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Learning and memory deficits are hallmarks of the aging brain, with cortical neuronal
circuits representing the main target in cognitive deterioration. While GABAergic
inhibitory and disinhibitory circuits are critical in supporting cognitive processes, their
roles in age-related cognitive decline remain largely unknown. Here, we examined
the morphological and physiological properties of the hippocampal CA1 vasoactive
intestinal peptide/calretinin-expressing (VIP+/CR+) type 3 interneuron-specific (I-S3)
cells across mouse lifespan. Our data showed that while the number and morphological
features of 1-S3 cells remained unchanged, their firing and synaptic properties were
significantly altered in old animals. In particular, the action potential duration and
the level of steady-state depolarization were significantly increased in old animals in
parallel with a significant decrease in the maximal firing frequency. Reducing the fast-
delayed rectifier potassium or transient sodium conductances in I-S3 cell computational
models could reproduce the age-related changes in I-S3 cell firing properties. However,
experimental data revealed no difference in the activation properties of the Kv3.1 and
A-type potassium currents, indicating that transient sodium together with other ion
conductances may be responsible for the observed phenomena. Furthermore, |-S3
cells in aged mice received a stronger inhibitory drive due to concomitant increase in
the amplitude and frequency of spontaneous inhibitory currents. These age-associated
changes in the |-S3 cell properties occurred in parallel with an increased inhibition of
their target interneurons and were associated with spatial memory deficits and increased
anxiety. Taken together, these data indicate that VIP+/CR+ interneurons responsible for
local circuit disinhibition survive during aging but exhibit significantly altered physiological
properties, which may result in the increased inhibition of hippocampal interneurons and
distorted mnemonic functions.
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INTRODUCTION

Aging is an inevitable and extremely complex physiological
process often associated with a progressive deterioration of brain
functions (Peters, 2006). Cognitive decline and memory deficits
are considered hallmarks of the aging brain, with cortical circuits
being affected the most during age-dependent functional decline
(Murman, 2015). In particular, significant age-related structural
and functional changes have been consistently reported in the
human and rodent hippocampus (Pyapali and Turner, 1996;
Rosenzweig and Barnes, 2003; Markham et al., 2005; Bamidis
et al, 2014; Rizzo et al, 2014). Specifically, it was reported
that while hippocampal pyramidal cells (PCs) survive in aging,
their intrinsic and synaptic excitability is altered (Barnes, 1994;
Moyer and Disterhoft, 1994; Rapp and Gallagher, 1996; Moyer
et al.,, 2000; Power et al., 2002). For example, different studies
have shown an age-related increase in the action potential (AP)
threshold and duration, enhanced after hyperpolarization and a
greater spike frequency adaptation in rodent CA1 PCs, revealing
altered intrinsic excitability (Potier et al., 1992, 1993; Moyer
et al., 2000; Power et al., 2002; Randall et al., 2012). In addition,
hippocampal CAl1 PCs in aged rodents show significantly
reduced synaptic inhibition (Potier et al., 2006; Stanley et al,
2012) and, likely, enhanced excitation (El-Hayek et al., 2013).
Specifically, the main excitatory input arriving to the CA1 from
the hippocampal CA3 region shows abnormal activation with
seizure-like electrical patterns in aged rodents (Wilson et al,
2005, 2006; Koh et al., 2010; El-Hayek et al., 2013). Interestingly,
CA3 hyperactivity has been also reported in patients with the
amnestic mild cognitive impairment (aMCI) and was among the
risk factors for the development of Alzheimer’s disease (Bakker
etal., 2012). Moreover, using a low dose of antiepileptic drug was
beneficial in animal model and patients’ studies (Koh et al., 2010;
Balkker et al., 2012), revealing imbalanced network activity as a
primary mechanism for aMCI during aging.

The hippocampal CAl network is composed of a large
diversity of GABAergic inhibitory interneurons, which generate
specific patterns of oscillatory activity playing a crucial role
in different mnemonic processes (Somogyi et al., 1998).
Quantitative anatomical studies showed that, compared to PCs,
the populations of GABAergic interneurons are more vulnerable
during aging. In particular, a significant reduction in the
number of hippocampal CAl somatostatin (SST+) but not
parvalbumin (PV+)-expressing interneurons has been reported
in aged rats (Stanley et al., 2012). The age-related changes in
other interneuron types, including the cholecystokinin (CCK+)-,
the neuropeptide Y (NPY+)- and the vasoactive intestinal
peptide (VIP+)- or calretinin (CR)-expressing cells remain
largely unknown.

