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Abstract

In cortical circuits, the vasoactive intestinal peptide (VIP+)-expressing GABAergic cells represent a heterogeneous but
unique group of interneurons that is mainly specialized in network disinhibition. While the physiological properties and
connectivity patterns have been elucidated in several types of VIP+ interneurons, little is known about the cell type-specific
molecular repertoires important for selective targeting of VIP+cell types and understanding their functions. Using patch-
sequencing approach, we analyzed the transcriptomic profile of anatomically identified subiculum-projecting VIP+ GABAe-
rgic neurons that reside in the mouse hippocampal CA1 area, express muscarinic receptor 2 and coordinate the hippocampo-
subicular interactions via selective innervation of interneurons in the CA1 area and of interneurons and pyramidal cells in
subiculum. We explored the VIP+ cell gene expression within major gene families including ion channels, neurotransmitter
receptors, neuromodulators, cell adhesion and myelination molecules. Among others, a large variety of genes involved in
neuromodulatory signaling, including acetylcholine (Chrna4), norepinephrin (Adrb1), dopamine (Drd1), serotonin (Htrld),
cannabinoid (Cnrl), opioid (Oprdl, Opril) and neuropeptide Y (Npylr) receptors was detected in these cells. Many genes
that were enriched in other local VIP+ cell types, including the interneuron-selective interneurons and the cholecystokinin-
coexpressing basket cells, were detected in VIP+ subiculum-projecting cells. In addition, the neuronatin (Nnat) and the
Purkinje Cell Protein 4 (Pcp4) genes, which were detected previously in long-range projecting GABAergic neurons, were
also common for the subiculum-projecting VIP+cells. The expression of some genes was validated at the protein level, with
proenkephalin being identified as an additional molecular marker of this VIP+cell type. Together, our data indicate that the
VIP+ subiculum-projecting cells share molecular identity with other VIP+ and long-range projecting GABAergic neurons,
which can be important for specific function of these cells associated with their local and distant projection patterns.
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Introduction

Electronic supplementary material The online version of this Understanding brain computations requires a detailed analy-
article (https://doi.org/10.1007/s00429-019-01883-z) contains sis of single neurons, from gene expression to cell-specific
supplementary material, which is available to authorized users. network and behaviour function. GABAergic inhibitory
interneurons constitute one of the most heterogeneous
neuronal populations in cortical networks, as dozens of
different interneuron types with specific morphological
Department of Biochemistry, Microbiology and physiological properties have been described so far
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2010). While some interneuron types (e.g., parvalbumin-
expressing basket or somatostatin-positive Martinotti cells)
have been well characterized at a structural and functional
level, the other rare types remain unstudied. This is par-
ticularly the case for the vasoactive intestinal peptide-
expressing (VIP+) interneurons that derive from the
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caudal ganglionic eminence (CGE) (Miyoshi et al. 2015)
and account for ~ 10-15% of GABAergic interneurons in
the neocortex (Gonchar et al. 2007). Recent findings high-
lighted the critical role of VIP+ interneurons in regulating
complex behavioural tasks, such as reward-associated learn-
ing, visual processing and locomotion through local network
disinhibition (Lee et al. 2013; Pi et al. 2013; Fu et al. 2014,
Ayzenshtat et al. 2016). However, these cells are also het-
erogeneous and can exhibit distinct morphological and neu-
rochemical properties as well as cell-specific connectivity
patterns and physiological roles (Acsady et al. 1996a, b;
Porter et al. 1998; Bayraktar et al. 2000; Chamberland et al.
2010; Tyan et al. 2014). In addition to VIP+ interneuron-
selective cells targeting local interneurons (Acsady et al.
1996a, b; Chamberland et al. 2010; Tyan et al. 2014) and
VIP+ basket cells (Somogyi et al. 2004), a novel type of
VIP/muscarinic receptor 2 (M2R)-co-expressing subiculum-
projecting GABAergic neuron has been identified in the CA1
hippocampus (Francavilla et al. 2018). These cells target
interneurons in the CA1 and both interneurons and princi-
pal cells in subiculum. Unlike other GABAergic cells in the
hippocampus (Klausberger and Somogyi 2008), subiculum-
projecting VIP+ cells are more active during quiet wakeful-
ness and are not involved in theta and ripple oscillations.
However, the molecular profile of these cells, which would
help to target them for selective manipulations and func-
tional studies remains unknown.

