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ABSTRACT

The presubiculum is part of the parahippocampal cortex and plays a fundamental role for orientation in space.
Many principal neurons of the presubiculum signal head direction, and show persistent firing when the head of
an animal is oriented in a specific preferred direction. GABAergic neurons of the presubiculum control the
timing, sensitivity and selectivity of head directional signals from the anterior thalamic nuclei. However, the role
of vasoactive intestinal peptide (VIP) expressing interneurons in the presubicular microcircuit has not yet been
addressed. Here, we examined the intrinsic properties of VIP interneurons as well as their input connectivity
following photostimulation of anterior thalamic axons. We show that presubicular VIP interneurons are more
densely distributed in superficial than in deep layers. They are highly excitable. Three groups emerged from the
unsupervised cluster analysis of their electrophysiological properties. We demonstrate a frequency dependent
recruitment of VIP cells by thalamic afferences and facilitating synaptic input dynamics. Our data provide initial
insight into the contribution of VIP interneurons for the integration of thalamic head direction information in the

presubiculum.

Introduction

The presubicular cortex, located between the hippocampus and the
medial entorhinal cortex, plays a crucial role in spatial navigation. Most
presubicular neurons signal head direction (HD) (Taube et al., 1990;
Boccara et al., 2010; Preston-Ferrer et al., 2016). They fire persistently
when the head of an animal is oriented in a specific direction, and they
transmit directional information to the medial entorhinal cortex
(McNaughton et al., 2006; Langston et al., 2010, Winter et al., 2015,
Tukker et al., 2015, Preston-Ferrer et al., 2016).

Recent work has revealed how thalamic HD signals converge with
retrosplenial inputs in the presubicular cortex (Richevaux et al., 2023),
and the properties of the local microcircuit (Duszkiewicz et al., 2024;
Nassar et al., 2015; Peng et al., 2017; Simonnet et al., 2013). Thalamic
inputs differentially affect presubicular neurons: layer 3 pyramidal
neurons and fast-spiking parvalbumin-expressing interneurons are
directly and monosynaptically activated, with strong initial responses,
whereas somatostatin-expressing interneurons are indirectly excited,
with activity dependent, facilitating dynamics. Feedforward inhibition
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is largely mediated by parvalbumin interneurons, and may enforce
temporally precise head direction tuning during head turns (Nassar
et al., 2018). In contrast, feedback and lateral inhibition mediated by
Martinotti type somatostatin expressing interneurons onto principal
neurons may help sustain firing in head direction cells (Simonnet et al.,
2017; Simonnet and Fricker, 2018). In addition to interneurons
expressing parvalbumin (PV), somatostatin (SST), another major sub-
type of GABAergic neurons expresses vasoactive intestinal peptide (VIP)
(Kepecs and Fishell, 2016). The intrinsic properties and the functional
role of presubicular VIP interneurons have not yet been investigated.
VIP interneurons form a population that is largely non-overlapping
with PV and SST interneurons, representing 15 % of total interneurons
(Hajos et al., 1996; Xu et al., 2010; Rudy et al., 2011; Tremblay et al.,
2016). The cellular diversity even within the population of VIP
expressing neurons is high, in the hippocampus and in the neocortex
(Tyan et al., 2014; Topolnik and Tamboli, 2022). A recent large-scale
study classified cortical VIP interneurons into 5 morpho-electric tran-
scriptomic (MET) types (Gouwens et al., 2020). The connectivity motifs
of VIP neurons encompass both inhibition of principal cells and
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inhibition of other interneurons (Acsady et al., 1996; Booker & Vida,
2019). The latter leads to VIP mediated disinhibition of principal glu-
tamatergic neurons and has received much attention in various brain
areas (Pi et al., 2013; Jackson et al., 2018; Krabbe et al., 2019; Williams
and Holtmaat, 2019) including in the hippocampus (Turi et al., 2019;
Wei et al., 2021). The disinhibitory influence of VIP interneurons on the
circuit is largely thought to arise from their inhibition of SST in-
terneurons and, to a lesser extent of PV interneurons (Pfeffer et al., 2013;
Pi et al., 2013; Karnani et al., 2014; Karnani and Jackson, 2018; Apicella
and Marchionni, 2022). Inhibitory-to-inhibitory synaptic interactions
among VIP, SST and PV interneurons may help maintain a balance be-
tween inhibition and disinhibition, and help flexible computation
(Millman et al., 2020; Sadeh and Clopath, 2021). The presubicular HD
signaling may also be dependent on VIP interneuron activity. Specif-
ically, VIP interneurons may be key for shaping the multisensory HD
signal integration and HD signal updating. To investigate the role of VIP
interneurons in vitro and in future in vivo studies, we need to be able to
selectively target them for recording or manipulating.

Here we examined the VIP Cre mouse line (Taniguchi et al., 2011) for
its specificity in labeling VIP interneurons in the presubiculum. We
characterized the distribution and densities of VIP interneurons across
presubicular layers, and characterized the phenotypic diversity of pre-
subicular VIP interneurons in patch clamp recordings in slices. Unsu-
pervised cluster analysis based on the intrinsic electrophysiological
properties of VIP interneurons, compared to pyramidal neurons, let us
separate three distinct groups. Photostimulation experiments indicate
that at least a subset of VIP interneurons can be directly recruited by
thalamic inputs, with strongly facilitating dynamics.

Methods
Animals

Experiments were performed on wild-type and transgenic C57Bl6
mice. VIP-Cre mice (Jax n010908, Taniguchi et al., 2011) were crossed
with the Ail4 Cre reporter line (Jax n007914, Madisen et al., 2010). Cre
mediated recombination resulted in the expression of red fluorescent
tdTomato labeling in subsets of GABAergic neurons. VIPcre::tdTomato
mice specifically express the red fluorescent protein tdTomato in VIPcre
expressing neurons, enabling their visualization in brain slices. Previous
studies showed a preferential paternal transmission of the Cre recom-
binase in the case of PVcre and SSTecre animals (Nassar et al., 2015).
Here we bred male homozygous VIPcre mice with females homozygous
for tdTomato, to study their offspring of both sexes. Animal care and use
conformed to the European Community Council Directive of September
22, 2010 (2010/63/EU) and French law (87/848).

Viral vectors

Viral vectors were injected to induce expression of Chronos, a
modified opsin with fast kinetics (Klapoetke et al., 2014). AAV5.Syn.
Chronos-GFP.WPRE.bGH (AAV5-Chronos, Penn Vector Core, Addgene
59170P) was used to express this blue light sensitive opsin fused to GFP,
under the control of the Synapsin promoter. Viral vectors were stored in
aliquots at —80 °C until use.