Over the last several years, the disinhibitory circuits formed
by the VIP+/CR+ interneuron-specific (I-S) interneurons that
innervate GABAergic cells selectively (Acsady et al., 1996a,b;
Gulyas et al, 1996) and can set a balance between network
excitation and inhibition, have captured the attention of
neuroscientists (Guet-McCreight et al, 2020). Despite their
important role in coordinating hippocampal inhibition during
spatial learning and goal-oriented behavior (Magnin et al., 2019;

Turi et al., 2019), very little is currently known about the survival
and functioning of I-S interneurons during aging. Here, we
addressed this question by focusing on the type 3 VIP+/CR+
interneuron-specific (I-S3) cells that target different types of CA1
stratum oriens/alveus (O/A) interneurons and control both the
perisomatic and dendritic inhibition converging onto CA1 PCs
(Acsady et al,, 1996b; Chamberland et al., 2010; Tyan et al,
2014; Francavilla et al., 2015). We provide evidence that I-S3
cells survive and preserve their morphology during aging in
mice. However, the physiological properties of these cells undergo
specific modifications over the course of aging. Thus, this study
provides new evidence to support the functional remodeling
of disinhibitory circuits in the aged hippocampus, leading to
a compensatory potential reorganization of inhibition of the
hippocampal CA1 interneurons, which may have an important
impact on CA1 network activity and related mnemonic processes.

MATERIALS AND METHODS

Mouse Line

Data presented in this study were obtained from VIP-eGFP
mice [MMRRC strain#31009, STOCK Tg(Vip-EGFP)37Gsat,
CD1 genetic background, University of California, Davis, CA,
United States]. In this mouse line, virtually all interneurons
that express VIP endogenously were confirmed to also express
eGFP using a rabbit anti-VIP primary antibody (catalog #20077,
1:400; Immunostar; see Figure 1A,B in Tyan et al, 2014 and
Supplementary Figure 2G in Francavilla et al., 2018). The
animals were separated into two experimental groups: young
(P90-150) and old (P410-680). The age range of old group was
determined by a low life duration of VIP-eGFP mice, with most
animals being lost by P520 (Figure 1A). For all experiments both
males and females were used (young: n = 46 vs. old: n = 34).
All experiments were conducted in accordance with the Animal
Protection Committee of Université Laval and the Canadian
Council on Animal Care.

Behavior Assays

General exploratory activity in the open field was assessed using
the automated VersaMax Animal Activity Monitoring System
(AccuScan Instruments, Columbus, OH). The open field was a
square arena (20 x 20 x 30.5 cm) made of plexiglass equipped
with photocell beams for automatic detection of activity. On
day 1, mice were placed in the open field (Figure 1C, left) and
left to freely explore for a 10 min test session. The number
of vertical beam breaks was taken as a measure of vertical
activity. The stereotypic activity was detected automatically
using the VersaMax software (Omnitech Electronics Inc, OH,
United States). Test chambers were cleaned with 70% ethanol
between subjects.