Recent advances in opto- and pharmacogenetic technolo-
gies and the development of cell-specific transgenic target-
ing strategies allowed the manipulation of specific cellular
populations. For example, a large set of mouse lines based
on the Cre/Flp and Cre/Dre double recombinase systems has
been generated for highly selective manipulations (Taniguchi
et al. 2011; Madisen et al. 2015; He et al. 2016; Paul et al.
2017). However, the ongoing development of cell-specific
mouse lines requires identification of cell-specific markers.
Next generation single-cell RNA sequencing (scRNA-seq)
has proved to be a powerful tool in neuronal transcriptomic
profiling (Zeisel et al. 2015; Tasic et al. 2016; Paul et al.
2017). Importantly, when combined with patch-clamp
recordings (Patch-seq), it allows the acquisition of single-
cell transcriptomes from morphologically and electrophysi-
ologically identified neurons, thus providing a unique oppor-
tunity for multimodal sampling of rare cell types (Cadwell
et al. 2016; Fuzik et al. 2016; Foldy et al. 2016). Here, we
used this approach to explore the transcriptomic profile of
the hippocampal CA1 subiculum-projecting cells, a sparse
GABAergic population, which is positioned to control the
information flow along the hippocampo-subicular axis and
to coordinate the two functionally related areas. We pro-
vide single-cell transcriptomes of the subiculum-projecting
VIP+cells and identify some molecular markers that can be
used for their combinatorial targeting.
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Materials and methods
Experimental subjects and housing conditions

We used the previously characterized VIP/enhanced green
fluorescent protein (VIP-eGFP; Tyan et al. 2014) mice
[BAC line with multiple gene copies; MMRRC strain
#31009, STOCK Tg (Vip-EGFP) 37Gsat, University of
California, Davis, CA, USA]. Mice had access to food and
water ad libitum and were housed in groups of two to four.
All experiments were approved by the Animal Protection
Committee of Université Laval and the Canadian Council
on Animal Care.

Patch RNA-sequencing in acute hippocampal slices

Transverse hippocampal slices (thickness, 300 um) were
prepared from VIP-eGFP mice (P15-P25) of either sex as
described previously (Tyan et al. 2014). Briefly, animals
were anaesthetized deeply with isoflurane and decapitated.
The brain was dissected and transferred into an ice-cold
(0—4 °C) solution containing the following (in mM): 250
sucrose, 2 KCl, 1.25 NaH,PO,, 26 NaHCO;, 7 MgSO,,
0.5 CaCl,, and 10 glucose oxygenated continuously with
95% O, and 5% CO,, pH 7.4, 330-340 mOsm/L. Slices
were cut using a vibratome (VT1000S; Leica Microsys-
tems or Microm; Fisher Scientific), transferred to a heated
(37.5 °C) oxygenated recovery solution containing the
following (in mM): 124 NaCl, 2.5 KCI, 1.25 NaH,PO,,
26 NaHCO;, 3 MgSO,, 1 CaCl,, and 10 glucose; pH 7.4;
300 mOsm/L and allowed to recover for 1 h. Subsequently,
they were kept at room temperature until use. During
experiments, slices were continuously perfused (speed:
2 mL/min; temperature: 30-33 °C) with standard artifi-
cial cerebrospinal fluid (ACSF) containing the following
(in mM): 124 NaCl, 2.5 KCl, 1.25 NaH,PO,, 26 NaHCO;,
2 MgSO,, 2CaCl,, and 10 glucose, pH 7.4 saturated with
95% O, and 5% CO,. VIP-positive O/A interneurons were
visually identified as eGFP-expressing cells upon illumina-
tion with blue light (filter set: 450-490 nm).

Glass capillaries and small tools were autoclaved before
the experiment. All working surfaces were cleaned with
DNA-OFF (Takara, Cat. No. 9036) and RNase Zap (Life
Technologies, Cat. No. AM9780). The patch-clamp proto-
col was optimized to perform high-quality RNAseq of sin-
gle morphologically identified neurons (Fuzik et al. 2016;
Cadwell et al. 2016). In particular, to provide for optimal
RNA yield, we kept the same pipette tip size, volume of
patch-solution and a modified intracellular solution as in
Cadwell et al. (2016). Patch pipettes with low resistance
(2-4 MQ) were filled with~ 1 pl of intracellular solution
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containing (in mM): 130 KMeSO,, 2 MgCl,, 10 diNa-
phosphocreatine, 10 HEPES, 4 ATP-Tris, 0.4 GTP-Tris,
glycogen (an inert carrier to increase the RNA recovery,
20 pg/ml; ThermoFisher Scientific), and 1.3 mg/ml biocy-
tin, pH 7.2-7.4, 275-290 mOsm/L. Before approaching the
cell of interest, 0.1-0.2 ml positive pressure was applied
to the patch-pipette, and the pipette was quickly advanced
through the slice until it was touching the cell membrane.
Membrane properties were recorded in current-clamp
mode within the first 5 min by subjecting cells to multiple
current step injections of varying amplitudes (— 400 to
+ 280 pA). Data acquisition (filtered at 2-3 kHz and digi-
tized at 10 kHz; Digidata 1440, Molecular Devices, CA,
USA) was performed using the Multiclamp 700B amplifier
and the Clampex 10.5 software (Molecular Devices). The
whole-cell configuration was kept for 15-20 min to allow
the diffusion of biocytin. The cell quality was evaluated
according to electrophysiological (stable membrane poten-
tial of more than — 50 mV, and AP amplitude > 50 mV
measured from the threshold) criteria. Only cells of good
quality were processed for complementary DNA (cDNA)
library construction. RNA was collected at the end of the
recording by slowly applying light suction of 0.2-0.3 ml
through a syringe connected to the patch-pipette until the
cell was shrunk or the gigaseal was lost. Both the cyto-
plasm and the nucleus were sampled, resulting in a high
cDNA yield (Fig. 1d). Then the tip of the pipette was bro-
ken and the cell content was ejected into an RNase-free
PCR tube containing 10 pl 1X lysis buffer and 1 ul RNase
inhibitor, spun down to the bottom and stored at — 80 °C.
If any tissue debris were observed on the pipette tip when
withdrawn from the slice, the sample was discarded. The
slices were fixed with 4% PFA and processed for biocytin
labeling to recover the cell morphology. In negative con-
trol (Ctl “=") experiments, the samples were obtained by
aspirating tissue in O/A using the same approach and suc-
tion procedures. Positive control (Ctl “+) was obtained
by sequential aspiration of 3 GFP+ O/A cells into the same
patch-pipette (Fig. 1f).

