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Abstract

The hippocampus is a key brain structure for cognitive and emotional functions.

Among the hippocampal subregions, the dentate gyrus (DG) is the first station that

receives multimodal sensory information from the cortex. Local-circuit inhibitory

GABAergic interneurons (INs) regulate the excitation–inhibition balance in the DG

principal neurons (PNs) and therefore are critical for information processing. Similar

to PNs, GABAergic INs also receive distinct inhibitory inputs. Among various classes

of INs, vasoactive intestinal polypeptide-expressing (VIP+) INs preferentially target

other INs in several brain regions and thereby directly modulate the GABAergic

system. However, the morpho-physiological characteristics and postsynaptic targets

of VIP+ INs in the DG are poorly understood. Here, we report that VIP+ INs in the

mouse DG are highly heterogeneous based on their morpho-physiological character-

istics. In approximately two-thirds of morphologically reconstructed cells, their axons

ramify in the hilus. The remaining cells project their axons exclusively to the mole-

cular layer (15%), to both the molecular layer and hilus (10%), or throughout the

entire DG layers (8%). Generally, VIP+ INs display variable intrinsic properties and

discharge patterns without clear correlation with their morphologies. Finally, VIP+

INs are recruited with a long latency in response to theta-band cortical inputs and

preferentially innervate GABAergic INs over glutamatergic PNs. In summary, VIP+

INs in the DG are composed of highly diverse subpopulations and control the DG

output via disinhibition.
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1 | INTRODUCTION

The mammalian hippocampus is a key brain structure for episodic

memory, spatial navigation, and stress-related emotional behaviors

(Fanselow & Dong, 2010; Kheirbek et al., 2013; Milner, Corkin, &

Teuber, 1968; Scoville & Milner, 1957). The dentate gyrus (DG), which

receives multimodal sensory information from the cortex, is believed

to support multiple mnemonic functions (Hainmueller & Bartos,

2020). Granule cells (GCs) constitute the vast majority of neuronal

populations of the DG and integrate cortical inputs with low effi-

ciency and generate sparse activity (Kress, Dowling, Meeks, &

Mennerick, 2008; Krueppel, Remy, & Beck, 2011). Sparse GC activa-

tion provides a cellular mechanism to transform cortical information

into distinct representations, which is crucial in contextual learning

and pattern separation (Kheirbek et al., 2013; Leutgeb, Leutgeb,

Moser, & Moser, 2007). Local-circuit GABAergic inhibitory interneurons
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(INs) in the DG provide spatiotemporal dynamic inhibition in GCs in

response to cortical input and are thereby contributed critically to the

control of input–output transformations in GCs (Armstrong, Szabadics,

Tamás, & Soltesz, 2011; Chiang et al., 2012; Ewell & Jones, 2010;

Hefft & Jonas, 2005; Hsu, Lee, Tai, & Lien, 2016; Lee et al., 2016; Liu,

Cheng, & Lien, 2014).

Multiple types of GABAergic INs are specialized in innervating

different subcellular domains of GCs and exert layer- and

compartment-specific functions (Freund & Buzsáki, 1996; Halasy &

Somogyi, 1993; Hosp et al., 2014; Hsu et al., 2016; Lee et al., 2016;

Liu et al., 2014). Soma-targeting INs, such as fast-spiking parvalbumin-

expressing (PV+) basket cells (BCs), form a dense axonal plexus in the

GC layer and provide strong perisomatic inhibition in GCs, thereby

controlling action potential (AP) generation (Hu, Gan, & Jonas, 2014;

Lee et al., 2016). In contrast, dendrite-targeting INs, such as

somatostatin-expressing (SST+) hilar perforant path-associated (HIPP)

cells projecting their axons to the outer two-thirds of the molecular

layer (ml), regulate dendritic excitability and synaptic plasticity in GCs

(Lee et al., 2016; Yuan et al., 2017). In addition to these types, vaso-

active intestinal polypeptide-expressing (VIP+) INs constitute a major

division of cortical INs in parallel with PV+ and SST+ INs, representing

approximately 30% of the total GABAergic population in the neo-

cortex (Pfeffer, Xue, He, Huang, & Scanziani, 2013; Prönneke

et al., 2015; Rudy, Fishell, Lee, & Hjerling-Leffler, 2011; Wall

et al., 2016). In the hippocampal CA1 region, distinct VIP+ IN subtypes

have been identified and are thought to modulate hippocampal input–

output transformation (Acsády, Görcs, & Freund, 1996; Tyan

et al., 2014). Calretinin (CR)-expressing VIP+ INs mainly inhibit INs,

whereas VIP+ BCs, which coexpress cholecystokinin (CCK), innervate

pyramidal cells in the CA1 area (Acsády et al., 1996; Tyan et al., 2014).

More recently, a long-range projecting (LRP) type of VIP+ cells, with

axon projecting both locally to the CA1, but also to the subiculum, has

been discovered (Francavilla et al., 2018). VIP-LRP neurons show

specific molecular properties and target INs within the CA1 area, but

both INs and pyramidal cells within the subiculum (Francavilla

et al., 2018). Such VIP+ neuron-mediated disinhibitory circuits in the

hippocampal CA1 region are likely to play an active role in supporting

goal-oriented spatial learning (Turi et al., 2019).

In the DG, VIP+ INs have received so far relatively little attention.

An early study revealed that VIP+ neurons in the rat DG exhibit highly

diverse morphologies (Hájos, Acsády, & Freund, 1996). However, no

attempt has been made to characterize precisely the electrophysio-

logical and synaptic properties of VIP+ INs in this region due to the

difficulty of targeting these neurons. However, an up-to-date Cre

mouse driver line for VIP has been generated (Taniguchi et al., 2011),

which allows us to address these unanswered questions. In this study,

we employed transgenic mice (Madisen et al., 2010; Taniguchi

et al., 2011), immunohistochemistry (IHC), electrophysiology, and

single-cell reconstruction to investigate the neurochemical, morpho-

logical, and intrinsic electrophysiological characteristics of VIP+ INs in

the mouse DG. By combining electrophysiological and optogenetic

approaches, we also examined their synaptic connections with differ-

ent DG neuron types.

2 | MATERIALS AND METHODS

2.1 | Animals

Transgenic VIP-Cre (stock no. 010908; RRID:IMSR_JAX:010908),

SST-Cre (stock no. 013044; RRID:IMSR_JAX:013044), PV-Cre (stock

no. 008069; RRID:IMSR_JAX:008069), and Ai14 (stock no. 007914;

RRID:IMSR_JAX:007914) mouse lines were obtained from Jackson

Laboratory (Bar Harbor, ME, USA). By crossing the VIP-Cre driver with

Ai14 mice, VIP-Cre;Ai14 mice with selective tdTomato expression in

VIP+ neurons were generated. Mice of both sexes at postnatal days

30–90 were used for the experiments. All animals were handled in

accordance with the national and institutional guidelines and the

protocol was approved by the Institutional Animal Care and Use

Committee of National Yang-Ming University.

2.2 | Characterization of the distribution of
tdTomato+ cells in brain sections

VIP-Cre;Ai14 mice were perfused with 4% paraformaldehyde (PFA),

and coronal, sagittal, or transverse sections of the brain were cut into

60-μm sections. Slices were mounted in Vectashield with nuclear stain

40,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame,

CA, USA). A single plane of tdTomato expression was captured using

a stereo microscope equipped with epifluorescent illumination (SZX16,

Olympus, Tokyo, Japan).

2.3 | Virus and stereotaxic viral injections for
optogenetic experiments

To selectively activate VIP+, PV+, and SST+ neurons in the DG, we utilized

a Cre-inducible channelrhodopsin-2 (ChR2) construct (AAV5-EF1α-DIO-

hChR2(rH134R)-eYFP or AAV9-EF1α-DIO-hChR2(E123T/T159C)-eYFP)

obtained from the University of North Carolina vector core (NC, USA)

or Addgene (MA, USA). Mice (postnatal days >45) were anesthetized

with 4% (v/v) isoflurane (Halocarbon Laboratories, North Augusta, SC,

USA) in 100% oxygen (air flow rate, 4 ml/min) in an induction chamber

(Hsu et al., 2016; Lee, Kruglikov, Huang, Fishell, & Rudy, 2013), then

the heads were shaved. Mice were placed in the stereotaxic frame

(IVM-3000; Scientifica, Uckfield, UK) and kept under a constant flow

rate. The mouth and nose of each mouse were immersed into the mask

with approximately 1.5% sustained isoflurane air flow. A temperature

controller (TMP-5b; Supertech, Pécs, Hungary) was placed below the

mice to maintain a constant body temperature (approximately 36�C).