Stereotaxic surgery

Mice, of age 30-45 days, were anesthetized intraperitoneally with
ketamine hydrochloride and xylazine (100 and 15 mg/kg, respectively)
and placed in a stereotaxic frame. Unilateral viral injections were per-
formed as described previously (Mathon et al., 2015). AAV injections
were targeted to ATN using coordinates from bregma of lateral, 0.75
mm; posterior, 0.82 mm; and depth, 3.2 mm. Injections were made with
a Hamilton syringe using a syringe Pump Controller (Harvard Appa-
ratus, Pump 11 elite) at 40 nl/min to deliver volumes of 220 nl AAV5.
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Syn.Chronos vectors. Leakage from an injection site to surrounding tis-
sue was minimized by withdrawing the pipette slowly after a delay of 10
min. Maximal transgene expression occurred 4 weeks after injection.

Immunohistochemistry

Mice were anesthetized intraperitoneally with ketamine hydrochlo-
ride and xylazine (100 and 15 mg.kg ™, respectively). They were then
perfused transcardially with 0.9 % saline containing heparin (100-200
Ul/ml) followed by 30-50 ml of a fixative solution containing 4 %
paraformaldehyde in 0.1 M phosphate buffer (PB). Dissected brains were
post-fixed 4 h in the same solution at 4 °C, rinsed three times for 3 min,
and then placed in a 30 % sucrose solution at 4 °C for at least 24 h.
Horizontal sections of thickness 40 pm were cut in 0.1 M PBS using a
slicing vibratome (Camdem vibratom 7000smz-2). Membranes were
permeabilized by three cycles of freeze-thawing slices on dry ice in a 30
% sucrose containing solution. Sections were washed three times (2 x
30 min, 1 x 60 min) with 0,3% Triton X100 in PBS 0.1 M (BupHTM
Phosphate Buffered Saline Packs, Thermo Fisher Scientific), then
transferred to a saturation buffer containing 5 % goat serum and 0.3 %
Triton X-100 in PBS 0.1 M, and agitated for 2 h at room temperature.
Sections were then transferred into the primary antibody solution of 5 %
goat serum and 0.3 % Triton X-100 in PBS 0.1 M and gently agitated,
overnight at 4 °C. Sections were rinsed three times (2 x 30 min, 1 x 60
min) with 0,3% Triton X100 in PBS 0.1 M, then incubated in dilutions of
secondary antibody, conjugated to different fluorophores, overnight at
4 °C under gentle agitation.

4,6-diamidino-2-phenylindole (DAPI, Sigma) was always added to
secondary antibodies containing solutions (1:5000) to stain cellular
nuclei. For VIP immunostaining, we increased the incubation time with
the primary antibody to 48 h and with the secondary antibody to 24 h,
both at 4 °C.

The following primary antibody was used: Rabbit Anti-VIP (Immu-
nostar, #20077, 1:500). Secondary antibodies were: Donkey Anti-
Rabbit (A647, Jackson ImmunoResearch, 1:500) or Goat Anti-Rabbit
(Fisher Scientific, A488, 1:500). Stained sections were mounted on
glass slides, coverslipped with anti-fade Prolong Gold (Life
technologies).

Image acquisition and analysis

Stained slices were visualized with a confocal microscope (Zeiss
LSM710). Presubicular layers and borders were defined using specific
cytoarchitectonic features identified by DAPI staining. Images were
adjusted for contrast and brightness. For each brain slice, fluorescent
tdTomato+ cells from all layers of the presubiculum were identified
visually by complete scans of optical sections.

To determine the density of the VIP-INs expressing the tdTomato
reporter, we first took Z-stack pictures of the 40 pm thick presubicular
sections under the 20x objective of a confocal microscope (Zeiss
LSM710). The Cell counter plugin of the ImageJ software was used to
count the cells. According to the cell density, the PrS layers were
manually and individually selected and their volume was measured
(area x range). The density of cells in number/mm3 was determined on
n = 53 sections from 6 animals.

Antibody fluorescence was examined for each tdTomato+ cell. A cell
was regarded as positive for a given antibody when somatic fluorescence
was clearly higher than background levels. Colocalization of antibody
labeling was confirmed from observations at all levels of a stack of op-
tical sections for the soma of a neuron. Percentages of single and dual-
immuno labeled fluorescent neurons were obtained by dividing the
number of immuno-labeled fluorescent neurons by the total number of
tdTomato+ neurons. Data are given as mean + SEM.
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Slice preparation and whole cell patch-clamp recordings

Acute slices containing the hippocampus, subicular complex and
entorhinal cortex were prepared 4 weeks after AAV5 injections. Animals
were anesthetized with ketamine hydrochloride and xylazine mix,
treated with 0.1 mL heparin injected intraperitoneally, and perfused
intracardially by a cutting solution containing (in mM): 125 NaCl, 25
sucrose, 2.5 KCl, 25 NaHCO3, 1.25 NaH5POy4, 2.5 D-glucose, 0.1 CaCly, 7
MgCl,, cooled to 4 °C, and equilibrated with 5 % CO3 in O». The brain
was removed and cut in 300 pm horizontal slices in the same cutting
solution with a vibratome (Leica VT1200S). These slices were stored for
15 min in warm (34 °C) ACSF, containing (in mM): 124 NaCl, 2.5 KCl, 26
NaHCOs, 1 NaH5POy4, 2 CaCly, 2 MgCly, and 11 D-glucose, bubbled with
5 % CO; in Og. Slices were then transferred to a recording chamber
(volume 2-3 ml, temperature 33 °C-35 °C) mounted on a BX51WI mi-
croscope (Olympus). Experiments were discontinued if transfection at
the injection site was weak or if leakage had occurred. The dorsoventral
level of horizontal slices that were used for recordings ranged from
dorsoventral 2.6 to 3.6 mm with respect to bregma corresponding to the
mid to dorsal portion of presubiculum (Paxinos and Franklin, 2013).

Recordings were made with glass pipettes pulled using a Brown-
Flaming electrode puller (Sutter Instruments) from borosilicate glass
of external diameter 1.5 mm (Clark Capillary Glass, Harvard Apparatus).
Electrodes were filled with a solution containing the following (in mM):
135 K-gluconate, 1.2 KCl, 10 HEPES, 0.2 EGTA, 2 MgCl,, 4 MgATP, 0.4
Tris-GTP, 10 Nag- phosphocreatine, and 2.7-7.1 biocytin. The pH of the
pipette solution was adjusted to 7.3 with KOH, and the osmolarity was
290 mOsm. Electrode resistance in the bath, filled with the internal
solution, was typically 5-8 MQ. We used small tip sizes for recording the
small GABAergic VIP interneurons (diameter of soma, 10-15 pm).
Fluorescent VIP cells were identified using LED illumination with
appropriate emission/excitation filters (OptoLED, Cairn Research) using
a Luca CCD Camera (Andor). Whole-cell current-clamp recordings were
made using a MultiClamp 700B amplifier and pCLAMP software (Mo-
lecular Devices). Membrane potential signals were filtered at 6 kHz and
digitized at 20-50 kHz. VIP-expressing interneurons were red fluores-
cent cells in slices from VIPcre::tdTomato mice. Pyramidal neurons of
layer III were unlabeled principal neurons, identified as cells with a
triangular or ovoid shaped soma. We included them as an external
reference population (data from Richevaux et al., 2023). Successful re-
cordings were defined by a high seal resistance above 2 GQ in cell
attached mode. Quality criteria for proceeding with whole cell re-
cordings included a stable access resistance (Ra) < 40 MQ. Ra was
estimated in whole cell voltage clamp mode using the instantaneous
current change in response to a —10 mV pulse. The seal test mode in
pClamp software was used to estimate the access resistance on-line,
before switching to current clamp mode. Bridge balance was set auto-
matically (MultiClamp Commander Software Interface) and monitored
throughout the recording. For changes >20 % the recording was dis-
carded. Action potentials needed to be overshooting above 0 mV.