The cDNA libraries were constructed using SMART-Seq
v4 Ultra low input RNA Kit (Clontech Laboratories, Takara
Bio; Mountain View, CA, USA). The first-strand cDNA
was synthesized from cell contents by the 3’ SMART-Seq
CDS Primer II A and template switching was performed by
SMART-Seq v4 Oligonucleotide at the 5’ end of the tran-
script. Then cDNA from SMART sequences was amplified
by PCR Primer IT A. After 17 cycles of long-distance PCR,
amplified cDNA was purified using the Agencourt AMPure
XP Kit (Beckman Coulter, Cat. No. A63882). The quality of
cDNA library construction was validated using the Agilent
Tapestation 2200 system. The threshold cDNA concentra-
tion of 200 pg/ml (Cadwell et al. 2016) was achieved in all
samples. Subsequently, cDNA libraries were prepared for

Illumina Next-Generation Sequencing using Nextera XT
DNA Library Preparation Kits (Illumina Inc., San Diego,
CA, USA). Libraries with unique index were then pooled
together in equimolar ratio and sequenced for paired-end
sequencing using both lanes of a rapid run flow-cell on the
Illumina HiSeq 2500 system. The average insert size for
the paired-end libraries was 225 base pairs. Investigators
conducting the cDNA library construction were blind to the
experimental condition (cell vs Ctl“=" vs Ctl“+”).

Analysis of patch RNAseq data

Given that the External RNA Controls Consortium (ERCC)
spike-in-based approach may not be appropriate for quan-
tifying technical noise, quality control assessment and
absolute transcript normalization (Brennecke et al. 2013;
Grun and van Oudenaarden 2015; Risso et al. 2014), this
method was not used in our analysis of single-cell samples.
Sequencing raw data were de-multiplexed to discriminate
reads from different samples and then trimmed to remove
sequencing adapters, low confidence bases, sequencing-spe-
cific bias and PCR artifacts. We computed reads alignments
as a measure of quality, specifically the fraction of reads
that could be mapped back to the mouse genome (mm10
assembly) as indicated by the aligner STAR (v2.5.2a). For
reads quantification we computed pseudo-alignments using
Kallisto (Pachter Lab, UC Berkeley). The average number
of pseudo-aligned reads per cell was 2.1 million. Expression
levels in individual cells were presented in TPM (transcripts
per million; with TPM threshold set to 1.0 to filter out noise
from the expression data). The number of genes with TPM
values > 1.0 varied from 4000 to 16,000 (Fig. l1e) and was
in the range of the previously reported with Patch-seq (e.g.,
7,000 genes/cell in Cadwell et al. (2016); 4000-10,000
genes/cell in Fuzik et al. 2016), thus validating our proto-
col. Out of 32 cells processed in these experiments, only 7
cells could be identified post hoc as projecting to subiculum
(Fig. 1b) and showing no contamination by glial and excita-
tory neuronal transcripts (Fig. 1f). We also confirmed the
phenotype of the subiculum-projecting VIP+ cells by verify-
ing the M2R + expression in their dendrites (Fig. 1c). These
cells were included in subsequent gene expression analysis
(Fig. 2, 3 and 4). The gene expression data are presented
in TPM values using a base-2 log scale. Investigators were
blind to the condition (sample vs control) during analysis.
Statistical analysis for the expression levels of common
genes and selected genes was performed using one-way
ANOVA test (Fig. 2b—d).