After securing the head with two ear bars, 75% ethanol was used to

disinfect the surgical area, and the animal's eyes were protected by an

ophthalmic gel. To target the DG, a midline scalp incision (approxi-

mately 1 cm) was made using scissors and the skin was pulled aside to

expose the skull. Small craniotomies (ventral DG, coordinates from

Bregma, anteroposterior [AP]: −3.4 mm; mediolateral [ML]: ±2.8 mm;

dorsal DG, coordinates from Bregma, AP: 2 mm; ML: ±1.3 mm) were
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made bilaterally. The viral vector was delivered through the craniotomy

to the two locations within the hippocampus (ventral DG, dorsoventral

[DV]: −4.4 and−4.2 mm; dorsal DG, DV: −2 and−1.8 mm) using a 10-μl

NanoFil syringe (World Precision Instruments, Sarasota, FL, USA) and a

35-G beveled metal needle. The injection volume (.5 μl at each location)

and flow rate (.1 μl/min) were controlled with a nanopump controller

(KD Scientific, Holliston, Massachusetts, USA). After injection, the

needle was retained for 10 min and then withdrawn slowly and a

subcutaneous injection of carprofen (5 mg/kg) or ketorolac (6 mg/kg)

was administered as a postoperative analgesic. All animals were allowed

at least 3 weeks for complete recovery and viral expression.

2.4 | Slice electrophysiology and optical
stimulation

Coronal or transverse brain slices of 400 μm thickness were prepared

from both VIP- Cre;Ai14 and AAV-infected VIP-Cre, PV-Cre, and

SST-Cre mice using a vibratome (DTK-1000; Dosaka, Kyoto, Japan).

All animals were sacrificed by decapitation. The brains were rapidly

removed and slices were cut in ice-cold cutting saline containing the

following (in mM): 87 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 2.5 KCl,

10 glucose, 75 sucrose, .5 CaCl2, and 7 MgCl2. Brain slices were incu-

bated in oxygenated (95% O2, 5% CO2) cutting saline for recovery at

34�C and stored at room temperature until used. During experiments,

slices were placed in the recording chamber and perfused with

oxygenated artificial cerebrospinal fluid (ACSF) containing the following

(in mM): 125 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 25 glucose,

2 CaCl2, and 1 MgCl2.

For the whole-cell recordings, the cells were visually selected

under the microscope (BX51WI; Olympus, Japan) equipped with infra-

red Dodt gradient contrast (IR-DGC) illumination. Recordings were

performed with a MultiClamp 700B amplifier (Molecular Devices,

Sunnyvale, CA, USA). Recording electrodes (3–5 MΩ) were pulled

from borosilicate glasses with a filament (outer diameter, 1.5 mm; wall

thickness, .32 mm; Harvard Apparatus, Edenbridge, UK). For the

measurement of intrinsic properties, glass pipettes were filled with

a low Cl− internal solution containing the following (in mM):

136.8 K-gluconate, 7.2 KCl, .2 EGTA, 4 MgATP, 10 HEPES, 7 Na2-

phosphocreatine, .5 Na3GTP (pH 7.3 with KOH), and .4% (w/v)

biocytin (Life Technologies, Grand Island, NY, USA). In experiments on

ChR2-eYFP-expressing neurons, optogenetic-assisted circuit mapping,

and paired recording, pipettes were filled with a high Cl− internal

solution containing (mM): 15 K-gluconate, 140 KCl, .1 EGTA, 2 MgCl2,

4 Na2ATP, 10 HEPES, .5 Na3GTP, and .4% biocytin. For cell-attached

recording and subsequent measurement of excitatory (E)-inhibitory

(I) conductance ratio following, pipettes were filled with a Cs+-based

intracellular solution containing the following (in mM): 121.5

CsMeSO3, .1 EGTA, 4 MgCl2, 13.5 CsCl, 10 HEPES, 5 QX-314

bromide, 2 Na2ATP, 10 Na2-phosphoreatine, and .3 Na3GTP. We also

performed a subset of cell-attached recordings using the K-gluconate-

based internal solution and found that Cs+ in the pipette did not alter

the firing of recorded neurons in cell-attached mode (unpublished

observation). In most recordings, the pipette capacitance was fully

compensated and series resistance was compensated to approxi-

mately 80% (Bandwidth: 1–2 kHz) in the voltage-clamp configuration.

Signals were low-pass filtered at 4 kHz and sampled at 10 kHz using

Digidata 1440A (Molecular Devices). A Digidata 1440A connected to

a personal computer was used for stimulus generation and data acqui-

sition. Pulse sequences were generated by pClamp 10.2 (Molecular

Devices). All recordings were conducted at 32 ± 1�C, except the

experiments of optogenetics, which were performed at 23 ± 2�C for

the comparison with our previous study (Hsu et al., 2016).

Cell-attached recording (pipette resistance, 5–6 MΩ) was con-

ducted to detect spike during perforant path (PP) stimulation, and an

extracellular stimulation electrode (tip diameter, approximately 10 μm;

filled with ACSF) was used for orthodromic stimulation of the

PP. Trains of stimulation with near-threshold intensities at 10 Hz were

delivered every 15 s using a stimulus isolator (ISO-flex; A.M.P.I.,

Jerusalem, Israel). With near-threshold intensities, each train triggered

at least one spike in 50% of trials and the probability of spike genera-

tion triggered by any stimulus was <.8 (Liu et al., 2014; Pouille &

Scanziani, 2004). Antidromic spikes, distinguished by a lack of spike

jitter, were excluded.

For optical stimulation, ChR2 was excited by optical stimuli at

470 nm (driven by DC4104, Thorlabs, Newton, NJ, USA), which was

delivered directly through the objective. The optical stimuli were

simultaneously recorded by a GaP photodiode (wave-length range,

150–550 nm; Thorlabs). Photocurrents recorded from the eYFP-

expressing neurons and inhibitory synaptic responses were evoked by

5-Hz trains of photostimulation (light pulse duration, 5 ms; inter-train

interval, 15 s). Light intensity was measured using a photometer

(5–7 mW in blue light delivering area; Thorlabs).

2.5 | Post-hoc morphological reconstruction

To investigate the morphology of the recorded cells (filled intracellu-

larly with .4% biocytin), the slices were fixed overnight with 4% PFA

in phosphate-buffered saline (PBS). After washing with PBS three

times, slices were incubated with streptavidin-conjugated Alexa Fluor

594 or 488 (1:300; Life Technologies, Grand Island, NY, USA) in PBS

and .2% (v/v) Triton X-100 (USB Co., Cleveland, OH, USA) overnight

at 4�C. After washing with PBS, they were mounted in Vectashield

with DAPI (Vector Laboratories, Burlingame, CA, USA). Labeled

neurons were examined using a two-photon microscope with a pulsed

titanium: sapphire laser (Chameleon Ultra II tuned to 800 nm for scan-

ning; Coherent, Portland, OR, USA) attached to a Leica DM6000 CFS

(Leica Microsystems, Wetzlar, Germany) that was equipped with the

20×/1.0 NA water immersion objective (HCX APO L; Leica Micro-

systems, Wetzlar, Germany). In a subset of experiments, labeled

neurons and viral expression were imaged using confocal argon or

HeNe laser excitation (Leica Microsystems, Wetzlar, Germany). For

single neuron reconstructions, image stacks were imported into the

Neuromantic 1.6.3 software (RRID:SCR_013597). Cells chosen for

reconstruction were based on the following criteria: (1) good quality,

WEI ET AL. 3



complete labeling of the visualized neuron without signs of disintegra-

tion (e.g. fading of biocytin signal or formation of blebs in distal

dendrites), (2) no major dendrite cut close to the soma, and (3) presence

of a substantial collaterization of the axon. Morphological parameters

were analyzed using Neurolucida Explorer (MBF Bioscience, Williston,

VT, USA; RRID:SCR_017348). To quantify the axonal distribution, we

counted the number of intersections made by the axons with lines running

parallel to each layer and interspaced by 10 μm (Liu et al., 2014).