Electrophysiological analysis

Cells intrinsic properties were analyzed as described previously
(Huang et al., 2017). Cellular parameters were measured at least 3-5
min after whole-cell records were established. RMP was measured at the
beginning of the recording over at least 10 s. Then the membrane po-
tential was kept at —65 mV, for all cells, using a constant current in-
jection as necessary. Electrophysiological parameters were measured
from responses to step current injections of 800 ms duration, in VIP
interneurons and in principal cells, in a standardized manner. Injected
currents increased from negative to positive values, with a range of
amplitudes that resulted in hyperpolarization to about —100 mV during
the first step and depolarizations close to the maximum sustained firing
frequency (evident as noticeably reduced spike amplitudes at the end of
the step). Depending on the resistance of the recorded neuron, the first
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hyperpolarizing step was in the range of —50 pA to —200 pA with an
incremental step change of 1/10th of the initial value. Neuronal input
resistance Ry, was determined as the slope of the current-voltage (I-V)
relationship between —75 and —55 mV. Membrane time constants (t)
were estimated from a double exponential fit to the negative deflection
of membrane voltage (Levenberg-Marquardt algorithm; Golowasch
et al., 2009) in response to a 800 ms hyperpolarizing current injection
inducing a voltage change of up to 10 mV. A “sag ratio,” indicative of Th
expression, was calculated for steps in which the voltage deflection
reached values between —105 and —90 mV, as the ratio of the maximal
negative potential, typically from O to 200 ms, divided by the mean
steady state voltage deflection, between 400 and 800 ms.

Action potentials of amplitude at least 20 mV were detected from
continuous periods of rising membrane potential. Rheobase (or
threshold current for firing) was defined as the smallest positive current
step of 800 ms that elicited at least one AP. Firing frequency (Hz) was
deduced by dividing the number of APs over time (APs/sec).
Input-output (I-O) curves were constructed by plotting firing frequency
(APs/sec) as a function of injected current. The I-O gain was measured
from a linear fit to frequencies measured from the 4 current steps after
rheobase. First AP latency was calculated from the first AP elicited, at
latency less than 100 ms. Action potential waveform features were ob-
tained by averaging the measures from the first AP elicited, on the
rheobase current step, at latency less than 100 ms. AP threshold
(threshold) was defined as the membrane potential when dV/dt > 35
mV/ms. AP peak was its maximum potential. The AP rising amplitude
(amplitude) was the difference between the threshold and the peak AP
voltage. AP width (width) was measured from the half-height of the AP
rising phase. Max depolarization rate and max repolarization rate were
defined as the maximum and minimum dV/dt, during rising and falling
phases of APs, respectively. The AHP was the voltage minimum after the
AP peak and its amplitude (AHP) was defined as the difference from the
threshold.

Optical stimulations

Chronos-expressing ATN axons were stimulated optically with a
single-wavelength LED system (470 nm; Cairn Research OptoLED)
connected to the microscope via a custom-made triple port (Cairn
Research). Synaptic responses of presubicular VIP interneurons were
recorded in whole-cell current- or voltage-clamp modes. LED illumina-
tion gave a 200 um diameter spot with a 60 1.0 NA plan-Apochromat
objective. Flashes of 0.5 ms were delivered close to recorded somata.
We typically used low-intensity stimulation of 0.1- 0.5 mW, set to
induce near threshold responses, reducing network activation after ATN
axon stimulation. Excitatory and inhibitory postsynaptic responses were
evoked by 10 Hz, 30 Hz and 70 Hz stimulus trains. We tested for
monosynaptic excitation by stimulating in the presence of TTX (1 uM;
Tocris Bioscience) to block polysynaptic excitation and 100 uM 4-AP
(Sigma-Aldrich) to enhance axonal depolarization (Cruikshank et al.,
2010; Mao et al., 2011).

Biocytin staining and morphological 3D reconstructions across
presubicular layers

VIP interneurons were filled with 0.3-0.4 % biocytin (3-4 mg/ml)
during recordings to reveal their morphology post hoc (Nassar et al.,
2015; Simonnet et al., 2013). After recording, slices were fixed in 4 %
PFA in 0.1 M phosphate buffer at 4 °C for 24 h. Slices were then rinsed in
PBS and cryoprotected in 30 % sucrose mixture at 4 °C overnight.
Membranes were permeabilized by three cycles of freeze-thawing over
dry ice and then washed with PBS. Slices were agitated in a saturation
buffer containing 2 % milk powder and 1 % Triton X-100 in PBS 0.1 M
for 3 h at room temperature. Then, sections were gently agitated with
Streptavidin-Cy5 conjugate (1:500, Molecular Probes) and DAPI in the
blocking solution overnight at 4 °C. After washing with PBS, slices were
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mounted on coverslips using ProLong Gold Antifade Mountant (Invi-
trogen). Filled cells were visualized with a confocal microscope (Zeiss
LSM710). Neuronal anatomy was derived from z stacks of acquired
images (Neurolucida, RRID:SCR_001775; MBF Bioscience).

The presubiculum has a curved trapezoid shape in horizontal sec-
tions, and its radial axis is defined by the pyramidal cell apical dendrites.
Blood vessels follow the same main orientation. Six presubicular layers
were identified based on the following cytoarchitectonic features: Layer
I stands out as an almost cell free layer. Layer II possesses a high density
of DAPI labeled cell bodies. The beginning of layer II was used to define
the proximal border to the subiculum, and the distal end of layer II
corresponds to the transition to the parasubiculum. Layer III has a me-
dium cell body density. Anterior thalamic axons ramify across the su-
perficial layers I and III (Fig. 5A; see also Nassar et al., 2018). Layer IV is
sparsely populated, it is part of the deep layers, and lies below the
thalamo-recipient superficial layers (Richevaux et al., 2023). The deep
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layers V/VI appear as the continuation of the subiculum.
Statistical analysis

Signals were analyzed with AxoGraphX and custom-written software
(Labview, National Instruments; MATLAB, The MathWorks). Algorithms
to detect APs and measure active and passive neuronal properties are as
described previously (Simonnet et al., 2013; Huang et al., 2017). Results
are given as mean + SEM (number of cells, slices, or animals as indi-
cated). Statistical analysis was performed with Prism (GraphPad Soft-
ware). The Wilcoxon signed rank test for matched pairs was used to
compare nonparametric data in matched samples. A Kruskal-Wallis
one-way ANOVA test was followed by Dunn’s post hoc test to compare
more than two groups. Mann-Whitney non parametric tests were also
performed to compare differences between two independent groups.
Two-way ANOVA was also used to study the effect of two independent

3 ventral
of =3 medial
= dorsal

*%¥

10 20 30 40
Cell density (*1000/mm?)