Accession numbers: The RNA-sequencing raw data asso-
ciated with this manuscript have been uploaded to GEO
(accession # GSE109755).
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Fig. 1 Patch-sequencing of the subiculum-projecting VIP+cells.
a Schematic of patch RNAseq experiment. b Examples of confo-
cal images (single focal plans) showing the morphology of cell
(top; arrowheads point to the axon leaving the CAl O/A and mak-
ing branches in the subiculum) and a corresponding Neurolucida
reconstruction along with a typical membrane potential responses to
current injections (bottom). Dendrites and soma are shown in green,
axon in red; current steps of — 400 pA and + 60 pA were applied to
evoke membrane potential responses. ¢ Immunolabelling for M2R in
dendrites of a VIP subiculum-projecting cell filled with biocytin and
used for patch-seq analysis (top), and the summary box plot showing
the axonal density in different CA1 layers and in subiculum obtained
from nine reconstructed neurons (bottom). d Bar graph showing
the concentration of cDNA (with red line indicating the 200 pg/
ml threshold used as a criterion for sample inclusion as in Cadwell

Cell reconstruction and immunohistochemistry

For post hoc reconstruction, neurons were filled with bio-
cytin (Sigma) during whole-cell recordings. Slices with
recorded cells were fixed overnight with 4% paraformal-
dehyde (PFA) at 4 °C. To reveal biocytin, the slices were
permeabilized with 0.3% Triton X-100 and incubated at
4 °C with streptavidin-conjugated Alexa-488 or Alexa-546
(1:1000) in TBS.

For patch-seq validation, immunohistochemical tests
were performed on free-floating sections (40 um thick)
obtained with Leica VT1000S vibratome from 3 to 4 mice

@ Springer
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et al. 2016). e Bar graph showing the number of transcripts per sam-
ple (with TPM > 1) generated in single cell sequencing experiments.
f Heat-map showing the expression of some VIP interneuron genes
(Gadl, Gad2; Vip, Cck, Chrm2) and the absence of excitatory (EmxI)
and glial (Gfap) transcripts in single-cell samples selected for further
analysis (n=7 cells; based on post hoc identification of axonal pro-
jections and quality control criteria). Negative control (Ctl“-") line
illustrates the expression of the same transcripts in sample obtained
by aspiration of extracellular matrix. Positive control (Ctl“+”) line
shows the expression of genes following the sequential aspiration of
three GFP+interneurons (without post hoc anatomical analysis) in
the same patch-pipette for combined analysis. g Summary boxplots of
some MGE- and CGE-specific genes show preferential expression of
CGE-genes in VIP subiculum-projecting cells

(20 sections/animal) per condition. VIP-eGFP mice were
perfused with 4% PFA and the brains were sectioned. Sec-
tions were permeabilized with 0.25% Triton X-100 in PBS
containing normal donkey serum (10%) and incubated over-
night at 4 °C with primary antibodies (1:1000, chicken anti-
eGFP, GFP-1020, Aves; 1:2000, rat anti-M2R, MAB367,
Millipore; 1:500, goat anti-mGluR 1a, mGluR 1a-Go-Af1220,
Frontier Institute; 1:250, rabbit anti-NPY, 22940, Immu-
nostar; 1:500, rabbit anti-Netrin G1, GTX115637, Gene-
tex; 1:500, rabbit anti-proenkephalin, LS-C23084, Lifespan
Biosciences) followed by the incubation with secondary
antibodies (donkey anti-chicken Alexa-488; donkey anti-rat
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Fig.2 Frequency distribution of total genes, common genes and
genes selected based on functional families for each single cell sam-
ple. a Histograms of gene frequencies (blue: total genes; green: com-
mon genes expressed in all 7 samples and shown in Table 1; red:
genes selected based on functional families and shown in Supplemen-
tary Table 2) at different expression levels for each single cell (c1-
c7). Horizontal axis: expression level shown in log2 TPM. Vertical
axis: gene frequencies that fall into each bin of the expression level.
The bin size was determined automatically in Igor Pro 4.0. The fre-
quency distribution of total genes, selected genes, and common genes

CF-633; donkey anti-goat Cy3; donkey anti-rabbit Alexa-
546). For proenkephalin and Netrin G1 immunoreactions,
biotinylation was performed to enhance the labeling speci-
ficity. Briefly, following overnight incubation of sections
with rabbit proenkephalin or Netrin G1 primary antibodies,
biotinylated anti-rabbit antibody was applied for 24 h fol-
lowed by streptavidin-conjugated AlexaFluor-546 (1:1000).
For controlling method specificity, the primary antibodies
were omitted and sections incubated in the full mixture of
secondary antibodies. Under such conditions, no selective
cell labeling was detected. Confocal images were acquired
sequentially using a Leica TCS SP5 imaging system coupled

Expression level (log2 TPM)

T T
5 10 15
Expression level (log2 TPM)

0

5
Expression level (log2 TPM)

10 15

T T
10 15

follow the same trends from low to high expression values. The medi-
ans of gene expression levels are depicted as dashed lines and were
similar between total genes and selected genes within the same cell.
The common genes (green) showed a significantly higher expres-
sion level in all samples (P <0.001 for all cells, one-way ANOVA).
b-d Superimposed frequency distribution of common genes (b) total
genes (c) and selected genes (d). Different colors represent different
single cell samples. Each dot represents the number of genes within a
0.1 log, TPM bin

with a 488-nm argon, a 543-nm HeNe and a 633-nm HeNe
lasers. Z stacks of biocytin-filled cells were acquired with
a 1-pm step and merged for reconstruction in Neurolucida
8.26.2.