2.6 | Chemicals and drugs

To examine the function of ChR2, a sodium channel antagonist

tetradotoxin citrate (TTX, 1 μM; Ascent Scientific) was used to isolate

photocurrents. In experiments of optogenetic-assisted circuit mapping

of VIP+ INs, kynurenic acid (2 mM; Sigma-Aldrich, St. Louis, MO) was

utilized to block AMPA/NMDA receptors. In a subset of optogenetic

experiments, postsynaptic inhibitory currents were blocked by the

GABAA receptor blocker SR-95531 (1 μM; Tocris) and GABAB receptor

blocker CGP35348 (1 μM; Tocris).

2.7 | Immunohistochemistry (IHC)

For colocalization of neuronal markers, VIP-Cre;Ai14 mice were

perfused with 4% PFA and the brain was postfixed in PFA at 4�C for

2–6 h. The DG was cut into 60 μm, washed in .1% Triton X-100

in Tris-buffered saline (TBS), and incubated in a blocking solution

containing 5% normal goat serum (Vector Laboratories, Burlingame,

CA, USA) or 1–2X animal-free blocker (Vector Labs, Burlingame, CA,

USA) in TBS at 23–25�C for 2–4 h. Slices were then incubated with

primary antibodies (Table 1) in the blocking solution at 4�C for

24–48 h, washed in TBS three times for 10 min each, followed by

2–4 h of secondary antibody (Table 2) incubation at 23–25�C, and washed

six times in TBS for 10 min each. Slices were mounted in Vectashield with

DAPI (Vector Labs, Burlingame, CA, USA). Confocal/two-photon

images were acquired sequentially using Leica DM6000 CFS equipped

with the 20x/1.0 NA water immersion objective.

2.8 | Hierarchical clustering analysis

For cell clustering, we performed squared Euclidean distances and

Ward's method (Ward, 1963). All electrophysiological properties of

VIP+ INs were tested using the D'Agostino-Pearson normality test and

Pearson's correlation test. Non-independent variables were excluded

with an absolute value of a correlation coefficient > .7 (Guerra

et al., 2011). In the hierarchical clustering analysis (HCA), each variable

was normalized to the z-score. The distance between data points

represents the dissimilarity between them, and closer data points

have higher similarity. The color keys in the heatmap represent

the log2-fold z-score change in certain features in individual cells

TABLE 1 Primary antibodies used in study

Antibody/species Immunogen Dilution Source/catalog/RRID Reference

VIP (pAba), rabbit Porcine VIP coupled to bovine

thyroglobulin

1:1000 Immunostar, 20077, AB_572270 Prönneke et al., 2015

CR (mAbb), mouse Chick retina, specific for an epitope

between amino acids 2–27 at the

N-terminus of calretinin

1:300 Santa Cruz, SC-365956,

AB_10846469

Wakeham, Ren, & Morgans, 2020

CCK (pAb), rabbit Synthetic sulfated CCK-8(26–33)
amide

1:800 Sigma, C-2581, AB_258806 Tyan et al., 2014

PV (mAb), mouse Carp-II PV, against PV calcium-

binding protein of the EF-hand

family

1:500 Swant, 10–11 (F), AB_10000343 Donato, Rompani, & Caroni, 2013

SST (mAb), rat Synthetic 1–14 cyclic somatostatin

conjugated to bovine

thyroglobulin using carbodiimide

1:1000 Millipore, MAB354, AB_2255365 Marlin, Mitre, D'amour, Chao, &

Froemke, 2015

aPolyclonal antibody.
bMonoclonal antibody.

TABLE 2 Secondary antibodies used
in study

Antibody/species Host Dilution Source/catalog/RRID

Alexa Fluor 488 anti-rabbit Goat 1:500 Invitrogen, A-11008, AB_143165

Alexa Fluor 488 anti-mouse Goat 1:500 Invitrogen, A-11001, AB_2534069

Alexa Fluor 488 anti-rat Goat 1:500 Invitrogen, A-11006, AB_141373

Alexa Fluor 594 anti-rat Goat 1:500 Invitrogen, A-11007, AB_141374

Alexa Fluor 633 anti-mouse Goat 1:500 Invitrogen, A-21052, AB_2535719
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compared to other cells. To determine the optimal groups (k) of

k-means in electrophysiological clustering, we used the average silhouette

method (Rousseeuw, 1987) to compute different values of k. The number

of k cluster equal to three had the greatest average silhouette width. The

analysis was conducted using the free statistic software (ClustVis: a web

tool for visualizing clustering of multivariate data, https://biit.cs.ut.ee/

clustvis/; RRID:SCR_017133).

2.9 | Data analysis and statistics

Data were analyzed using Clampfit 10.6 (Molecular Devices; RRID:

SCR_011323) and Prism 6.0 (GraphPad, La Jolla, CA, USA; RRID:

SCR_002798). AP trains were generated by 1-s current injection (with

an increment of 20 pA) with the membrane potential kept at approxi-

mately −65 mV. The Rin was calculated by dividing the amplitude of

small hyperpolarizing current (−10 pA, 1 s) by the elicited steady-state

voltage change. The membrane time constant was measured using

a single-exponential fit to the early portion of the voltage change

produced by hyperpolarizing current injection (−5 pA). The AP threshold

was measured as the voltage at which the first derivative exceeded

20 V/s (Hosp et al., 2014; Hou et al., 2016). The half-width of the AP

was measured at two points during the rise and decay phase halfway

between the threshold and peak. The after-hyperpolarization potential

(AHP) amplitude was defined as the most negative deflection following

the peak of AP and measured from the threshold. The maximum

rising rate and maximum falling rate were calculated from the AP

evoked by the rheobase current (the minimal intensity of the 1-s current

pulse required for AP generation) injection and the peak amplitude was

measured from the AP threshold. The adaptation (AD) ratio is defined as

the peak amplitude of the last spike divided by the first spike. The AD

ratio, coefficient of variation of interspike interval (ISI), last spike onset,

and mean AP frequency were measured during a 1-s current step

(100 pA) injection. To assess the gap junction between VIP INs and

other DG neurons, sustained hyperpolarizing current (−20 pA, 1 s) was

applied.

Two-tailed Fisher's exact test was used for statistical comparison

of the connectivity. Data were presented as mean ± standard error

of the mean (SEM). Error bars in the figures also represent SEM.

Statistical significance was tested using the Kruskal-Wallis analysis

of variance, Mann–Whitney U-test, Fisher's exact test, or Pearson's

normality test at the significance level (p), as indicated using Prism 6.0.

3 | RESULTS

3.1 | Identification of VIP+ INs in the mouse DG

To identify VIP+ INs in the DG, we crossed a VIP-Cre driver line with a

Cre-dependent reporter Ai14 to enable the expression of the fluores-

cent protein tdTomato in these INs (Figure 1(a); Madisen et al., 2010;

Taniguchi et al., 2011). To observe the distribution patterns of the

tdTomato reporter, we prepared thin (60 μm) brain sections (Figure 1

(b)–(e)). In the DG, tdTomato+ neurons were mostly detected in the

hilus (h) and at lower density in the molecular layer (Figure 1(c)–(e)). To

test the specificity of VIP expression in tdTomato+ cells, we performed

VIP IHC (Figure 1(f)). On average, 81.0 ± 5% of tdTomato+ cells in the

DG were VIP+ (87/106 cells in 18 slices from two mice), whereas 87.4

± 3.1% of VIP+ cells in the DG were tdTomato+ cells (89/101 cells in 18

slices from two mice; Figure 1(g)). Notably, 10–15% of tdTomato+ cells

showed GC-like morphology and were localized in the granule cell layer

of the DG (arrowheads in Figure 1(c)–(e)). However, these tdTomato+

GC-like cells were not VIP-immunoreactive (0/14 cells in 18 slices from

two mice; Figure 1(g)).

To characterize neurochemical diversity of VIP+ INs, we per-

formed additional IHC for the calcium-binding protein calretinin

(CR) or neuropeptide cholecystokinin (CCK) (Hájos et al., 1996).

On average, 17.6 ± 2.5% of VIP+ INs in the DG (25/141 cells in 25

slices from three mice) were immunoreactive for CR (Figure 1(h)),

whereas only 6.0 ± 2.4% of VIP+ INs in the DG (6/69 cells in 30

slices from three mice) were CCK-positive (Figure 1(i)). Furthermore,

consistent with a previous report (Hájos et al., 1996), VIP+ cells in

the DG were not PV- or SST-immunoreactive (for PV, 0/80 cells in

14 slices from two mice; Figure 1(j); for SST, 0/42 cells in seven

slices from two mice; Figure 1(k)). The specificity of antibodies

against different markers was further verified by their colocalization

with VIP+ neurons in the CA1 area (unpublished data) and the results

were in line with previous reports (Acsády et al., 1996; Turi et al., 2019;

Tyan et al., 2014).

