs are further explored, this will in turn allow the design of
mAGNETS to delineate unique neuron subtypes whose physiolog-
ical properties can be readily related to the miRNA gene regula-
tory networks dictated by the classification method.
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We designed mAGNET AAV viral vectors containing the
CaMKIIa promoter to label a subset of CaMKIIa" neurons with
naturally low expression of miR-128 (low-miRNA-128 CaMKII«
cells, Lm128C cells). CaMKII is a serine/threonine kinase essential
for synaptic plasticity and memory, and a major component of the
postsynaptic density in many neurons (Herring and Nicoll, 2016).
The @ subunit (CaMKIl«) is generally regarded as a marker gene
for pyramidal excitatory neurons in the mammalian cortex
(Benson et al., 1992; Jones et al., 1994; Han et al., 2009; Nathanson
et al,, 2009; Han, 2012; Liu and Murray, 2012), although little is
known about the gene expression diversity among cortical
CaMKIla" neurons. Among the miRNAs expressed in mamma-
lian neocortical CaMKIIa* neurons, miR-128 has been shown to
be the second most highly expressed (He et al., 2012) and, overall, is
one of the most abundant miRNAs in the mammalian brain
(Lagos-Quintana et al., 2002). This miRNA has been shown to regu-
late gene networks that govern neuronal excitability(Tan et al.,
2013), and the fast-spiking feature observed in Lm128C cells is con-
sistent with the role of miR-128 in regulating membrane excitability.
Thus, miRNA-based viral vector designs integrating miRNA regula-
tion and promoter sequences represent a novel strategy to study the
functions of cells with more defined gene expression profiles.

It is interesting to observe the expression of CaMKIla in
GABAergic cortical interneurons, whose properties have not
been specifically characterized previously. Over the years, in situ
hybridization and immunolabelling of CaMKII« and Gadl (the
rate-limiting enzyme for GABA production) in the mammalian
cortex have suggested that these proteins are expressed in mutually
exclusive cells (Benson et al., 1992; Jones et al., 1994). For these rea-
sons, CaMKII« has come to be associated with cortical excitatory
cells. The fact that we found a small, yet distinct, population of cort-
ical inhibitory neurons that express CaMKIla demonstrates that
CaMKlle is not as specific for excitatory neurons as commonly
believed. Although CaMKIIe has been associated with principal
excitatory neurons in the mammalian cortex, its primary function
in mediating postsynaptic long-term potentiation is not inherently
specific to excitatory neurons (Herring and Nicoll, 2016). While
extensive work has been directed toward the involvement of
CaMKII at excitatory synapses, this does not preclude the expres-
sion of CaMKII in interneurons.

Similarly, PV has been widely adopted as a marker gene for a
subset of GABAergic cells known as fast-spiking interneurons
(Celio, 1986) and has therefore been assumed to not express
CaMKIIa. However, CaMKIIa and GAD are known to colocal-
ize in neurons within some brain regions, such as the stria termi-
nalis and cerebellum (Benson et al, 1992; Liu and Murray,
2012). Several recent studies suggest that there may be greater
heterogeneity and overlap between cortical neurons expressing
traditional excitatory and inhibitory genetic markers than previ-
ously thought. For example, Nathanson et al. (2009) reported
that some GAD67 " neurons were labeled in mouse somatosen-
sory cortex with the CaMKII« promoter delivered from an AAV2.1
vector, although they did not further characterize these cells.
Furthermore, single-cell transcriptomic profiling of cortical neurons
has recently been used to identify seven transcriptionally distinct
subsets of PV" neurons in mouse primary visual cortex and
acknowledged the existence of cells that coexpress a combination of
markers including the excitatory marker Slc7a7 as well as the inhibi-
tory markers Gadl, Gad2, and PV (Tasic et al., 2016).
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