Results
This study focused on a population of the M2R-express-
ing VIP+ GABAergic neurons that reside in the oriens/

alveus (O/A) of CA1 hippocampus and, in addition to CA1,
innervate subiculum (Francavilla et al. 2018). Through
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Fig.3 Heat maps showing the expression values of common genes in
all single cell samples. a Venn diagram of 604 common genes shared
by 7 single cell samples. Each circle indicates the total genes within
a single cell sample. The number in the overlaped area indicates the
number of common genes (C1-C7 correspond to individual cells).
b Heat-map for some common genes selected according to protein
families. The protein family names were obtained from PANTHER
classification system (Mi et al. 2017). The gene names are shown
on the right of the heat map. The protein family names are shown

preferential synaptic contacts onto interneurons located in
the CA1 and conjoint innervation of interneurons and prin-
cipal cells in subiculum, these cells control the information
flow along the hippocampo-subicular axis. Yet, the molecu-
lar identity and functional role of the subiculum-projecting
VIP+ cells remain unknown. To explore the genetic basis of
the input—output transformations and neuromodulatory con-
trol in these cells and identify additional discriminant molec-
ular markers that can be used to target them selectively, we
obtained their transcriptomic profile using single-cell patch
RNA-sequencing (Patch-seq) in combination with electro-
physiological recordings and post hoc morphological recon-
struction (Cadwell et al. 2016; Fuzik et al. 2016). Following
patch-clamp recordings of membrane properties and filling
the recorded cells with biocytin, the cell cytoplasm was gen-
tly aspirated for transcriptomic analysis (Fig. 1a). From the
dataset obtained (n =32 cells), 7 single cell samples satisfied
the morphological (Fig. 1b, c, bottom), electrophysiological
(Fig. 1b, inset), neurochemical (1c, top) and transcriptomic
(Fig. 1d) selection criteria (“Materials and Methods”) and
were used for gene expression analysis. Selected neurons

@ Springer
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Myl12b

0 Log, TPM 14

on the left side of the heat map. The single cell samples are shown
on the bottom (C1-C7). ¢ Heat-map indicating the expression levels
of common genes. The mean expression values across samples were
calculated for each gene and then arranged from top to bottom (high
to low). The gene names are indicated on the right. The single cell
samples are shown on the bottom (C1-C7). ¢ The color scale indi-
cates the logarithm of TPM values to base 2 from low (black) to high
(yellow)

had a resting membrane potential of — 60.0+ 1.0 mV, an
input resistance of 209 +41.1 MQ and a membrane capaci-
tance of 76.5 +11.2 pF. They exhibited a regularly spiking
firing pattern and a large amplitude Ih current (Ih rectifica-
tion: 16.1 +£ 1.5 mV; Fig. 1b, inset). Post hoc morphologi-
cal analysis of selected VIP+ cells revealed horizontally
oriented dendrites within CA1 O/A with a dominant axonal
arborization within the CA1 O/A and projections to proxi-
mal subiculum (Fig. 1b, c, bottom), while neurochemical
analysis of these cells confirmed that in addition to VIP,
they coexpress M2R (Fig. lc, top) in line with phenotype of
the subiculum-projecting VIP+ neurons (Francavilla et al.
2018).

Following the cDNA library construction and next-gen-
eration sequencing, the transcriptomic profiles of selected
VIP+cells were analyzed (Fig. 1e). We found that these cells
expressed the common VIP+interneuron genes (Gadl, 7
of 7 cells; Gad2, 5 of 7 cells; Vip, 7 of 7 cells; Cck, 4 of 7
cells; and Chrm2, 4 of 7 cells) but not the excitatory neu-
ronal (Emx1, Thrl, 0 of 7 cells) or glial (Gfap, 0 of 7 cells)
transcripts (Fig. 1f), consistent with their GABAergic nature
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Fig.4 Boxplots showing selected genes with various expression
levels across single cell samples. Summary boxplots showing the
expression levels of selected genes for ion channels (a, including Kv
channels, Kv regulatory elements, Cav channels and HCN chennels),
glutamate and GABA receptors (b including AMPARs and auxiliary
elements, NMDARs, mGluRs and GABARs), myelination factors (c),