3.2 | Morpho-physiological differences between
tdTomato+ GCs and INs

Our IHC results revealed that approximately 10–15% of tdTomato+

cells displayed GC-like morphology and were not VIP+. To examine

whether this subset of tdTomato+ cells were functionally distinct from

VIP+ INs, we characterized electrophysiological properties of all

recorded tdTomato+ cells. We randomly performed whole-cell patch-

clamp recording from a sample of 122 tdTomato+ cells in transverse

hippocampal slices under the IR-DGC and epifluorescent microscope

(Figure 2(a)). Hyperpolarizing and depolarizing current steps (1 s) were

applied to assess their passive and active membrane properties. After

recordings, biocytin-filled cells were morphologically reconstructed.

The tdTomato+ INs displayed highly branched local axon arbors com-

pared to the tdTomato+ GCs (Figure 2(b), (c)). Physiologically,

tdTomato+ INs exhibited more depolarized RMP (IN, −47.6 ± 1 mV,

n = 106 vs. GC, −77.1 ± 1.7 mV, n = 16; p < .001), strong AP ampli-

tude adaptation (AD) (IN, .32 ± .02 vs. GC, .88 ± .02; p < .001), lower

rheobase (IN, 16.0 ± 1.1 pA vs. GC, 34.8 ± 4.5 pA; p < .001), larger Rin

(IN, 915 ± 37 MΩ vs. GC, 504 ± 53 MΩ; p < .001) relative to

tdTomato+ GCs (Figure 2(d)). In fact, the separation of these

tdTomato+ neurons was so clear that the two parameters, the AD

ratio and the RMP, could identify the two non-overlapping clusters

(Figure 2(e)). Furthermore, tdTomato+ INs exhibited a narrower spike

half-width (IN, .79 ± .02 ms vs. GC, 1.02 ± .05 ms; p < .001), larger
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AHP (IN, −17.6 ± .4 mV vs. GC, −13.7 ± .6 mV; p < .001), smaller AP

peak amplitude (IN, 56.6 ± 1.1 mV vs. GC, 91 ± 3.3 mV; p < .001), and

faster AP falling rate (IN, 126.4 ± 4.6 V/s vs. GC, 89.1 ± 5.5 V/s;

p < .001) relative to tdTomato+ GCs (Table 3). In summary, while

tdTomato+ GC-like neurons exhibited physiological properties similar

to those of GCs, the tdTomato+ INs showed clearly distinct electro-

physiological characteristics.

3.3 | Morpho-physiological classification of
VIP+ INs

VIP+ INs displayed heterogeneous axonal distribution patterns

(Figure 3(a)). Based on the location of their axonal projections, VIP+

INs were classified into four subtypes: (1) hilus-projecting (HP) cells

(27/40 cells), (2) molecular layer (ml)-projecting (MP) cells (6/40 cells),

F IGURE 1 Genetic identification of VIP-expressing neurons in the mouse DG. (a) The mating strategy using a VIP-Cre driver and a reporter
line to label VIP+ neurons. The Ai14 Cre reporter mice harbor a loxP-flanked STOP cassette preventing transcription of the CAG promoter-driven
tdTomato red fluorescent protein. The Cre recombinase (“scissor”) excises the STOP codon and results in transcription of tdTomato in VIP-Cre;
Ai14 mice. (b) Left, diagram of the lateral view of the mouse brain. Red lines indicate the coronal (Fig. 1c) or transverse section (Fig. 1d) cut
through one hemisphere, which contained the hippocampus (dotted line). Right, red vertical line indicates the parasagittal section plane (Fig. 1e).
(c–e) Distribution of VIP+ neurons in adult VIP-Cre;Ai14 mice. Note that the neurites of VIP+ neurons segregated into distinct laminae in the
stratum alveus (s.a), stratum pyramidale (s.p), stratum lacunosum moleculare (s.lm), and hilus (h) of the hippocampus. Arrowheads and enlarged
images indicate the GC-like neurons. s.o, stratum oriens; s.r, stratum radiatum; ml, molecular layer. Scale bar in the inset = 50 μm. (f) Experimental
schematic of IHC with coronal sections of VIP-Cre;Ai14 mice. The box indicates the area (including sections randomly selected from different
dorsoventral regions of the DG) for immunochemical analyzes. (g–k) Confocal image stacks of the immunofluorescence of VIP, CR, CCK, PV, and
SST in the DG. High-magnification of boxed areas were shown in the inset. Filled circles represent the average of colocalizations, whereas lines
indicate individual quantifications from the same slice. Scale bar = 10 μm (enlarged cell). Data are expressed as mean ± SEM [Color figure can be
viewed at wileyonlinelibrary.com]
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(3) bistratified (Bis) cells (4/40 cells), and (4) trilaminar (Tri) cells (3/40

cells) (Figure 3(a); Table 4). The axon of the HP cells arborized pro-

fusely in the hilus. The MP cells projected their axon preferentially to

the inner two-thirds of the ML. The Bis cells had a unique axonal pat-

tern with two separate axon collateral clusters located in the inner ML

(IML) and hilus, whereas the Tri cells had wide axonal branches across

the three layers, the IML, granule cell layer (GCL or gcl), and hilus.

These four subtypes of VIP+ INs also differed in their somatic loca-

tions. The HP cells were mostly located in the hilus (20/27), whereas

the other VIP+ IN subtypes were primarily located in the ML (Figure 3

(b); MP, 5/6 cells, Bis, 4/4 cells, and Tri, 3/3 cells).

VIP+ INs exhibited variable discharge patterns in response to 1-s

depolarizing current steps of injection. First, we divided them into

three phenomenological subtypes based on their discharge patterns:

fast-adapting (FAD), regular spiking (RS), and irregular spiking (IRS;

Figure 3(c)). In 106 recorded cells, VIP+ INs predominantly exhibited

FAD firing pattern (50/106 total cells). Next, we performed an unbi-

ased hierarchical cluster analysis based on electrophysiological prop-

erties of all VIP+ INs (see Materials and Methods for the details) and

identified three major classes designated as A, B, and C (Figure 3(c);

Table 5). Correlating VIP+ IN physiological subtypes defined by the

two approaches, we found that electrophysiologically defined

classes A, B, and C were mainly FAD, RS, and IRS, respectively

(Figure 3(d)). Comparison of morphologically defined IN subtypes

showed that while there was some heterogeneity in some electro-

physiological features (Table 6), most morphological VIP+ IN subtypes

showed weak correlations with electrophysiologically defined classes

(Figure 3(d)). Note, in particular, that all Tri cells were classified as

class C and exhibited IRS patterns, indicating a level of association

between morphological and electrophysiological features (Hosp

et al., 2014).

Finally, these four types of VIP+ INs also displayed diverse and

variable dendritic patterns (Figure 4). The dendrites of the HP cells

were predominantly located in the ML with variable complexities

(Figure 4(a)). Notably, some of HP cells located in the IML and

exhibited semilunar GC-like (SGCs) morphologies, for example, the

first and third cells from left in the second row as well as the first cell

in the fourth row. These three neurons had multiple (>3) primary den-

drites and showed wide dendritic morphology. However, unlike classi-

cal SGCs, they had high input resistance and more depolarized resting

F IGURE 2 Morpho-physiological differences between tdTomato+ GCs and INs. (a) Left, two-photon image stacks of tdTomato and nuclear stain
40 ,6-diamidino-2-phenylindole (DAPI, blue) in the DG. A transverse hippocampal section was obtained from a VIP-Cre;Ai14mouse. Right, tdTomato
fluorescence (top) and IR-DGC (bottom) images of a recorded cell. gcl, granule cell layer. (b, c) Reconstructed morphologies and membrane responses
of tdTomato+ neurons to current injections. Somata and dendrites of putative INs were in black and the axons were in blue; the soma and dendrites
of the GC-like cell were shown in black and the axons were shown in red. (d) Whisker plots of intrinsic properties of resting membrane potential
(RMP), action potential (AP) amplitude adaptation (AD) ratio, rheobase, and input resistance (Rin) of tdTomato+ INs (n = 106) and GCs (n = 16). The
mean ± SEM were represented next to the boxes. ***p < .001. (e) Scatterplot of AP amplitude AD ratio versus RMP. Red and blue circles represent
GC-like cells and putative INs, respectively. Dashed lines indicate the arbitrary cutoff values (AD ratio, .75; RMP, −68 mV) that appropriately
differentiate two populations. Filled circles represent neurons shown in (b) and (c) [Color figure can be viewed at wileyonlinelibrary.com]
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potential (Gupta, Elgammal, Proddutur, Shah, & Santhakuma, 2012). The

MP cells projected their dendrites perpendicular to the GCL borders

(Figure 4(b)). Dendrites of MP cells were relatively sparse and were

mostly distributed to both the ML and hilus. Interestingly, all

reconstructed Bis cells extended their dendrites to the subiculum

(Figure 4(c)). Of note, dendrites of the Tri cells were highly branched and

randomly oriented as compared to those of the Bis cells (Figure 4(c), (d)).