The object-place task was performed in the same arena used
for open field. On day 2, during the Sample phase (Figure 1C,
middle), a single mouse was placed in the arena containing two
different sample objects (A + B; 4 x 4 cm each) for 10 min,
after which it was returned to its home cage for 24 h retention
interval. On day 3, during the Test phase (Figure 1C, right), mice
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FIGURE 1 | Age-related behavioral changes in VIP-eGFP mice. (A) Top, distribution of the age of animals used in this study with two experimental groups: young
(P90-150) and old (P420-680). Bottom, cumulative histogram indicating the age of death of VIP-eGFP mice (days). (B) Two-photon image of the CA1 area from an
acute hippocampal slice (300 um) of a VIP-eGFP mouse showing the location of VIP+ cells in different layers of CA1 area. Scale bar: 100 wm. (C) Schematics of the
open field maze (OFM) and the object place test (OPT) with open field arena exploration on day 1 (left), sample phase (middle) with object A (green) and object B
(yellow) on day 2, and test phase (right) with object C (red) and object A (green) on day 3. (D) Summary data for two groups of animals (young-black, old-red)
showing a significant decrease in distance traveled with aging (o < 0.05, t-test, left), and no change in rearing events (middle) and stereotypic counts (right) during
OFM test. (E) Negative correlation between the OPT recognition index (Rl) and the mouse age (R = -0.41, p < 0.05, Spearman correlation). (F) Summary data
showing no change in the RI during the sample phase (left) and the exploration time spent with the 2 objects on day 3 (right), but a significant decrease in the Rl in the
object-place test (p < 0.01, unpaired t-test, middle). (G) Schematics of the Morris Water Maze (MWM) test with four different spatial cues and a hidden platform (P)
(left) and the escape latency from day 1 (D1) to Day 5 (D5) of training for young (black) and old (red) mice. (H) Summary data for two groups of animals (young-black,
old-red) showing a significant reduction in the distance traveled (p < 0.01, t-test, left) and time (p < 0.01, t-test, middle) within the target area and the number of
entries to the target area (p < 0.05, t-test, right) in old mice. (I) Representative activity tracks for young (left) and old mice (right) showing decreased activity for old
mice in the open arms of the elevated plus maze (EPM). (J) Summary data showing that old animals explored less (p < 0.001, unpaired t-test, left), spent less time
(o < 0.001, unpaired t-test, middle) and entered less frequently (p < 0.001, unpaired t-test, right) in the open arms of the EPM. *p < 0.05, **p < 0.01, **p < 0.01.
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re-entered the arena with two objects, one was identical to the
Sample phase and the other was novel (C + A; 4 x 4 cm each).
To reinforce the object novelty aspect of this test, we altered the
spatial location of the old object explored by the mouse. The
results are expressed as Recognition Index (RI, %), defined as
the ratio of the time spent with new object divided by the total
exploration time for novel and familiar objects [RI = (T¢c)/(Tc +
T'a)]. An exploration time was also calculated for the time spent
with the two objects in the Test phase (ETT = Tc + Ta).

For Morris water maze (MWM) test, a white, circular,
polypropylene pool (158 cm in diameter, 60 cm height) that
was filled with water (21°) made opaque by the addition of
powdered milk was used. A clear Plexiglas, adjustable platform
(35 cm height, 14 cm circumference), was submerged 2.0 cm
below the water surface or elevated 0.5 cm above the water level.
The proximal cues comprising a black cardboard in the shape of
a star, a triangle, a cylinder, or a cube (10 x 7 x 2.5 cm) hung
on the pool walls above the water level at one of four possible
starting points (e.g., north, south, east, west) (Figure 1G). Mice
(n = 10, young; n = 8 old) received five trials in the MWM
during 4 subsequent days. In all trials, an individual mouse was
placed into the water, facing the outer edge of the pool, at one of
four possible starting points (e.g., north, south, east, west). The
starting location for each trial was determined randomly. A trial
was terminated, and the latency was recorded when the animal
reached the platform and remained on it for 10 s. If the animal
did not reach the platform within 60 s, the trial was terminated by
placing the animal on the platform for 10 s. After the trial, animals
were transferred to a dry holding cage where they remained for
60 s until the next trial. During testing, the submerged platform
remained stationary in one quadrant of the maze, and the latency
to find the platform as well as the distance traveled within the
target quadrant, the time spent within the target area and the
number of entries to this area were recorded using the Any-Maze
software (Stoelting, IL, United States). The distance in target area
was then expressed as a fraction of the total distance (in %), while
the time in target area was expressed as a fraction of the total
time of exploration.

For the anxiety test, the elevated plus maze (EPM) was used
(Figure 1I). The maze was made of beige plexiglas and consisted
of four arms (30 x 5 cm) elevated 40 cm above floor level. Two of
the arms contained 15 cm high walls and ceiling (enclosed arms)
and the other two none (open arms). Each mouse was placed in
the middle section facing a close arm and left to explore the maze
for 10 min. After each trial, the floor of the maze was wiped clean
with 70% ethanol and dried. The total distance traveled, open arm
entries and duration of stay within open arm zones were recorded
using the Any-Maze software.