and VIP+ phenotype. Furthermore, subiculum-projecting
VIP+cells expressed several genes specific for CGE-derived
interneurons (Fig. 1g), consistent with their CGE origin. In
searching for commonly expressed genes, we examined the
transcripts with TPM > 1 across 7 cell samples (Fig. le). We
extracted the list of common genes between the first two
samples, and then explored which genes from this gene list
can be found in the next sample. By repeating this process
for all samples, we identified 604 common genes that were
expressed in all 7 cells (Fig. 3a, Supplementary Table 1). We
compared the frequency distribution of all detected genes
(total genes) with common genes (Fig. 2a—c). The median
expression levels of common genes (median of medians: 6.5
log, TPM) were lager than median expression level of total

neuromodulatory/neuropeptide signalling, (d) and axon guidance/cell
adhesion molecules (CAMs, e). The upper and lower whiskers show
the maximum and minimum values respectively, the lower border and
upper border of the box show the Ist and 3rd quartile, the line in the
middle of the box indicates the median. The gene expression values
are expressed as the logarithm of TPM values to base 2

genes (median of medians: 3.8 log, TPM, P <0.001 in all
cells, one-way ANOVA), indicating the higher expression
levels of common genes in all samples.

As the common genes could determine the cell type-
specific structure and function, the ontology of common
genes was analyzed using the PANTHER Gene List Analy-
sis (Mi et al. 2017). We found that the products of many
of these transcripts belonged to important protein fami-
lies, such as calcium biding proteins (PANTHER protein
class: PC00060), cell adhesion molecules (PC00069), cell
junction proteins (PC00070), receptors (PC00197), tran-
scription factors (PC00218), extracellular matrix proteins
(PC00102), and transmembrane receptor regulatory/adap-
tor proteins (PC00226, Fig. 3b). Arranging the common
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genes within these families by their mean expression val-
ues across samples, we identified several highly expressed
genes (Fig. 3c). For example, the 10 genes with the high-
est expression levels included the calcium biding proteins
Myl6 (Myosin Light Chain 6), Calml (Calmodulin 1),
Myl12b (Myosin Light Chain 12B), and Calr (Calreticu-
lin); the cell adhesion molecule Sparcll (SPARC Like 1);
the extracellular matrix proteins Mbp (Myelin Basic Pro-
tein) and Bsg (Basigin); the transcription factors Tceb2
(Transcription Elongation Factor B) and Park7 (Parkinson-
ism associated deglycase); and the axonal growth regulator
Olmf1 (Olfactomedin).

We next explored the similarity of the transcriptomic
profile of the subiculum-projecting VIP+ cells with other
cortical VIP+interneurons, such as VIP/CR-co-expressing
(VIP:CR) interneuron-selective cells and VIP/CCK-co-
expressing (VIP:CCK) basket cells (Paul et al. 2017), or
hippocampal CA1 interneurons (Harris et al. 2018). We
found that many genes that were enriched in cortical VIP:CR
interneurons (e.g., Chrna4, Unc5a) or in VIP:CCK basket
cells (e.g., Tac2, Cnrl) (Paul et al. 2017) were detected in the
subiculum-projecting VIP+cells (Supplementary Table 2).
Two VIP:CR-specific genes (Dlgap3, DLG Associated Pro-
tein 3 and Prms, Parathymosin) and one gene detected in
long-range projecting somatostatin/nitric oxide synthase-
coexpressing (Sst:Nos1) GABAergic neurons (Nnat, Neu-
ronatin) were found in all samples, thus corresponding to
common genes of the subiculum-projecting VIP+cells. In
addition, the Pcp4 (Purkinje Cell Protein 4) mRNAs, which
were highly enriched in the long-range projecting Sst:Nos1
cells in hippocampal CA1 (Harris et al. 2018), were also
detected in all subiculum-projecting VIP+ cell samples,
corresponding to the common genes of these cells (Supple-
mentary Table 1). These data indicate that the subiculum-
projecting VIP+ cells exhibit transcriptomic profile similar
to other VIP+neurons but share some genes with long-range
projecting GABAergic cells.