3.4 | Delayed recruitment of VIP+ INs by cortical
afferents

DG neurons receive coherent theta (4–10 Hz)-band excitatory inputs

in vivo, predominantly relayed from the entorhinal cortex (Pernía-

Andrade & Jonas, 2014). To assess the recruitment of VIP+ INs in

response to cortical inputs, we stimulated the perforant path fibers

by placing a stimulation electrode in the subiculum (sub) close to the

hippocampal fissure. While stimulating, we detected the action currents

(“spikes”) from individual VIP+ INs under the cell-attached configuration

(Figure 5(a)). To mimic the physiological condition, trains of 10 electrical

stimuli were delivered at 10 Hz to the PP. Notably, most VIP+ INs did

not respond to the initial stimuli, but increased their firing probability to

latter stimuli during train stimulation (Figure 5(b), (c)).

To probe this late-onset of VIP+ INs in response to cortical theta

inputs, we compared the synaptic inhibitory drive across different

levels of excitatory drive by converting currents to conductances, that

is, inhibitory postsynaptic conductance (IPSG) versus excitatory

postsynaptic conductance (EPSG). To isolate IPSCs, we used a

cesium-based internal pipette solution under the voltage-clamp mode

while recording at the reversal potential (0 mV) of AMPA/NMDA

receptors. In contrast, EPSCs were recorded at the reversal potential

(−50 mV) of GABAA receptors. The depression of IPSG but facilitation

of EPSG resulted in increasing E/I ratios (Figure 5(d)–(f )).

3.5 | VIP+ INs preferentially innervate DG INs

To investigate the connectivity between VIP+ INs and DG cells, we

performed paired recordings from VIP+ INs and DG cells (Figure 6(a)).

The connectivity between two VIP+ INs within a distance of approxi-

mately 100 μm appeared to be very low as we could only obtain

recordings from one synaptically coupled pair in 29 paired recordings.

The presynaptic VIP+ IN was classified as a Tri cell, whereas the post-

synaptic VIP+ IN was classified as a MP cell (Figure 6(a)left, middle,

and right). In this pair, the unitary inhibitory postsynaptic current

(uIPSC1) had an amplitude of 32.9 ± 7.2 pA (average of seven trials).

Notably, no reciprocal connections or gap junction coupling were

detected between these two cells (see Materials and Methods). Next,

we tested reciprocal connections between VIP+ INs and non-VIP+

cells, including non-VIP INs, MCs, and GCs. Of 28 pairs, no connection

was detected between presynaptic VIP+ INs and postsynaptic non-

VIP cells (Figure 6(a), left and right). Conversely, we detected a non-

VIP+ cell-VIP+ IN cell pair, in which a total molecular layer (TML)-like

cell showed functional coupling onto a HP-VIP+ IN (Figure 6(a), right,

left, and middle; uIPSC1, 132.1 ± 10 pA, average of 40 trials). Collec-

tively, VIP+ INs appeared to form sparse connections with DG cells.

To systematically map the postsynaptic target cells, we employed

optogenetic stimulation to activate a population of VIP+ INs and

recorded postsynaptic responses in different types of DG neurons. To

this end, the light-sensitive cation channel ChR2 was virally expressed

in the dorsal or ventral DG of VIP-Cre mice (Figure 6(b)). Consistent

with the tdTomato expression pattern (Figure 1(c)–(e)), ChR2-eYFP

signals were predominantly observed in the hilus (Figure 6(c)). In

whole-cell recordings, all putative eYFP+ INs (8/8 cells) generated

inward currents and APs in response to a train of short light pulses at

5 Hz (Figure 6(b)). Light-evoked responses were only detected in two

of nine eYFP+ GCs (unpublished data). Therefore, an ionotropic gluta-

matergic receptor blocker, kynurenic acid (2 mM), was applied to iso-

late VIP+ IN-mediated inhibitory transmission.

Next, we recorded IPSCs from different cell types in the

DG. Based on their morphological features, six different GABAergic

IN subtypes and two types of glutamatergic PNs were classified

(Figure 6(d); Table 7). INs were identified by the distribution of their

local axon. Both axo-axonic cells (AACs) and BCs had axon largely

restricted within the GCL. AACs showed prominent radial axon collat-

erals, thus also termed chandelier cells, whereas PV BCs have tangential

axonal collaterals in the GCL. The axonal arborization of hilar

commissural-associational pathway-associated (HICAP)-like cells was

mainly confined to the IML. HIPP-like cells projected their axons

primarily to the middle and outer ML, whereas TML-like cells project

TABLE 3 Electrophysiological properties of tdTomato+ GCs and
INs in the DG

GC (16) IN (106) pa

AP amplitude AD ratio .88 ± .02 .32 ± .02 <.001

CV of ISI .30 ± .03 .52 ± .04 .32

Mean AP frequency (Hz) 17.3 ± 2.0 22.4 ± 2.1 .69

Last AP onset (ms) 956.3 ± 7.4 564.3 ± 39.2 .003

Threshold (mV) −34.2 ± 1.7 −36.1 ± .6 .46

1st AP max falling rate

(V/s)

89.1 ± 5.5 126.4 ± 4.6 <.001

Half-width (ms) 1.02 ± .19 .79 ± .02 <.001

1st AP max rising rate

(V/s)

375.1 ± 31.8 278.6 ± 8.9 .002

Max AP frequency (Hz) 39.9 ± 3.3 30.6 ± 2.2 .004

AP peak amplitude (mV) 90.9 ± 3.3 75.6 ± 1.1 <.001

Min/max ISI ratio .27 ± .04 .35 ± .02 .45

Rheobase (pA) 34.8 ± 4.5 16.0 ± 1.1 <.001

Rin (MΩ) 503.5 ± 53.0 915.6 ± 37.3 <.001

Rising τ (ms) 48.3 ± 4.5 52.9 ± 2.5 .93

RMP (mV) −77.1 ± 1.7 −47.6 ± 1.0 <.001

AHP (mV) −13.7 ± .6 −17.6 ± .4 <.001

Note: Numbers of cells are given in parentheses. All values are provided as

mean ± SEM.
ap-value was examined using Mann–Whitney unpaired U-test.
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their axon collaterals throughout the entire ML. Hilar-INs were identified

by their somata and neurites mainly located in the hilus. ML INs with

their soma in the ML can be subdivided into molecular layer perforant

path-associated (MOPP) cells and neurogliaform cells (NGFCs) according

to their neurochemical, morphological, and physiological properties

(Armstrong et al., 2011; Lee et al., 2016). In our experiments, MOPP cells

were identified by their larger branching dendritic structure, whereas

NGFCs displayed smaller dendritic trees and exhibited late firing patterns

in response to suprathreshold current injection. For glutamatergic PNs,

MCs were identified by the large somatic size, their dendrites in the hilus,

and the presence of thorny excrescences on their proximal dendrites and

somata (Scharfman & Myers, 2013). GCs were distinguished by their

dendrites in the ML, their axon with characteristics of mossy fibers, and

their relatively hyperpolarized RMP.