Fig. 1. Layer-specific distribution of VIP interneurons in the presubicular HD cortex A) Horizontal section of the presubiculum with red tdTomato labeled neurons
from a VIPcre::tdTomato mouse. The presubiculum continues from the subiculum (Sub), faces the dentate gyrus (DG), and lies adjacent to parasubiculum (PaS) and
medial entorhinal cortex (mEC). DAPI staining in blue. B) Slices obtained from different dorso-ventral levels, ranging from —2,2 mm (most dorsal) to —3 mm (most
ventral). C) DAPI staining (left, blue), tdTomato labeled VIP interneurons (middle, red), and an overlay (right) of presubicular layers I to V/VI. D) Densities (mean +
SEM) of labeled VIP interneurons in different layers of presubiculum. Data from 10 slices of 3 animals (Kruskal-Wallis test, *** P < 0.001, **** P < 0.0001). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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variables at the same time.

Results

Mouse model validation and layer distribution of VIP interneurons in the
presubiculum

We first aimed to confirm the specificity of the VIPcre mouse line
(Taniguchi et al., 2011) as a genetic tool for accessing VIP interneurons
in presubiculum. To do this, VIPcre mice were crossed with a reporter
line expressing a red fluorescent protein, tdTomato (Ail4, Madisen
et al., 2010), that let us visualize VIP interneurons in slices. We then
examined the distribution of VIP expressing interneurons across the
different layers of the presubiculum in these transgenic mice. Fig. 1A
shows the presubiculum in the context of the mouse hippocampal for-
mation. Six cytoarchitectonic layers can be recognized. The distribution
of fluorescently labeled VIP interneurons was quantified in 19 ventral,
23 medial and 11 dorsal presubicular slices from three animals.
(Fig. 1B). VIP interneurons were sparse in layer I (286 + 143.5). Their
density was higher in layer II (24324 + 1499 cells/mm3) than in layer
III (16712 + 946 cells/mm3). It further decreased in layer IV and even
more in layers V/VI. Overall, VIP interneuron density was significantly
higher in the superficial layer II and III than in the deep layers, IV and V/
VI (Fig. 1C,D).

We then used antibodies against VIP to examine the specificity of
labeling in the VIPcre::tdTomato mice (Fig. 2) in superficial layers I-III
and in deep layers IV and V/VI of the presubiculum. The tdTomato-+
fluorescent presubicular cells that were also immunopositive for VIP
were quantified in 8 non-adjacent slices from three animals (Fig. 2A,B).
As expected, the great majority of tdTomato+ neurons in the VIPcre line
were immunopositive for VIP (393/413). VIP labeling of TdTomato+
cells was even higher in superficial layers (95 + 1 %) than in deep layers
(87 + 6 %) with no significant difference.

Cluster analysis of electrophysiological parameters reveals groups of
presubicular VIP interneurons

We measured passive membrane properties, AP waveforms and
firing patterns of 85 presubicular VIP interneurons and compared them

A

SUP

DEEP
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to 71 layer III pyramidal neurons. The classification is based on elec-
trophysiological criteria, where pyramidal neurons were used as an
external reference for the interneuron containing clusters, in order to
define a significant cut-off value for clusters. All recordings were made
from neurons in slices from the mid-to-dorsal portion of the pre-
subiculum. Dorso-ventral depths ranged from —3 to —2.2 mm, with most
interneurons recorded from a level close to —2.5 mm (cf. Fig. 1B). Flu-
orescently labeled neurons in VIPcre::tdTomato mice and unlabeled
pyramidal neurons in layer III were recorded from male and female
mice, and mostly from superficial layers of presubiculum. Unsupervised
cluster analysis using Ward’s method (Ward, 1963) was based on 13
electrophysiological variables as listed in Table 1. Supplementary Fig. 1
shows these parameters in the space defined by the three first principal
components. The hierarchical tree diagram (Fig. 3A) points to the ex-
istence of two VIP interneuron containing clusters (Cluster 1 and 2) that
were segregated from a cluster containing pyramidal neurons, and a
third group of VIP interneurons (Cluster 3). Within-cluster Euclidean
distances for clusters 1, 2 and 3 were similar (10, 11 and 15, respec-
tively). We explore VIP interneurons in the three clusters in detail below.
All datapoints are plotted for each cell, represented by a dot, for each
cluster (Fig. 3F).

Cluster 1: Highly excitable VIP interneurons

Cluster 1 comprised 39 VIP interneurons and one unlabelled neuron.
A representative firing pattern of a VIP interneuron with irregular or
quasi fast-spiking firing pattern and fast AP is shown (Fig. 3B-D, blue
traces). Cluster 1 interneurons typically fired spontaneously both in the
whole-cell mode and in cell-attached records made before rupturing the
membrane. Their mean RMP was relatively depolarized, similar to VIP
interneurons in Cluster 2 and 3 (—53.7 £ 1.7 mV; n = 39; mean + SEM).
Input resistance was particularly high, 1287 + 108 MQ, similar to
Cluster 2 and significantly higher than for cluster 3 VIP interneurons
(Fig. 3E, F). Membrane time constant, tau, was 28 + 2 ms. Hyper-
polarizing current injections induced a moderate voltage sag (Fig. 3B;
sag ratio 1.11 + 0.01). Cluster 1 cells could fire in quasi fast patterns.
They were very excitable, and APs were elicited at a very low rheobase
current of 10.5 + 1.0 pA. The maximum firing rate, determined from a
subset of n = 7 cells, was 100.2 + 14.6 Hz. Firing rate gain was 1564 +

B'IOO-

Percentage of cells (%)
i
o

SUPDEEP

Fig. 2. Immunostaining confirms the specificity of the VIPcre::tdTomato labeling. A) Presubicular sections from VIPcre::tdTomato mice stained with anti-VIP
antibody in superficial (SUP, top panels) and deep (DEEP, bottom panels) layers. For each row, tdTomato labeled neurons (red) are on the right, immunostain-
ing against VIP in the middle (green) and merge on the right. B) Bar graphs indicate percentages of antibody labeling of tdTomato+ VIP interneurons (mean + SEM).
Data obtained from 8 slices of 3 animals. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Electrophysiological intrinsic properties of 85 presubicular VIP interneurons recorded from the VIPcre::tdTomato mouse line and 71 presubicular layer 3 pyramidal
neurons recorded from transgenic or wild-type animals. Using these 13 parameters for Ward’s unsupervised cluster analysis let us separate the population of VIP
interneurons in two main clusters and a third cluster, composed of both VIP interneurons and pyramidal neurons. Values (mean + SEM) for each parameter are given
for each cluster. p-values indicate statistical differences between clusters and between VIP and pyramidal neurons within cluster 3 and between VIP neurons across the
three clusters, calculated using a Mann-Whitney test. Values in green are inferior to 0.05.