To predict the intrinsic, synaptic and neuromodulatory
properties of the subiculum-projecting VIP+ cells, we next
examined the expression of genes within the major func-
tional families, including ion channels, excitatory and inhibi-
tory inputs, neuromodulatory molecules and the axon guid-
ance/cell adhesion molecules (Supplementary Table 2). We
compared the frequency distribution of these selected genes
within functional gene families with total genes in each cell
sample (Fig. 2a, c, d). The distributions followed similar
trends in each cell except cell 7. The median expression lev-
els of selected genes (median of medians: 3.4 log, TPM)
were also similar to those of total genes (median of medians:
3.8 log, TPM, P >0.05 in all cells, one-way ANOVA), and
the overall expression levels of selected functional genes
were variable between samples. We found that these cells
exhibit the common ion channel genes within the Kv, Nav
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and Cav families as well as the cyclic nucleotide-regulated
HCN ion channel genes, consistent with a prominent Th cur-
rent (Figs. 1b, 4a). In line with previous findings for cortical
VIP+ interneurons (Paul et al. 2017), subiculum-projecting
VIP+ cells showed roughly similar GluA1 and GluA2 con-
tent and expressed GluA4, alone with genes encoding for
stargazin and the SHISA family (SHISA4 and SHISA9)
AMPA receptor (AMPAR) auxiliary subunits (Fig. 4b). In
addition, they expressed genes for NR2B and NR2D NMDA
receptor (NMDAR) subunits, and both metabotropic glu-
tamate receptor 1 (mGluR1) (Grml, Fig. 4b) and mGIuR5
(Grm3, Fig. 4b). Among the constituents of the GABAA
receptor (GABAAR), the al, a2, a3 and a5 as well as 1 and
B3 subunits were detected (Fig. 4b). They also expressed the
pleiotropin and connexin29 genes (Ptn and Gjc3, Fig. 4c),
both involved in axon myelination (Altevogt et al. 2002;
Kuboyama et al. 2015), consistent with a partial myelination
of their axon (Francavilla et al. 2018). Furthermore, these
cells expressed a large variety of genes involved in neuro-
modulatory signaling, including acetylcholine (Chrna4),
norepinephrin (Adrb1), dopamine (Drdl), serotonin (Htrld),
cannabinoid (Cnrl), opioid (Oprdl, Oprll), neuropeptide Y
(Npylr) and neurotensin (Ntsr2) receptors (Fig. 4d), indi-
cating that the subiculum-projecting VIP+ cells are likely
modulated via mood, reward and stress-activated neural
pathways. In addition to VIP, these cells expressed neu-
ropeptide Y (NPY) and proenkephalin (Penk) (Fig. 4d),
suggesting that VIP, NPY and enkephalin peptides can be
co-released by these cells under certain conditions. Finally,
they expressed the common axon guidance and cell adhe-
sion molecule genes (Fig. 4e), with netrin G1 (Ntngl) and
cadherin 8 (CdhS) involved in the formation of long-range
projections, among others (Lin et al. 2003).

To validate our patch-seq results, we took advantage
of a strong M2R expression in the subiculum-projecting
VIP+ cells (Francavilla et al. 2018) and performed a triple
immunolabeling for VIP-eGFP, M2R and some proteins
of interest predicted from the cell transcriptome (Fig. 5a).
In addition to Ntng1 identified previously as a long-range
axonal marker (Lin et al. 2003), we focused on several
proteins detected in hippocampal long-range projecting
GABAergic neurons, including the mGluR1a, NPY and
Penk (Jinno et al. 2007; Fuentealba et al. 2008). We calcu-
lated the percentage of VIP-GFP+ cells located in CA1 O/A
that co-express M2R (VIP-GFP+/M2R+) and the marker
of interest (mGluR1, NPY, Ntngl or Penk) and compared
these data with VIP-GFP+/M2R- cells. We found that
mGluR1a, Ntngl, NPY and Penk were all detected in the
M?2R+ subiculum-projecting VIP+ cells as predicted from
their transcriptomes (Fig. 5a, ¢). However, these molecules
were also expressed in VIP-GFP+/M2R- cells (Fig. 5b,
¢), indicating that they are not specific for the subiculum-
projecting VIP+ neurons. Furthermore, a larger proportion
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Fig.5 Additional markers for the subiculum-projecting VIP+cells
obtained following gene expression validation with immunohisto-
chemical analysis. a Representative confocal images showing triple
immunolabelling in CA1 O/A for VIP-GFP (green), M2R (cyan)
and other markers: mGluR1a, NPY, netrin G1, proenkephalin (all in
red) as well as the overlay of all. In (a), GFP cells co-expressed M2R
and other markers. b Representative confocal images showing that

of VIP-GFP+/M2R+cells co-expressed Penk, which was
detected in only a small number of VIP-GFP+/M2R- cells,
indicating that Penk may be more frequently expressed in
the subiculum-projecting VIP+ neurons (Fig. Sa—c). Col-
lectively, these data validate results obtained with tran-
scriptomic analysis and identify the subiculum-projecting
VIP+ neurons as a member of the VIP+ population, which
shares molecular identity and, likely, physiological function
with other VIP interneurons, but also has genes associated
with specific features (long-range projections and axon mye-
lination) that allow for long-distance coordination.
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mGluR1, NPY and Ntngl were also present in some GFP+M2R-
cells. However, the expression of Penk in GFP+ M2R- cells was not
frequent. The colors representing different markers are the same as in
(a, c). Bar graphs showing the percentage of GFP cells co-expressing
M2R and other markers. mGluR1, NPY and Ntngl were present in
both GFP+M2R+and GFP+M2R- cells, whereas Penk was prefer-
entially co-expressed with GFP and M2R