Slice Preparation and Patch-Clamp

Recordings

Coronal hippocampal slices (thickness, 300 pm) were
prepared from VIP-eGFP mice of either sex. Briefly, animals
were anesthetized deeply with ketamine-xylazine mixture
(10/100 mg/mL), transcardially perfused with 25 mL of ice-cold
cutting solution (containing the following in mM: 250 sucrose,

2 KCL 1.25 NaH2P04, 26 NaHC03, 7 MgSO4, 0.5 CaClz,
and 10 glucose, pH 7.4, 330-340 mOsm/L) and decapitated.
Slices were cut in the cutting solution using a vibratome
(VT1000S; Leica Microsystems or Microm; Fisher Scientific),
and transferred to a heated (37.5°C) oxygenated recovery
solution containing the following (in mM): 124 NaCl, 2.5
KCl, 1.25 NaH,POy4, 26 NaHCO3, 3 MgSOy4, 1 CaCly, and
10 glucose; pH 7.4; 300 mOsm/L, and allowed to recover for
45 min. During experiments, slices were continuously perfused
(2 mL/min) with standard artificial cerebrospinal fluid (ACSF)
containing the following (in mM): 124 NaCl, 2.5 KCI, 1.25
NaH;,POy, 26 NaHCO3, 2 MgSOy, 2CaCly, and 10 glucose, pH
7.4 saturated with 95% O, and 5% CO,; at near physiological
temperature (30-33°C). VIP-positive interneurons (VIP+)
located in CAl stratum radiatum (RAD) and pyramidale
(PYR) were visually identified as eGFP-expressing cells under
an epifluorescence microscope with blue light (filter set:
450-490 nm). All electrophysiological recordings were carried
out using a 40x water-immersion objective. Two-photon images
of eGFP-expressing interneurons were acquired in the same
layers of acute slices obtained from VIP-eGFP mice, using a
two-photon microscope (TCS SP5; Leica Microsystems) based
on a Ti-Sapphire laser tuned to 900 nm (Figure 1B). Images
were acquired with a 25x water-immersion objective (NA 0.95).
A Flaming/Brown micropipette puller (Sutter Instrument Co.)
was used to make borosilicate glass capillaries (3.5-6 MQ).
Whole-cell patch-clamp recordings from VIP+ interneurons
were performed in voltage or current-clamp mode. Pipettes
filled with K'-based solution were used for current-clamp
recordings from VIP+ interneurons located in RAD and PYR
(in mM): 130 KMeSOy, 2 MgCl,, 10 di-Na-phosphocreatine,
10 HEPES, 4 ATP-Tris, 0.4 GTP-Tris, and 0.3% biocytin
(Sigma), pH 7.2-7.3, 280-290 mOsm/L. Passive and active
membrane properties were analyzed in current clamp mode:
active membrane properties were recorded by subjecting cells
to multiple current step injections of varying amplitudes (-200
to 200 pA). Passive membrane properties (resting membrane
potential, input resistance, and membrane capacitance) were
obtained immediately after membrane rupture. Series resistance
(in voltage-clamp) or bridge balance (in current-clump) were
monitored throughout the experiment. In current-clamp
experiments, interneurons were held at -70 mV by injecting
current (-10 to -30 pA), if necessary. Voltage-clamp recordings
were performed to analyze the excitatory and inhibitory drives
received by VIP+ cells. Cells that had a resting membrane
potential more positive than -45 mV, or showed an increase
in holding current (>-30 pA) or changes in series resistance
or bridge balance (>15%) during recording were discarded.
For recordings of spontaneous excitatory postsynaptic currents
(sEPSC:s), whole-cell patch-clamp recordings were performed in
voltage-clamp at -70 mV. Spontaneous inhibitory postsynaptic
currents (sIPSCs) and miniature inhibitory postsynaptic currents
(mIPSCs) were recorded in voltage-clamp at 0 mV in the
presence of tetrodotoxin (TTX; 1 wM; Alomone Labs). For all
voltage-clamp recordings we used an intracellular Cs™-based
solution containing (in mM): 130 CsMeSQOy, 5 CsCl, 2 MgCl,,
10 phosphocreatine, 10 HEPES, 0.5 EGTA, 4 ATP-TRIS, 0.4
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GTP-TRIS, 0.3% biocytin, 2 QX-314 (pH 7.2-7.3; 280-290
mOsm/L). For the isolation of voltage-dependent delayed
rectifier potassium 3.1 (Kv3.1) currents (Hernandez-Pineda et al.,
1999), voltage-clamp recordings in whole-cell configuration with
holding membrane potential at -40 mV were performed. In these
recordings, extracellular solution was supplemented with 1 uM
TTX and Cadmium Chloride (CdCl,, 100 pM; Sigma) to block
voltage-dependent sodium and calcium currents, respectively.
Depolarizing pulses were applied from -40 to 430 mV with
an increment of +10 mV and recordings were performed both
in the presence and in the absence of tetraethylammonium
(TEA, 1 mM; Sigma) applied to the extracellular solution. Data
acquisition (filtered at 2-3 kHz and digitized at 10 kHz; Digidata
1440, Molecular Devices, CA, United States) was performed
using the Multiclamp 700B amplifier and the Clampex 10.5
software (Molecular Devices).