Cluster 1 Cluster 2 Cluster 3 Mann-Whitney test Mann-Whitney test
vIP [ we ] All VIP | Mw ] PYR Cluster 3 VIP only

Mean  SEM NfMean  SEM N[Mean  SEM N|Mean SEM Nl p SEM N||Cluster 1-2 Cluster 1-3 Cluster 2-3 ||Cluster 1-2 Cluster 1-3 Cluster 2-3
Resting membrane potential (mV) -5367 170 39| -5634 213 29| -69.00 119 88| -57.00 159 17| 324e-06| -7187 120 n 269E-01 135E-09|  4.24E-06| 269E-01 253E-01 9.09-01
Input resistance (MQ) 128663 107.82 39| 116384 12071 29| 46719 2697 88| 76242 7770 17| 186E-05| 39650 2051 n 435E-01 3.16E-14 793E-12) 435E-01 328E-03 149-02
Tau (ms) 2795 173 39 3909 288 29| 2520 101 88| 3003 180 17| 932E-03| 2404 114 n 238E-03|  1.90E-01 8.83E-06) 238E-03| 4.17E-01 7.04E-02
Sag ratio m 001 39| 1.08 001 29| 109 001 88| 114 003 17| 7.60E-02) 1.08 001 n 2.18E-01 685E-02|  1.90E-01 2.18E-01 7.14E-01 422E-01
Rheobase current (pA) 1050 104 39| 149 117 29| 4795 293 88| 3709 547 17| 206E-02] 5055 333 n 297€-03| 205E-17(  6.16E-13 297E-03| 283E-07| 483E-05
Input-output slope (Hz/nA) 156428 13818 39| 83634 11538 29| 42230 2237 88| 55348 8442 17| 186E-01| 39089 1754 n 390E-04( 1.15E-12|  538E-02 390E-04( 190E-05| 275E-01
AP threshold (mV) -3882 103 39| -3390 102 29| -3232 065 88| -2725 1 17| 196E-03| -3354 062 n 144E-03| 874E-07|  5.16E-01 144E-03|  681E-06|  550E-03]
AP width (ms) 045 002 39 071 003 29| 069 003 88| 061 002 17| 267E-01 070 003 n 363E-10|  233E-12( 5.77E-02f 363E-10] 484E-06(  3.00E-02
AP AHP (mV) -2036 069 39| -1501 076 29 -1919 036 88| -1841 094 17| 437E-01] -1938 039 n B850E-06|  251E-01 533E-06) B50E-06|  247E-01 123€-02
AP amplitude (mV) 7425 113 39 5422 223 29| 7719 093 88| 6953 155 17| 376E-06| 79.02 097 n 117€-08] 137E-02|  1.10E-11 1.17E-08|  2.20E-02 120E-04
AP maximum depolarization rate (V/s) 42308 1425 39| 22089 1334 29| 34036 642 88| 33830 1661 17| 459E-01| 34085 695 n 254E-10|  754E-07(  935E-10| 254E-10|  889E-04|  125E-05
AP maximum repolarization rate (V/s) -180.06 710 39| -8200 499 29| -117.13 337 88| -117.18 466 17| 983E-01f -117.12 404 n 991E-12| 691E-13|  565E-07| 991E-12|  2.15E-07|  3.80E-05
Onset latency (ms) 11304 1397 39| 20536 2882 29| 14827 1164 88| 12843 1988 17| 6.19E-01 15303 1362 71 488E-03|  3.11E-02|  1.79E-01 488E-03|  293E-01 232E-01

138 Hz/nA. The latency to fire, at rheobase, was 113 + 14 ms. AP
threshold was significantly more negative than in cluster 2 and 3 VIP
interneurons, at —38.8 + 1.0 mV. AP width was significantly shorter
than in the other two clusters, 0.45 + 0.02 ms, and AP amplitude was
very high, 74 + 1 mV. The maximum AP depolarization and repolari-
zation rates were 423 + 14 V/s and —180 + 7 V/s, respectively,
significantly greater than in other VIP interneurons. Spike AHPs were bi-
phasic (Fig. 3B, C), with mean maximal amplitude of —20.4 + 0.7 mV.

Cluster 2: VIP interneurons with broad AP waveforms

Cluster 2 comprised 29 VIP interneurons. A representative firing
pattern of a VIP interneuron with regular firing pattern and a broad AP
waveform is shown (Fig. 3B-D, green traces). Cluster 2 neurons also fired
spontaneously with mean RMP —56.3 + 2.1 mV. Input resistance was
also very high, 1164 + 121 MQ (Fig. 3E, F). Membrane time constant
was significantly higher than in cluster 1 cells (39 + 3 ms). Hyper-
polarizing current injections also induced a moderate voltage sag
(Fig. 3B; sag ratio 1.08 + 0.01). Cluster 2 cells could fire in regular
patterns. APs were elicited at a rheobase current of 15.0 + 1.2 pA,
higher than for cluster 1. The maximum firing frequency for a subset of
n = 5 neurons was relatively low, 48.3 &+ 10.4 Hz. Firing rate gain was
836 + 115 Hz/nA, about twice lower than for cluster 1. Neurons from
cluster 2 had significantly longer onset latencies to fire at rheobase (205
+ 29 ms for cluster 2, Fig. 3F). AP threshold was higher (—33.9 + 1.0
mV), and AP width was broader than for cluster 1 (0.71 £ 0.03 ms). AP
amplitude was 56 + 2 mV, significantly lower compared to cluster 1 and
to cluster 3 VIP interneurons (Fig. 3C-D). The maximum AP depolari-
zation and repolarization rates were significantly slower than for cluster
1 and 3 (221 + 13 V/s, —82 + 5 V/s respectively). Spike AHPs were
simple (Fig. 3C) and with lower amplitude compared to cluster 1 and 3
neurons (—15.0 + 0.8 mV, Fig. 3C, D).