Quantification of our results showed that VIP+ INs preferentially

innervated INs over glutamatergic PNs (Figure 6(e), filled bar, IN,

F IGURE 3 Morpho-physiological classification of VIP+ INs. (a) Top, exemplar reconstructions of a hilus-projecting (HP) cell with axonal
projections to the hilus; molecular layer-projecting (MP) cell with axonal distributions in the inner two-thirds of the molecular layer; bistratified
(Bis) cell with axonal plexus distributed in the inner one-third of the molecular layer and hilus; trilamilar (Tri) cell with axonal arborization across
the three layers. Somata and dendrites were in black. Axons of HP, MP, Bis and Tri cells were in red, blue, purple, and orange, respectively.
Bottom, normalized axonal density across different DG layers. (b) Somatic locations of all reconstructed cells. (c) Exemplar discharge patterns
recorded from fast-adapting (FAD, brown), regular spiking (RS, blue), and irregular spiking (IRS, green) VIP+ INs. The FAD, RS, and IRS types were
arbitrarily determined by spiking patterns. (d) Top, hierarchical cluster analysis (HCA) of VIP+ INs based on their electrophysiological properties.
The horizontal-axis of the dendrogram represented the individual cells and the vertical-axis represented the normalized distance (squared
Euclidean, Ward's method) between populations (i.e., A, B, C classes). The dashed line was determined by the result of K-means, which was
calculated by Silhouette analysis. The heatmap represents the z-score change of each parameter of individual cells (see Materials and Methods
section). Bottom, relationship between the electrophysiologically determined cell types and morphologically determined cell types. Color codes
below the dendrogram represent FAD (brown), RS (blue), and IRS (green) cells [Color figure can be viewed at wileyonlinelibrary.com]
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56/97 vs. PN, 5/64; p < .001; two-tailed Fisher's exact test). By ana-

lyzing neurons that received light-evoked responses, the results

showed a large degree of variation in inhibitory postsynaptic conduc-

tance (IPSG) within a given cell type and between subtypes (Figure 6

(f)). The connectivity of VIP+ INs to GCs was low (6.5%; 3/46 cells).

Interestingly, two of these three GCs, which receive monosynaptic

inputs from VIP+ INs, were located at the outer GCL. They had multi-

ple (> 3) primary dendrites and were likely to be SGCs.

Finally, we further confirmed that output synapses of VIP+ INs

were different from those of other INs. To this end, we performed

similar experiments using PV-Cre and SST-Cre mice. Similar to our

previous report (Lee et al., 2016), strong eYFP signals in slices from

PV-Cre mice were exclusively detected in the GCL (Figure 3(a), (b)),

whereas intense eYFP signals in the outer-third and the middle-third

of the ML and in the hilus were observed in slices from SST-Cre mice

(Figure 3(d), (e)). The expression of ChR2-eYFP was functional

because delivery of blue light rapidly evoked IPSCs in GCs (Figure 3

(c), (f)). Notably, the connectivity and synaptic strength of the VIP+

IN-GC connections were remarkably less than those of PV+ IN-GC

and SST+ IN-GC connections in the DG (Figure 7(g), (h)). In summary,

our results suggest that compared to other major types of INs, VIP+

INs engage in DG microcircuits with a primary disinhibitory function.

TABLE 4 Morphological parameters
of vasoactive intestinal polypeptide-
expressing interneurons

HP (27) MP (6) Bis (4) Tri (3) pa

Soma

Perimeter (μm) 36.6 ± 1.2 38.8 ± 3.6 44.2 ± 3.3 37.5 ± 2.4 .334

Major axis (μm) 12.2 ± .3 12.5 ± .9 14.9 ± .7 12.8 ± .2 .085

Minor axis (μm) 9.1 ± .4 9.5 ± 1.2 11.3 ± 1.3 8.7 ± .6 .436

Axons

Total length (mm) 4.3 ± .4 3.2 ± .2 6.0 ± .3 3.7 ± 1.3 .19

Total surface (mm2) .28 ± .04 .25 ± .04 .42 ± .05 .24 ± .07 .19

NABPb 49.6 ± 5.7 37.7 ± 3.8 81.8 ± 4.4 44.7 ± 13.6 .07

ASD1c (mm) 1.0 ± .2 .9 ± .2 1.7 ± .5 1.3 ± .4 .38

ASD2 (mm) 1.9 ± .1 1.6 ± .2 2.1 ± .2 1.3 ± .2 .24

ASD3 (mm) 1.1 ± .2 .7 ± .2 1.5 ± .2 1.0 ± .5 .42

ASD4 (mm) .43 ± .12 .21 ± .08 .65 ± .30 .23 ± .22 .55

ASD5 (mm) .12 ± .04 .09 ± .06 .05 ± .05 0 .76

ASD6 (mm) .03 ± .02 .07 ± .07 0 0 .75

ML 100–200 μm (%) 0 3.9 ± 2.8 0 0 .009

ML 0–100 μm (%) .3 ± .2 69.2 ± 7.3 15.2 ± 2.8 13.0 ± 5.2 <.001

GCL (%) 8.4 ± 2.4 25.6 ± 9.1 38.6 ± 5.9 50.4 ± 8.2 .01

H 0–100 μm (%) 55.7 ± 3.6 1.3 ± 1.3 44.0 ± 5.2 34.9 ± 7.9 <.001

H 100–200 μm (%) 29.6 ± 3.7 0 2.2 ± 1.0 1.7 ± 1.1 <.001

H 200–300 μm (%) 5.5 ± 1.3 0 0 0 .006

H 300–400 μm (%) .5 ± .3 0 0 0 .34

Dendrites

Total length (mm) 2.8 ± .2 2.7 ± .3 2.9 ± .4 3.9 ± .2 .21

Total surface (mm2) .20 ± .03 .19 ± .04 .19 ± .03 .22 ± .01 .54

NDBPb 21.4 ± 2.1 20.2 ± 4.6 32.3 ± 4.4 34 ± 4.9 .06

DSD1c (mm) .6 ± .1 .6 ± .1 .9 ± .2 1.3 ± .2 .06

DSD2 (mm) 1.0 ± .1 .9 ± .1 1.3 ± .4 2.0 ± .3 .1

DSD3 (mm) .7 ± .1 .7 ± .1 .6 ± .3 .5 ± .2 .79

DSD4 (mm) .3 ± .1 .3 ± .1 .2 ± .1 .1 ± .1 .83

DSD5 (mm) .08 ± .04 .10 ± .07 0 0 .35

Note: The numbers indicate every 100 μm as an interval. For example, DSD1 represented the dendrite

length within 0–100 μm far from the soma location. The numbers of cells were provided in parentheses.

All values were expressed as mean ± SEM.
ap-value was examined using Kruskal-Wallis unpaired analysis of variance.
bNABP and NDBP were short for number of axonal and dendritic branch points, respectively.
cASD and DSD were short for axonal Sholl distance and dendritic Sholl distance, respectively, and were

analyzed by Neurolucida Explorer.
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4 | DISCUSSION

In this study, we characterized the neurochemical, morphological, and

physiological properties as well as the output connectivity of VIP+ INs

in the mouse DG. We demonstrate that VIP+ INs comprise four mor-

phologically distinct subtypes with variable physiological properties

and preferentially innervate GABAergic INs over glutamatergic PNs.

4.1 | Reliable Cre-driver line for the identification
of VIP+ INs in the mouse DG

Due to their low abundance, transgenic approaches are required for

selective and efficient targeting or manipulation of the VIP+ INs in the

mouse brain. Although an up-to-date Cre driver line for VIP has been

available (Taniguchi et al., 2011), the specificity and sensitivity of this

TABLE 5 Electrophysiological
properties of hierarchical clustering
analysis-classified vasoactive intestinal
polypeptide-expressing interneurons

A (50) B (15) C (41) pa

AP amplitude AD ratio .13 ± .01 .43 ± .05 .50 ± .03 <.001

CV of ISI .33 ± .04 .30 ± .06 .82 ± .09 <.001

Mean AP frequency (Hz) 10.6 ± 1.2 51.4 ± 7.7 26.1 ± 2.7 <.001

Last AP onset (ms) 187.6 ± 26.4 937.2 ± 30.8 887.3 ± 32.3 <.001

Threshold (mV) −35.6 ± .9 −37.1 ± 1.0 −36.5 ± .8 .69

First AP max falling rate (V/s) 123.7 ± 7.6 130.9 ± 13.4 127.9 ± 5.7 .48

Half-width (ms) .82 ± .03 .76 ± .05 .76 ± .02 .4

First AP max rising rate (V/s) 57.3 ± 4.2 62.6 ± 6.6 43.9 ± 2.4 .02

Max AP frequency (Hz) 21.3 ± 1.5 57.7 ± 8.6 32.1 ± 3.3 <.001

AP peak amplitude (mV) 73.8 ± 1.7 75.3 ± 2.1 78.0 ± 1.5 .33

Min/max ISI ratio .49 ± .03 .35 ± .06 .17 ± .03 <.001

Rheobase (pA) 13.5 ± 1.2 6.0 ± .8 22.7 ± 2.0 <.001

Rin (MΩ) 964.8 ± 46.5 1442 ± 80.9 663.3 ± 34.3 <.001

Rising τ (ms) 57.3 ± 4.2 62.6 ± 6.6 43.9 ± 2.4 .02

RMP (mV) −44.9 ± 1.5 −45.9 ± 2.1 −51.6 ± 1.5 .006

AHP (mV) −17.4 ± .6 −21.5 ± 1.3 −16.5 ± .7 .003

Note: The numbers of cells were provided in parentheses. All values were expressed as mean ± SEM.
ap-value was examined using Kruskal-Wallis unpaired analysis of variance.