Discussion

We show that the subiculum-projecting VIP+neurons in the
mouse CA1 hippocampus form a distinct population that can
be distinguished based on the M2R and Penk co-expression.
Using a transcriptomic analysis based on the patch-sequenc-
ing of morphologically identified cells, we found that these
cells share molecular identity with both VIP+ interneuron-
selective cells and the CCK-coexpressing basket cells (Paul
et al. 2017). The additional molecular marker identified here
for the subiculum-projecting VIP+ cells, the proenkepha-
lin, is expressed preferentially but not selectively in this
VIP+cell type, which can be useful for preferential targeting
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of these cells necessary to provide insights into their physi-
ological organization and behaviour-related functions.
Different types of GABAergic neurons with relatively
long distant projections have been described in neocorti-
cal and hippocampal networks (Jinno et al. 2007; Miyashita
and Rockland 2007; Melzer et al. 2012; Basu et al. 2016).
Still, very little is known regarding the physiological prop-
erties and network function of these cells due to their low
density and absence of specific markers that can be used
to target these cells selectively. Our transcriptome analysis
can predict some physiological properties and network-state
dependent recruitment of these cells. In particular, the sub-
iculum-projecting VIP+ neurons exhibit the GluA1, GluA2
and GluA4 of AMPAR core subunits, as well as the NR1,
NR2B and NR2D NMDAR subunits, suggesting that their
excitatory synapses contain the Ca>*-impermeable AMPARs
and NMDARs. The latter may indicate the generation of
the NMDAR-dependent dendritic Ca®*-signals and Heb-
bian forms of plasticity at excitatory inputs to these cells
(Topolnik 2012). They also contain both the mGluR1 and
mGluRS5, which may be involved in the regulation of the
NMDAR-independent Hebbian LTP (Perez et al. 2001;
Topolnik 2012). In addition, they express the al, a2, o3
and a5 as well as f1 and 3-containing GABAARSs, pointing
to input-specific GABAAR composition, with slow a3 and
aS-containing synapses at some inhibitory inputs (Ali and
Thomson 2008; Vargas-Caballero et al. 2010; Salesse et al.
2011; Magnin et al. 2019). Thus, the subiculum-projecting
VIP+cells can be sensitive to the a3- and the a5-GABAAR-
specific pharmacological manipulations and contribute to
the associated cognitive and anxiogenic effects (Navarro
et al. 2002; Mohler and Rudolph 2017; Magnin et al. 2019).
In addition, these cells express a large variety of neuromod-
ulatory receptors, including acetylcholine, norepinephrine,
dopamine and 5-HT receptors, indicating that their recruit-
ment can be controlled by the brain state-dependent modula-
tory subcortical projections. In terms of output, these cells
express NPY and Penk and, therefore, may release these
neuropeptides in addition to VIP and GABA. Furthermore,
they feature numerous neuropeptide receptors, including
cannabinoid, opioid, NPY and neurotensin receptors, high-
lighting that they are themselves under control of multiple
peptidergic influences. In contrast to most GABAergic
interneurons, the subiculum-projecting VIP+ cells exhibit a
partially myelinated axon and, consistent with this feature,
express genes involved in axon myelination, such as Ptn and
Gjc3 (Altevogt et al. 2002; Kuboyama et al. 2015). The lat-
ter genes together with Ntngl and CdhS8, which have been
involved in long-distance axon guidance, position these cells
apart from their VIP+ counterparts. Collectively, this study
reveals a molecular profile of a rare subtype of VIP+ project-
ing neuron that can be recruited through multiple cortical
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and subcortical inputs to modulate the hippocampo-subic-
ular dialogue.

Finally, emerging evidence has linked the dysfunction of
VIP+ interneurons with several neurological and psychiat-
ric disorders. The reduction in NPY and VIP gene expres-
sion, as well as the duplication of the VIP receptor Vipr2
gene copies has been associated with schizophrenia and
bipolar disorder in humans (Vacic et al. 2011; Fung et al.
2014). Moreover, Cunniff and Sohal (2017) reported that
VIP+ interneurons in the prefrontal cortex of two mouse
models of the autism spectrum disorder show abnormal cho-
linergic responses. In addition, the reduction in NPY+and
VIP+ interneurons has been detected in the hippocampus
of human subjects with temporal lobe epilepsy (TLE; De
Lanerolle et al. 1989; Sundstrom et al. 2001) and in the
pilocarpine-induced experimental chronic TLE (David and
Topolnik 2017). Taken together, these findings suggest that
impaired circuit coordination by VIP+ interneurons may be
associated with several CNS disorders. Among VIP+ cells,
the subiculum-projecting CA1 VIP+cells are well posi-
tioned to coordinate the fear memory encoding and retrieval
(Roy et al. 2017), the episode recollection (Eldridge et al.
2005), and the initiation and maintenance of epileptic dis-
charges in TLE (Stafstrom 2005). Thus, the transcriptomic
profile of the subiculum-projecting VIP+ cells identified in
our study may be useful for functional analysis of this cell
type, necessary for understanding their functional role under
normal and pathological conditions.
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