Cluster 3: A third group of VIP interneurons with lower input resistance

Cluster 3 was composed mostly of pyramidal neurons (black, n = 71)
and also of a third group of VIP interneurons. Representative recordings
with firing pattern and AP waveform of a pyramidal neuron and an
irregular spiking VIP interneuron are shown (Fig. 3B-D). In the following
we focus on this third group of VIP interneurons in cluster 3 (red, n =
17). These interneurons had a mean membrane potential of —57.0 + 1.6
mV. Most remarkably, their input resistance was 467 + 27 MQ, signif-
icantly lower than that in cluster 1 and 2 VIP interneurons, but still
significantly higher than the pyramidal cells in cluster 3 (Fig. 3E,F). The
time constant was 30 &+ 2 ms. The voltage sag was similar to the other
clusters (1.09 + 0.00). Rheobase was significantly higher than in the
two other clusters, at 37.1 + 5.5 pA. Firing was often irregular, and the

maximum firing frequency for one example neuron of this group was 66
Hz. The input-output slope quantifying the firing rate gain of this VIP
interneuron group was 553 + 84 Hz/nA, lower than in the other two VIP
interneuron clusters 1 and 2. Action potential threshold was on average
more depolarized than in the other VIP interneuron clusters, at —27.3 +
1.7 mV. The AP width was 0.61 + 0.0 ms, more similar to pyramidal
neurons and also to cluster 2 VIP interneurons. AP AHPs were —18.4 +
0.9 mV, intermediate compared to values in cluster 1 and 2. Also the AP
amplitudes (69.5 + 1.6 mV), depolarization rates (338 + 17 V/s),
repolarization rates (—117 + 5 V/s) and spiking onset latencies (128 +
20 ms) for cluster 3 VIP interneurons were intermediate compared to the
other clusters (cf. Table 1).

Morphology

All recorded VIP interneurons were filled with biocytin to reveal
their soma position. Axonal and dendritic morphologies of a sample of 7
well-filled cells were completely reconstructed with Neurolucida. We
characterized the morphologies of neurons from the electrophysiologi-
cally defined VIP interneuron groups. Fig. 4A shows the axonal and
dendritic arborizations of three VIP interneurons from cluster 1, two VIP
interneurons from cluster 2 and two from the group of VIP interneurons
in cluster 3. The somata of these VIP expressing cells were ovoid, and
located in superficial layers II or III. The complexity of neuronal mor-
phologies for the example neurons was overall similar. Dendritic trees
were rather short, typically multipolar, ramifying in all directions from
the soma. Axons emerged from the soma or from an ascending dendritic
trunk. They were dense and possessed extensive arborizations. Their
main orientation was perpendicular to the layer organization, inner-
vating both superficial and deep layers, and generally following the
radial axis of presubiculum. For one VIP interneuron in cluster 1, axons
were oriented toward deep layers only.

Sholl analysis let us quantify the spatial distribution of neurites for
each cell (Fig. B-E). Axonal Sholl plots showed a heterogenous distri-
bution of axon intersections, with a peak at a distance of 100 pm from
the soma (Fig. 4B). Dendrites occupied a radius of 100-150 pm around
the soma and were oriented in all directions (Fig. 4C). The axonal length
analysis indicated that most of the axons from the reconstructed VIP
interneurons were located in layer III and IV (Fig. 4D), indicating that
these neurons target mostly other neurons in layer III. Dendrites were
rather short and mostly located in layer III (Fig. 4E).

Anterior thalamic axons terminals directly contact VIP interneurons
We asked whether ATN axons innervate presubicular VIP in-

terneurons using the viral expression of Chronos in the anterior thalamic
nuclei. Injection of AAV5-Chronos in the ATN led to the expression of
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Fig. 3. Cluster analysis classification of presubicular VIP interneurons. A) Unsupervised cluster analysis of 13 parameters, detailed in Table 1, revealed two main
subpopulations of VIP interneurons. A cut-off at a Euclidean distance of 16 separated VIP interneurons in Cluster 1 in blue, and Cluster 2 in green, from the Cluster 3
that contains mainly pyramidal cells, in black. A group of VIP interneurons, in red, clustered together with the pyramidal neurons in Cluster 3. B) Representative
examples of firing patterns for each cluster and cell type. Neurons were maintained at —65 mV and injected with hyperpolarizing and depolarizing current steps.
Voltage responses to hyperpolarizing and rheobase current injections are indicated in full color. C) First action potential waveforms at rheobase and D) the cor-
responding phase plots. E) Current—voltage relations at subthreshold potentials are plotted for neurons from each cluster. F) The values for active and passive
electrophysiological properties are plotted for each neuron (mean + SEM), as a function of the cluster. Each dot is a neuron. Lines represent significant differences
measured by a Mann-Whitney test, complete p-values are detailed in Table 1. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 4. Axo-dendritic morphology of presubicular VIP interneurons. A) Axo-dendritic arbors of seven biocytin-filled and reconstructed VIP interneurons. They were
part of cluster 1 (blue), 2 (green), or the cluster 3 VIP-cell group (red). Axons in blue, dendrites in red, and cell bodies in black. B, C) Sholl plots of the number of axon
(left panel) and dendrite (right panel) crossings for concentric circles against distance from the soma for each reconstructed neuron from each cluster. D, E) Axonal
(left) and dendritic (right) length per layer for each cluster of neurons. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

this modified opsin (Klapoetke et al., 2014), in their axons that form the
main afferents to the presubiculum (Simonnet et al., 2017, Nassar et al.,
2018, Richevaux et al., 2023). As expected, ATN axons ramified in the
superficial layers I and III of the presubiculum, while they were largely
absent from layer II and from deep layers. Thus, the main dendritic
domain of VIP interneurons overlapped with thalamic axons (Fig. 5A,
B).

In ex vivo slice recordings, Chronos expressing ATN axons were
stimulated by whole field illumination of the presubiculum with a 470
nm blue LED. We found that photostimulation induced excitatory
postsynaptic currents (EPSCs) in all recorded superficial layer VIP in-
terneurons. The mean amplitude and delay to EPSC onset was 17.86 +
3.86 pA and 3.48 £ 0.27 ms respectively (Fig. 5D, n = 11). Responses
persisted in the presence of TTX-AP, indicating the excitatory ATN-PrS
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Fig. 5. Anterior thalamic fibers excite VIP interneurons in superficial layers. A) AAVS5 viral vector was injected in ATN to express the channelrhodopsin Chronos
fused with GFP in thalamic afferents to the presubiculum. B) Presubicular horizontal slice with a biocytin-filled VIP interneuron (white) in layer 3. DAPI in blue.
tdTomato+ neurons in red. ATN axons in superficial layers in green. C) Neurolucida reconstruction of axons (blue) and dendrites (red) of this VIP interneuron of
Cluster 3. D) Light-evoked EPSCs at holding potential of —65 mV in control conditions (black, top) and in the presence of TTX (1 uM) and 4-AP (100 pM) in the bath
solution (red, bottom). Blue bars indicate photostimulation. E) EPSC amplitudes (left) and latencies (right) from n = 11 VIP interneurons (mean + SEM). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

connection is monosynaptic (Fig. 5C, n = 11).