TABLE 6 Electrophysiological properties of morphological-defined vasoactive intestinal polypeptide-expressing interneurons

HP (27) MP (6) Bis (4) Tri (3) pa

AP amplitude AD ratio .23 ± .04 .50 ± .10 .60 ± .07 .38 ± .07 .006

CV of ISI .43 ± .08 .85 ± .16 .54 ± .14 .66 ± .19 .01

Mean AP frequency (Hz) 16.2 ± 2.4 10.3 ± 3.0 25.3 ± 2.5 31.0 ± 3.6 .035

Last AP onset (ms) 421.7 ± 72.3 632.6 ± 128.5 979.0 ± 15.2 974.4 ± 12.2 .01

Threshold (mV) −36.2 ± 1.0 −37.3 ± 1.6 −37.9 ± 2.5 −38.6 ± 3.0 .82

First AP max falling rate (V/s) 119.7 ± 10.3 96.1 ± 11.5 103.3 ± 30.2 113.8 ± 10.2 .5

Half-width (ms) .88 ± .04 1.04 ± .11 .91 ± .11 .80 ± .02 .35

First AP max rising rate (V/s) 259.6 ± 16.3 276.5 ± 35.5 303.5 ± 39.8 311.4 ± 25.0 .29

Max AP frequency (Hz) 25.2 ± 2.5 12.2 ± 3.2 30.3 ± 4.9 36.3 ± 3.8 .02

AP peak amplitude (mV) 71.6 ± 2.3 82.9 ± 3.9 75.7 ± 3.2 74.4 ± 3.2 .23

Min/max ISI ratio .40 ± .04 .11 ± .03 .18 ± .07 .11 ± .04 .002

Rheobase (pA) 15.5 ± 1.9 15.5 ± 5.0 17.8 ± 5.3 21.7 ± 3.8 .55

Rin (MΩ) 889 ± 73 1089 ± 178 812 ± 155 703 ± 116 .56

Rising τ (ms) 67.5 ± 5.9 69.8 ± 14.3 47.8 ± 1.2 57.7 ± 5.1 .45

RMP (mV) −47.5 ± 2.2 −49.3 ± 2.7 −60.8 ± 3.8 −53 ± 6.6 .16

AHP (mV) −16.4 ± .9 −19.4 ± 2.3 −17.2 ± 2.0 −17.1 ± .4 .56

Note: The numbers of cells were provided in parentheses. All values were expressed as mean ± SEM.
ap-value was examined using Kruskal-Wallis unpaired analysis of variance.
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F IGURE 4 Morphological reconstructions of the DG VIP+ INs. (a–d) All of the 40 reconstructed VIP+ INs. The dendrites were depicted in
black, and the axons were shown in the same color codes as in Figure 3(a). Values of Rin and RMP were shown below the cell [Color figure can be
viewed at wileyonlinelibrary.com]
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line for VIP+ INs in the DG has remained unclear. In this study, we

quantified the co-expression of Cre-driven tdTomato protein with VIP

immunofluorescence in the hippocampal CA1 and DG. We found a

high degree of overlap between tdTomato+ and VIP immunoreactive

cells in the CA1 (approximately 90%), and a slightly lower degree of

convergence in the DG (approximately 80%). Interestingly, a small

population of tdTomato+ GCs (10–15% of the tdTomato+ population)

was also detected in the DG, despite the clear VIP immunonegativity

of these neurons. A similar finding was reported in the same mouse

line crossed with Ai9 reporter mice (Taniguchi et al., 2011). In addition,

we also observed that a small fraction (two out of nine) of viral-

labeled GCs exhibits photocurrents, which may argue against transient

VIP expression during development. It is possible that a low level of

VIP expression in a small subpopulation of GCs may not be detectable

using IHC, whereas efficient Cre/loxP-mediated recombination driven

by strong promotors (e.g. CAG or EF1α in our study) may account for

strong tdTomato expression. To circumvent this potential drawback

of optogenetic control of VIP+ INs in behavioral studies, an

intersectional strategy that combines two recombination approaches

will be required in future studies (Fenno et al., 2014; Taniguchi

et al., 2011). For example, the Dlx5/6-Flp driver expresses the Flp rec-

ombinase in cortical GABAergic neurons (Miyoshi et al., 2010).

Accordingly, the use of VIP-Cre;Dlx5/6-Flp mouse line may allow spe-

cific mapping of VIP+ INs and selective control of VIP+ INs.

4.2 | DG VIP+ INs displaying unique neurochemical
and cellular features

Consistent with previous reports (Hájos et al., 1996), tdTomato+ INs did

not show any overlap with the two major IN markers, PV and SST, which

are corresponding to soma- and dendrite-targeting IN types, respectively.

Approximately 20% of VIP+ INs in the rat DG are CCK immunoreactive

and exhibit a BC-like morphology (Hájos et al., 1996). In contrast, we

observed a much lower overlap of CCK with tdTomato in the mouse DG

and did not detect any VIP+ INs with their axonal plexus restricted in the

GCL. Species differences are likely to account for this discrepancy.

Previous studies reported that CR+ INs are specialized to control

other INs in the rat hippocampus (Gulyás, Hájos, & Freund, 1996;

Hájos et al., 1996). Our IHC results showed that CR+ VIP+ INs were

mostly detected in the subgranular zone of the DG (Figure 1(h)). In

agreement with it, we found that CR+ VIP+ INs were found mostly

(8/9 cells) to be HP cells and most of them (6/9 cells) possessed the

FAD discharge pattern (unpublished data). In our CR immunostaining,

more abundant CR+ cells were detected in the ventral hilus compared

to the dorsal hilus. This observation was in agreement with previous

studies (Liu, Fujise, & Kosaka, 1996; Scharfman & Myers, 2013).

Because the CR signal was not detected in dorsal MCs, intense CR

expression in the dorsal IML was attributed to the longitudinal axonal

projections from ventral MCs, which express CR.

4.3 | Morphologically defined VIP+ INs displaying
variable electrophysiological characteristics

VIP+ INs also display rich diversity in terms of their physiological

properties, including discharge pattern. The majority of VIP+ INs

(approximately 45%) exhibit strong AP amplitude AD. Additionally,

DG VIP+ INs showed several unique cellular properties, including small

soma size and a corresponding high Rin (approximately .9 GΩ), and a

depolarized RMP (approximately −48 mV). The linkages between mor-

phological and physiological profiles of GABAergic INs have been

widely investigated in the DG (Hefft & Jonas, 2005; Hosp et al., 2014;

Liu et al., 2014). Based on our results, those physiologically defined

VIP+ INs are not remarkably associated with their distinct axonal pat-

terns, indicating that INs cannot be unequivocally classified solely

based on electrophysiological or morphological properties. Neverthe-

less, correlations are shown to exist between these properties and the

gene or neurochemical markers (Lien, Martina, Schultz, Ehmke, &

Jonas, 2002; Mardinly et al., 2016; Martina, Schultz, Ehmke,

Monyer, & Jonas, 1998; Yu, Swietek, Proddutur, & Santhakumar,

2015). Collectively, our data provide novel insight into a hitherto well-

known, but poorly characterized, neuronal population in the

mouse DG.