Electrophysiological Data Analysis

Analysis of electrophysiological recordings was performed using
Clampfit 10.6 (Molecular Devices). For the analysis of the AP
properties, the first AP appearing at the rheobase current pulse
within a 50 ms time window was analyzed. The AP amplitude
was measured from the AP threshold to the peak. The AP
half-width was measured at the voltage level of the half of
AP amplitude. The AP rise time was detected between the
AP threshold and the maximal AP amplitude, while the AP
fall time between the maximal AP amplitude and the AP end.
The hyperpolarization-activated cation current (Ih)-associated
voltage rectification was determined as the amplitude of the
membrane potential sag from the peak hyperpolarized level to
the level at the end of the hyperpolarizing step when the cell was
hyperpolarized to -100 mV. The membrane time constant ()
was measured offline using an exponential fit of voltage response
to a hyperpolarizing current step of —40 to -50 pA. The firing
pattern in I-S3 cells was assessed at 2x rheobase current. The
maximum firing frequency was obtained from the inter-spike
interval between the first two APs evoked by a current pulse of
+140-150 pA. The number of APs was assessed at the current
pulse of +140-150 pA.

For the analysis of spontaneous synaptic currents, a
minimum of 100 events (for EPSCs) and 200 events (for
IPSCs) were sampled per cell over a 10 min period using
an automated template search algorithm in Clampfit. All
events were counted for frequency analysis. The inhibitory
(Gi) or excitatory (Ge) synaptic conductance (Figure 6E)
was calculated as G = I/(Vholg — Vrev). Charge transfer
(Figure 7D) was calculated by integrating the area under the
PSC waveform. The mean PSC synaptic current (Figures 6F, 7E)
was calculated as the charge transfer of the averaged PSC
multiplied by mean PSC frequency (Park et al, 2006;
Potapenko et al., 2011).

For the isolation of Kv3.1 currents (TEA-sensitive
component), the digital subtraction of the TEA-insensitive
component from the total current obtained without TEA
application was performed (Hernandez-Pineda et al., 1999).
For computing the conductance, a KT reversal potential of
-95mV was assumed (Lien et al., 2002). For fitting activation

curves, a non-linear least squares algorithm (Lien et al., 2002)
was used to fit the following sigmoid: G/Gmax(V) = 1/(1 +
exp(—(V — Vhalf)/k)).