We next compared the dynamics of firing during repetitive ATN fiber
stimulation with low light intensities (0.1-0.5 mW; Fig. 6A-C). The
tested frequencies ranged from 10 to 70 Hz. The first light pulse in a
train very often failed to evoke EPSPs, or, the EPSPs were too small to
induce spiking responses. The following simulations led to more reliable
EPSP generation that could reach firing threshold and thus initiate ac-
tion potentials. We quantified the failure rate for EPSP initiation for the
first and second pulse of stimulation. Failures occurred with a 49 %
probability for the first pulse (success rate, 0.51 + 0.06) and 22 %
probability for the second pulse (success rate, 0.78 + 0.05; Fig. 6D).
Across all frequencies, failures were significantly reduced at the second
pulse of stimulation. The probability to initiate firing in VIP in-
terneurons increased for later pulses in a train, and in particular for
higher stimulation frequencies that favored EPSP summation. Spiking
probabilities were highest for the sixth pulse at 30 Hz and the seventh
pulse at 10 Hz and at 70 Hz (n = 11 neurons from 3 animals, Fig. 6E).
High spiking probability was maintained during the last 5 pulses.
Strongly facilitating dynamics were apparent for 30 Hz and 70 Hz
stimulations: a significant facilitation was observed for the sixth and
seventh pulse at 30 Hz and 70 Hz stimulation (Kruskal-Wallis and
Dunn’s multiple comparison post hoc test, *<p 0.05 test; Fig. 6E)

compared to the first pulse. These data indicate that ATN inputs directly
connect VIP interneurons that integrate these inputs with facilitating
dynamics.

Recording VIP interneurons at a slightly depolarized holding po-
tential while stimulating afferent thalamic fibers let us distinguish direct
excitatory and indirect inhibitory subthreshold components of the syn-
aptic responses. A single stimulation could induce either an EPSP only,
an IPSP only, or a sequence of both (Fig. 6F, G). For low-intensity light
stimulation, 69 % of trials were successful to initiate a detectable post-
synaptic response, while the remaining 31 % of trials failed to do so
(single stimulation or first stimulation in a train; n = 11 cells, Fig. 6G).
The majority of all trials resulted either in postsynaptic excitation (55 +
11 %) or inhibition (52 + 16 %). Occasionally a sequence of excitatory
followed by inhibitory postsynaptic potentials (6 + 0 %) was induced.

The typical excitatory postsynaptic responses occurred with a very
short latency, as measured either from EPSCs (Fig. 5D) or EPSPs (Fig. 6),
as expected for a direct monosynaptic connection. The latencies for
inhibitory postsynaptic events were more variable. We distinguish early
inhibition with short onset latencies (early I, 4.9 + 0.6 ms, light green
histogram), and inhibition with somewhat longer onset latencies (late I,
6.6 £ 0.7 ms, dark blue histogram; Fig. 6H,I). Inhibition could be pre-
ceded by an excitatory event in the case of excitatory-inhibitory
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Fig. 6. VIP interneuron recruitment following optical stimulation of Chronos-expressing ATN fibers. A, B, C) Membrane potential responses of a VIP interneuron to
photostimulation of ATN axons at different frequencies. D) The first and second light pulses in a train often do not lead to detectable EPSPs (success rates calculated
from 5 trials in n = 11 VIP interneurons. Wilcoxon matched-pairs signed rank test, **p < 0.01. E) AP spiking probabilities following 10 repetitive stimulations at 10
Hz (light grey), 30 Hz (dark grey) and 70 Hz (black). Data are shown as mean + SEM. Kruskal-Wallis and Dunn’s multiple comparison post hoc test, *p 0.05; Two-
way ANOVA, *p < 0.05. F) Individual unitary PSPs recorded from a VIP interneuron (holding potential, —40 mV). Low intensity photostimulation of ATN fibers
evoked postsynaptic responses that were either EPSP-only (red), IPSP-only (green), biphasic (blue) PSPs or failures (grey) in this VIP interneuron. G) Summary of
postsynaptic responses to single pulses of low intensity photostimulation grouped as EPSP-only (red), IPSP-only (green), biphasic (blue) or failures (grey) for each of
the recorded VIP interneurons. Neurons #1, #4 and #5 and #10 are cluster 2 interneurons. Neurons #2, #3, #6, #7, #8, #9 and #11 are from cluster 3. H)
Inhibitory postsynaptic potentials occurred either as early IPSPs (early I, light green), as sequence of excitation-inhibition (E-I, blue) or, as late IPSPs (late I, darker
green). I) Onset latencies of EPSPs from 11 neurons, and of IPSPs from a subset of n = 4 VIP interneurons. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

postsynaptic responses (E-I). Excitatory events had very short latencies
when occurring alone (excitation only, 3.4 + 0.3 ms) and when followed
by an inhibitory response (excitatory-inhibitory response, E-I, 2.9 + 0.4
ms; Fig. 6H, I).

Discussion

Here we report for the first time the layer distribution, morphologies,
and electrophysiological properties of VIP interneurons in the pre-
subiculum. We find a high specificity of the VIPcre driver mouse line,
validated by VIP immunoreactivity of tdTomato labeled neurons. Pre-
subicular VIP interneurons are highly excitable. They can be divided
into groups based on their electrophysiological properties. At least a
subset of VIP interneurons receives anterior thalamic input, which may
shape HD signal integration and updating via disinhibition.

VIPcre mice have been used previously for studies on other hippo-
campal regions. Our result on the overlap between tdTomato-positive
cells and VIP immunoreactivity was similar to that reported for hippo-
campal area CA1 and dentate gyrus (Wei et al., 2021), suggesting that
this mouse line is well-suited for studying VIP interneurons in the hip-
pocampus and in the presubicular HD cortex. The quantification of the
layer distribution and density of VIP interneurons in the PrS shows an
absence of VIP interneurons in layer I, which is a largely cell free layer
(Simonnet et al., 2013). Layer II has an overall high cell density, and the
highest density of VIP interneurons per volume in the PrS. In layer III,
the density of VIP interneurons decreased, and further so in deep layers
IV and V/VLI. Presubicular VIP cell density is similar to that of VIP cells in
the barrel cortex showing a clear peak in superficial layer II/III
(Pronneke et al., 2015). This layer distribution of VIP cells contrasts with
that of SST interneurons, that are more densely distributed in the deep
layers. It is more similar to that of PV interneurons with a high density in
layer III (Nassar et al., 2015). The layer distribution of VIP interneuron
somata may not predict their connectivity. Indeed, we show in Fig. 1
that the axons of VIP cells mostly ramify in layer III and to a lesser extent
in the deep layers.

VIP interneurons co-express other neurochemical markers. Previous
work from our group found a substantial portion of all GABAergic
neurons (9 %) co-expressing VIP and calretinin (CR) in the presubiculum
(Lofredi, 2017). The majority of VIP+ cells (78 %) were also positive for
CR, and most numerous in layers II and III. VIP+/CR+ co-expressing
neurons also exist in other cortical areas and in the hippocampus
(termed type 3 interneuron-specific interneurons (IS3), Guet-McCreight
et al., 2020; Francavilla et al., 2015; see also Kawaguchi and Kubota,
1997; Gonchar et al., 2008; Xu et al., 2010; Somogyi and Klausberger,
2005). VIP+/CR+ interneurons in the hippocampus are vertical mono-
or bipolar cells, mediating disinhibition, while VIP+/CCK+ basket cells
are multipolar and target the perisomatic region of CA1l pyramidal
neurons (Acsady et al., 1996, Tyan et al., 2014). VIP interneuron co-
expression of either CR or CCK appears to be exclusive (Kawaguchi
and Kubota, 1997; Xu et al, 2010; Somogyi and Klausberger 2005;
Huang and Paul, 2019). Sparsely distributed throughout the cortex are
VIP interneurons (0.5 %) that co-express choline acetyl-transferase
(ChAT; von Engelhardt et al., 2007; Dudai et al., 2020). We speculate
that the groups of VIP interneurons in the presubiculum described here
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might correspond to distinct molecular profiles of VIP interneurons.