F IGURE 5 Delayed recruitment of VIP+ INs
by cortical afferents. (a) Experimental
schematic. (b) Exemplar cell-attached recording
of responses to electrical stimulation with near-
threshold intensities delivered at 10 Hz.
(c) Histogram showing spike probability of VIP+

INs in response to perforant path (PP)
stimulation (n = 15). (d) EPSCs (red,
Vhold = −50 mV) and IPSCs (blue, Vhold = 0 mV)

evoked by 10-Hz PP stimulation. (e) Summary
of EPSGs and IPSGs during 10-Hz stimulation
of PP (n = 9). (f) Summary of the E/I ratio versus
stimulus number during 10-Hz stimulation of PP
(n = 9). The balanced E/I ratio is indicated by
the dashed line [Color figure can be viewed at
wileyonlinelibrary.com]
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4.4 | Potential roles of VIP+ INs in DG networks
and behavior

INs receive multiple excitatory afferents from different brain regions

and shape the temporal dynamics of the hippocampal network (Hsu

et al., 2016; Lee et al., 2016; Liu et al., 2014; Pouille & Scanziani, 2004).

Here, we showed that VIP+ INs receive synaptic currents, which exhibit

facilitating EPSCs and depressing IPSCs in response to theta-band corti-

cal activity. Furthermore, VIP+ INs have high input resistance (approxi-

mately .9 GΩ) and thereby exhibit robust temporal summation in

response to 10-Hz perforant path stimulation. Such strong temporal

summation suggests that VIP+ INs may serve as a synaptic integrator

and provide long-lasting disinhibition by inhibiting diverse DG IN types

during persistent corticohippocampal information flow.

F IGURE 6 Legend on next page.
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F IGURE 6 VIP+ INs preferentially innervate DG INs. (a) Left, evoked presynaptic action potentials, and unitary synaptic currents were
recorded from INs simultaneously. Middle, reconstructions of a Tri – MP VIP+ IN pair and TML-like IN- HP VIP+ IN pair. Soma and dendrites of
presynaptic and postsynaptic neurons were shown in black and gray, respectively. Axonal arborization of the presynaptic and postsynaptic VIP+

INs were shown in the same color codes as in Figure 3(a). The axons of TML-like INs were in blue. The presynaptic IN was stimulated by current
pulse injection at 10-Hz. Right, summary of all recorded pairs in the DG. (b) Schematic diagram of the viral DIO-ChR2 construct. 5-ms light pulses
at 5-Hz evoked spikes recorded in an eYFP+ IN in current clamp at −60 mV and ChR2-mediated photocurrents recorded in voltage clamp at
−60 mV. Scale bar for the recorded cell = 10 μm. (c) ChR2-eYFP and DAPI expression patterns in the dorsal and ventral DG after 3 weeks of viral
injection. Note the dense eYFP signal expressed in the hilus. (d) Exemplar reconstructions, firing patterns (−50 and 500 pA), and light-evoked
IPSCs recorded in different types of DG cells. Somata and dendrites were shown in black. The axons of the inhibitory INs and excitatory PNs

were shown in blue and red, respectively. (e) Connectivity between VIP+ INs and different types of DG cells. The averages of VIP+ IN-IN and VIP+

IN-PN connectivity were shown in dark bars (***p < .001; two-tailed Fisher's exact test). BC, basket cell; HICAP, hilar commissural-associational
pathway-associated cell; HIPP, hilar perforant path-associated cell; TML, total molecular layer interneuron; MOPP, molecular layer perforant
path-associated cell; NGFC, neurogliaform cell. (f) Summary of the first IPSG (IPSG1) recorded from different cell types. Only cells with functional
connections with presynaptic VIP+ cells were included here. Individual cells were shown in circles (one AAC and one GC were shown in triangle).
The averages of IPSG1 at VIP

+ IN-IN and VIP+ IN-PN connections were shown in dark bars (n.s., no significant difference; Mann–Whitney U-test).
Data were expressed as mean ± SEM [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 7 Properties of light-evoked IPSCs in DG neurons

Synaptic delaya (ms) 20–80% rise timeb (ms) Decay τ (ms) IPSG1 (nS) IPSG1/5

AAC (1) 2.3 .9 17.3 1.0 1.3

BC (7) 3.4 ± .9 1.7 ± .4 20.2 ± 7.2 .8 ± .3 1.3 ± .2

HICAP (11) 4.4 ± .6 2.2 ± .4 21.3 ± 2.7 .6 ± .2 1.4 ± .2

HIPP (8) 3.3 ± .5 2.7 ± .6 25.3 ± 8.5 .2 1.7 ± .2

TML (7) 2.9 ± .2 1.6 ± .2 18.4 ± 3.3 .3 ± .1 2.0 ± .6

Hilar IN (11) 3.9 ± .4 2.8 ± 1.0 26.7 ± 5.0 .4 ± .1 1.4 ± .3

MOPP (8) 6.7 ± 1.1 1.9 ± .3 17.0 ± 1.9 .6 ± .3 3.0 ± .7

NGFC (3) 5.1 ± 2.0 2.9 ± 1.7 21.7 ± 5.5 .5 ± .4 1.3 ± .2

MC (2) 2.0 4.5 21.7 .1 .8

GC (3) 5.8 ± .7 1.4 ± .4 21.1 ± 4.4 .3 ± .2 .6 ± .1

Note: The numbers of cells were provided in parentheses. All values were expressed as mean ± SEM.

Abbreviations: BC, basket cell; HICAP, hilar commissural-associational pathway-associated cell; HIPP, hilar perforant path-associated cell; MOPP,

molecular layer perforant path-associated cell; NGFC, neurogliaform cell; TML, total molecular layer interneuron.
aSynaptic delay was calculated as the time elapsed from the onset of photo-stimulation to the onset of the first monosynaptic EPSC.
b20–80% rise time was measured from the first monosynaptic IPSC.

F IGURE 7 Synaptic strength of PV+ and
SST+ INs in the DG circuitry. (a) ChR2-eYFP
expression patterns in the PV-Cre mice. Note
the pronounced eYFP signal in the perisomatic
areas. (b) IR-DGC and epifluorescent images.
Note that a dense signal was observed in the
gcl. (c) Top, schematic illustration. PV+ cells
were excited by 470 nm light, which was
delivered through the objective lens. Bottom,
representative IPSCs were recorded from a GC

(left), and quantification of IPSG elicited by
optogenetic stimulation of PV+ cells (right).
IPSG, 7.5 ± 1.8 nS, n = 8. (d–f) Same strategies
were applied using SST-Cre mice. IPSG, 1.3 ± .2
nS, n = 12. Data were expressed as mean
± SEM. (g–h) Connectivity and IPSG of three
distinct GABAergic synapses. Data were
expressed as mean ± SEM [Color figure can be
viewed at wileyonlinelibrary.com]
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Most DG INs are known to innervate GCs directly through the

feedback and feedforward inhibition. However, little is known about

the synaptic role of IN-selective INs in these microcircuits. To exam-

ine the cell-type specific projection from distinct classes of VIP+ INs,

we performed paired-recording. Unfortunately, VIP+ INs form synap-

ses with postsynaptic neurons with low connectivity. Alternatively,

we used an optogenetic approach to address this issue. The result of

optogenetic-assisted circuit mapping indicates that VIP+ INs rarely tar-

get glutamatergic PNs (i.e., GCs and MCs), but are specialized in inner-

vating other INs.

Different IN types are shown to control network activity during

behavior (Lapray et al., 2012). In cortical regions, VIP+ INs suppress

the firing of other local INs during complex behaviors, including loco-

motion, visual processing, and other sensory reinforcement

(Fu et al., 2014; Garcia-Junco-Clemente et al., 2017; Jackson,

Ayzenshtat, Karnani, & Yuste, 2016; Mardinly et al., 2016; Pi

et al., 2013). VIP+ INs are active when the mouse is whisking, whereas

they are inactive during non-whisking periods, thereby providing an

activity-dependent gain control through disinhibition (Lee et al.,

2013). The DG activity is critical to cognitive processes such as pat-

tern separation and mood regulation (Anacker et al., 2018; Burghardt,

Park, Hen, & Fenton, 2012; Engin et al., 2016). Our results indicate

that VIP+ INs in the DG are also primarily involved in disinhibitory

modulation of the network. Their intrinsic properties and synaptic

dynamics further suggest that they are recruited to ongoing activity

with a certain latency. However, to better understand their network

function, in vivo experiments with freely moving animals using behav-

ioral paradigms will be required.
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