Anatomical Reconstruction and

Immunohistochemistry

For post hoc reconstruction, neurons were filled with biocytin
(Sigma) during whole-cell recordings. Slices with recorded cells
were fixed overnight with 4% paraformaldehyde (PFA) at 4°C.
To reveal biocytin, the slices were permeabilized with 0.3%
Triton X-100 and incubated at 4°C with streptavidin conjugated
Alexa-488 (1:1,000) in Trizma-buffer (TB). Z-stacks of biocytin-
filled cells were acquired with a 1 pm step using a 20x
oil-immersion objective and Leica SP5 confocal microscope.
Confocal stacks were merged for detailed reconstruction in
Neurolucida 8.26.2 (MBF Bioscience). The I-S3 cell phenotype
was confirmed by the presence of axon in the O/A (Acsidy
et al, 1996b; Tyan et al., 2014). The quantitative analysis of
soma size and dendritic morphology was performed following
3D reconstructions of I-S3 cells in Neurolucida. Sholl analysis
(Figure 2G) was performed in radial coordinates, using a
50 pm step size from r = 0, with the origin centered on
the cell soma, and counting the number of compartments
crossing a given radius.

All immunohistochemical tests were performed on free-
floating sections (50-70 pm thick) obtained with Leica
VT1000S or PELCO EasySlicer vibratomes. VIP-eGFP mice were
deeply anaesthetized with ketamine-xylazine mixture (ketamine:
100mg/kg, xylazine: 10mg/kg) and perfused intracardially
with 4% PFA, and the brains were sectioned. Coronal
sections (AP; -2.0-2.8; n = 20 sections/age group, 6-7
sections/animal from 3 different mice) were permeabilized
with 0.25% Triton X-100 in PBS and incubated overnight
at 4°C with primary antibodies followed by the secondary
antibodies. The following primary antibodies were used in
this study: goat anti-CR (1:1,000; Santa Cruz, #sc-11644),
chicken anti-GFP (1:1,000; Aves, #GFP-1020), mouse anti-
NeuN (1:500; Millipore, #MAB377), and rat anti-SST (1:500;
Millipore, #MAB354). In control immunohistochemical tests,
the primary antibodies were omitted, and sections were
incubated with the secondary antibodies only. Confocal images
of the hippocampal CAl area were acquired sequentially
using a 20x oil-immersion objective (0.8 NA) and Leica
TCS SP5 imaging system coupled with a 488 nm argon, a
543 nm HeNe and a 633 nm HeNe lasers. The imaging
parameters were kept constant across all sections/animals.
Cells were considered immunopositive when the corresponding
fluorescence intensity was at least twice the background
fluorescence. For representation only, the overall brightness and
contrast of images were adjusted manually. Portions of images
were not modified separately in any way.

Cell counting was performed blind to the experimental
conditions within the CA1 area using stereological analysis. The
cells were first counted in different sections (n = 6-7) originating
from the same animal, and the data was then compared between
different animals (n = 3 animals/age group) and pooled together
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FIGURE 2 | VIP+/CR+ interneurons exhibit no changes in morphological properties in aged mice. (A) Representative confocal images of the hippocampal CA1 area
of VIP-eGFP mice showing immunoreactivity for eGFP and NeuN (A), eGFP and CR (B) and SST (C) in young and old mice. White arrowheads point to cells
showing the colocalization of eGFP and NeuN (A) or eGFP and CR (B). Scale bars: 100 um. (D) Summary data showing no change in the cell density for VIP-eGFP
and VIP-eGFP+/CR+ interneurons (p > 0.05, unpaired t-test) but a significant decrease in SST+ interneurons (p < 0.001, ***p < 0.01, unpaired t-test) between the
two age groups. (E) Anatomical reconstructions of I-S3 cells filled with biocytin during whole-cell patch-clamp recordings. Scale bar: 100 um. (F) Summary data
showing no differences in somatic and dendritic parameters between the two age groups (o > 0.05 for all comparisons, unpaired t-test/ Mann-Whitney test). (G)
Sholl analysis of I-S3 dendritic branch patterns revealed no differences in the number of dendritic intersections (left), nodes (right), or dendritic length (middle)

(o > 0.05 for all comparisons, unpaired t-test/ Mann-Whitney test).
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for young vs. old groups. Cell density was estimated within
regions of interest (500 x 700 pwm) selected randomly in the
middle of the CAI.