The classification of interneurons relies on multiple criteria,
including electrophysiological properties, and also morphology, mo-
lecular markers and their transcriptome (Parra et al., 1998; Markram
et al., 2004; Petilla Interneuron Nomenclature Group, 2008; Huang and
Paul, 2019; Gouwens et al., 2020). Several electrophysiological pa-
rameters may be obtained from the voltage responses of neurons to
hyperpolarizing and depolarizing current steps (Nassar et al., 2015;
Simonnet et al., 2013). Here, we used an unsupervised cluster analysis
(Ward, 1963) based only on electrophysiological parameters to search
for potential subpopulations of VIP interneurons. Our analysis revealed
two groups of VIP interneurons that segregated from a cluster containing
the reference group of presubicular pyramidal cells, with distinct firing
patterns and action potential shapes. A third group of VIP interneurons
clustered together with the pyramidal cells (Fig. 3). The input resistance
values were very high in all groups of presubicular VIP interneurons (in
particular in Clusters 1 and 2). Indeed, input resistance may vary
depending on the holding membrane potential it is measured at. Here it
was calculated around —65 mV (in a voltage range between —55 mV and
—75 mV), which is the region of the highest resistance (cf Fig. 3E).
Therefore, the presubicular VIP interneurons in Cluster 1 and 2 may be
similar to VIP+/CR+ neocortical and hippocampal IS3 interneurons,
that are identified by a high input resistance, excitability and irregularly
spiking firing pattern (Porter et al., 1998; Tyan et al., 2014; Miyoshi
etal., 2010; Badrinarayanan et al., 2021). Presubicular VIP interneurons
may also possess these combined features. They differ from VIP4/CCK+
basket cells in the hippocampus and from long range projecting hippo-
campal VIP interneurons, as those have a lower input resistance
(Chamberland et al., 2010; Tyan et al., 2014; Francavilla et al., 2018).
Those might be comparable to the group of VIP interneurons in cluster 3.
Many presubicular VIP interneurons did not sustain firing over the 800
ms depolarization, with irregular firing patterns similar to the morpho-
electric transcriptomic Vip-MET type 2 to 5 of visual cortex (Gouwens
et al., 2020). The membrane potential in presubicular VIP interneurons
(overall average, —55 + 1 mV) was relatively depolarized, similar to
cortical irregular spiking VIP interneurons (Miyoshi et al., 2010) and to
VIP interneurons in the medial entorhinal cortex (Badrinarayanan et al.,
2021). Comparable RMP values were also found in Martinotti type SST
interneurons (Simonnet et al., 2017, Nassar et al., 2018). We note that
the variance of electrical properties within our VIP interneuron groups is
relatively high, pointing to possible additional subdivisions and het-
erogeneity within the subtypes. The low number of reconstructed VIP
interneurons does not allow correlating the electrophysiological fea-
tures of each group with particular morphological traits. More re-
constructions are needed to determine if VIP interneuron heterogeneity
of electrophysiological properties correlates with morphological
features.

Across the cortex and the hippocampus, GABAergic interneurons
with various intrinsic properties, connectivities and synaptic dynamics
are known to shape circuit operations (Rudy et al., 2011; Pfeffer et al.,
2013; Tremblay et al., 2016). Inhibitory-to-inhibitory synaptic in-
teractions among VIP, SST, and PV interneurons maintain a balance
between inhibition and disinhibition, and participate in stabilizing
cortical circuit functions (Ozeki et al., 2009; Litwin-Kumar et al., 2016;
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Millman et al., 2020; Sadeh and Clopath, 2021). The activity of VIP
interneurons can be regulated through cholinergic inputs, according to
context. They become activated in relation to locomotion, arousal,
surprise and the expectation of reward (Lee et al., 2013; Fu et al., 2014;
Pakan et al., 2016; Dipoppa et al., 2018; Ramamurthy et al., 2023). VIP
interneurons mediate gain control of cortical activity via disinhibition,
as a function of behavioral states (Fu et al., 2014). In visual cortex, VIP
interneurons inhibit SST interneurons in particular, altering state-
dependent modulation of cortical activity and visual perception
(Ferguson et al., 2023). In barrel cortex, VIP interneurons mediate
disinhibition and gate plasticity of intracortical synapses, following their
activation by high-order thalamic input (Williams and Holtmaat, 2019).
In the hippocampus, VIP interneuron mediated disinhibition supports
spatial reward learning (Turi et al., 2019).

In the presubicular HD cortex, the excitatory-inhibitory interactions
between pyramidal neurons and Martinotti type SST interneurons sta-
bilize the HD attractor network locally (Simonnet et al., 2017). What
could be the functional role of VIP interneurons? Our data show that at
least two groups of presubicular VIP interneurons receive direct
thalamic input, and the facilitating recruitment of VIP interneurons
matches that of Martinotti type interneurons (which are indirectly
recruited, Simonnet et al., 2017). We speculate that VIP interneurons
may become active when the internal prediction of the HD signal does
not match the current landmark context signaled by retrosplenial input
(Van Groen and Wyss, 1990; Vann et al., 2009; Vogt and Miller, 1983).
VIP interneuron inhibition of SST interneurons would then destabilize
the bump state, and weaken the attractor, which may be a necessary
condition for HD updating. And because SST interneurons synapse on
the dendrites of pyramidal neurons, VIP disinhibition may also gate
dendritic integration of thalamic and retrosplenial synaptic excitation in
pyramidal neurons (Miles et al., 1996; Richevaux et al., 2023). More
knowledge on the microcircuit connectivity and input-output charac-
teristics of VIP interneurons will be necessary to infer how they govern
circuit computation. Different subpopulations of VIP interneurons might
differentially target principal cells or other interneurons, mediating
inhibitory or disinhibitory operations. Simultaneous double recording of
VIP interneurons together with pyramidal cells, or PV or SST in-
terneurons could address this point. Deciphering the role of VIP in-
terneurons for the presubicular HD circuit function will require the
manipulation or the direct recording of identified VIP interneurons in
vivo. In the future, experimental access to genetically defined VIP
interneuron subtypes will be helpful. Enhancer-driven viral vectors
(Nair et al., 2020) promise to enable subtype and circuit specific func-
tional studies.
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