Multi-Compartment Models of I-S3 Cells
For multi-compartment modeling we used previously developed
I-S3 cell models (Guet-McCreight et al., 2016), and simulations
were done using the NEURON software environment (Carnevale
and Hines, 2006). We included two model variants, which either
had A-type K current in the proximal dendrites (SDprox1) or
had A-type KT current restricted to the soma (SDprox2). Because
it remains unclear what the morphological distributions of A-type
K" currents are in I-S3 cells, we used both model variants in this
study. Both models possess only a minimal complement of ion
channel mechanisms to capture the basic spiking activity of I-S3
cells (Guet-McCreight et al., 2016). These include transient Na™
current, persistent Na™ current, A-type K* current, fast delayed
rectifier KT current, and random Gaussian noise current to
capture subthreshold fluctuations and irregular firing observed in
I-S3 cell recordings. To probe the possible channel currents that
might be modulated given observed changes in I-S3 cell active
properties during aging, we looked at a variety of changes in these
ion channel conductances in the I-S3 cell models, and selected
the conductance change that was able to best capture the changes
that are seen experimentally. Note that these simulations were
conducted in a systematic way, where conductances were either
reduced from 100 to 0% of their initial values or increased from
100 to 200% of their initial values. As such, there were no attempts
to fit the aging electrophysiology data or perform parameter
searches; we were simply looking at the effects of upscaling or
downscaling the ion channel conductances in a way that was
illustrative. Simulated voltage traces were analyzed in Python
3 using the eFEL module. Specifically, we used this module to
obtain measurements for the AP amplitude, half-width, rise rate,
and fall rate. The AP rise and fall rates can both be described as
the ratio of the voltage differences (rise/fall voltages) and the time
differences (rise/fall times) as calculated using the AP begin, end,
and peak indices.

Statistics

For statistical analysis, distributions of data were first tested
for normality with a Shapiro-Wilcoxon test. If data were
normally distributed, standard parametric statistics were used:
unpaired two-tailed t-tests for comparisons of two groups
and one-way or repeated-measures ANOVA for comparisons
of multiple groups followed by Tukey, Kruskal-Wallis or
Chi? post hoc tests. If data were not normally distributed,
non-parametric Mann-Whitney test was instead used for
comparisons of two groups. The Kolmogorov-Smirnov (K-
S) test was used for comparison of spontaneous synaptic
events. All statistical analysis was conducted in Sigma Plot
11.0, Clampfit 10.6 and Igor Pro. The “p” values < 0.05 were
considered significant. Error bars correspond to standard error
of the mean (SEM). Error bars for potassium conductances and
kinetics correspond to standard deviations, and shaded areas
correspond to SEM.

RESULTS

VIP-eGFP Mice Display Age-Dependent

Behavioral Deficits

To examine the impact of aging on the morphological and
electrophysiological properties of VIP+/CR+ 1S3 cells, VIP-
eGFP mice were used. As demonstrated previously (Tyan et al.,
2014), in this mouse model, all interneurons immunoreactive
for VIP express eGFP, and VIP+ cells of different subtypes,
including bipolar/bitufted IS3 cells with soma located within the
CA1l PYR and RAD (Figure 1B), can be targeted for patch-
clamp recordings. To define the age of experimental animals
to be included in the study, we first examined the longevity
of VIP-eGFP mice, which have a CD1 genetic background. We
found that, differently from C57BL/6 mice (Goodrick, 1975),
VIP-eGFP mice had shorter life duration (P365-660), with
most animals dying by P500 (Figure 1A). Accordingly, for all
experiments on old mice we choose the age range of P420-
P680 (the oldest possible animals in our colony) (n = 34 mice).
The young group included animals from P90 to P160 (n = 46
mice) (Figure 1A). In some experiments (Figures 1E, 3G), an
additional age group (P350-410; n = 29 mice) was included for
age-dependent correlation analyses.

The age-dependent decline in spatial memory has been
reported in different lines of mice previously (Fordyce and
Wehner, 1993; Bach et al., 1999). To examine whether this is
the case for VIP-eGFP mice, we compared the performance
of young vs. old animals in the object-place test (OPT) and
the Morris water maze (MWM) (Figures 1C-H). We first
determined whether aging is associated with a decline in
locomotor performance by analyzing the activity of VIP-eGFP
mice in the open field maze (OFM) (Figures 1C,D). Old mice
showed a smaller total distance traveled (young: n = 9 vs. old:
n =8, p < 0.05, t-test, Figure 1D, left), with no change in
rearing events (young: n = 9 vs. old: n = 8, p > 0.05, t-test,
Figure 1D, middle) and stereotypy counts (young: n = 9 vs.
old: n = 8, p > 0.05, t-test, Figure 1D, right). Overall, these
data indicate a decreased locomotor activity in old VIP-eGFP
mice. On day 2, mice were tested in the OPT. The data showed
that, during the Sample phase (Figure 1C, middle), mice of
both age groups were spending similar amount of time exploring
two different sample objects (A and B) as indicated by their RI
(young: n = 9 vs. old: n = 8, p > 0.05, t-test, Figure 1F, left).
However, 24 h later, once the mice were re-introduced in the
same maze containing a new object (C) and the sample object
(A) positioned in a different spatial location (Figure 1C, right),
a significant difference was observed in the RI for the novel
object recognition betwee young and old mice (p < 0.05, t-
test, Figure 1F, middle), pointing to a decline in the novelty
recognition with age. Indeed, when additional age group of
animals (P350-410; n = 29) was included in this analysis, the
decline in the novel object recognition RI correlated well with
the mouse age (R = 0.41, p < 0.001, Spearman correlation,
Figure 1E). Importantly, the total exploration time during the
OPT was not significantly different between the two age groups
(p > 0.05, t-test, Figure 1F, right), indicating that the lower
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FIGURE 3 | Changes in the firing properties of I-S3 cells of aged mice. (A) Top, representative voltage responses (top) indicating the firing pattern of I-S3 cells in
young (black) and old (red) mice in response to depolarizing (+20 pA and +40 pA) current injections corresponding to rheobase and 2x rheobase current,
respectively. Inset on the top right corresponds to the superimposed traces showing the longer AP duration in old mice. Bottom, representative voltage responses of
I-S3 cells in the two age groups to a hyperpolarizing current injection used to assess the Ih-associated voltage rectification (dashed line). (B) Pie charts illustrating the
percentage of the regularly spiking (RS), irregular spiking (Irregular) and rapidly adapting (RA) firing patterns in I-S3 cells from the two age groups. (C) Summary plot
(mean + SEM) showing changes in the AP amplitude during the train of APs in I-S3 cells ("o < 0.05, *p < 0.01, unpaired t-test). (D) Summary data showing no
changes in the AP amplitude and AP threshold between young and old mice (o > 0.05, unpaired t-test) but a significant increase in the AP half-width (o < 0.01,
unpaired t-test), rise time (o < 0.05, unpaired t-test) and fall time (p < 0.01, unpaired t-test). (E) Summary data for two groups of animals showing a significant
decrease in the maximal firing frequency (p < 0.05, unpaired t-test) in parallel with an increase in the steady state depolarization (p < 0.01, unpaired t-test).

(F) Summary data for two groups of animals showing no changes in the Ih sag (p < 0.05, unpaired t-test). (G) Positive correlation between the AP half-width and the
animal age (R = 0.62, p < 0.01, Spearman correlation).

RI in the aged group reflects poorer memory performance and The data showed that old VIP-eGFP mice showed a significantly
not decreased exploratory behaviors. To investigate the potential longer escape latency to find a fixed hidden platform (p < 0.01,
spatial memory deficits in old mice, we next performed the one-way ANOVA; Figure 1G, right). Also, on the final day
MWM test (young: n = 10 mice, old: n = 8 mice; Figures 1G,H).  of training, old mice demonstrated a lower distance traveled
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(p < 0.01, t-test) and time spent (p < 0.01, t-test) in the target
quadrant with fewer entries into the target zone (p < 0.05, t-test)
(Figure 1H). Taken together, these data indicate that old VIP-
eGFP mice exhibit significant impairments in the hippocampus-
dependent memory.

Together with memory performance deficits, aging has also
been associated with an increase in the anxiety-like behavior
(Gorina et al., 2017). To test whether this is the case in aged
VIP-eGFP mice, we performed the EPM test (young: n = 8 mice,
old: n = 7 mice; Figures 1LJ). Our data showed that old VIP-
eGFP mice spent much less time in the open arms (p < 0.001,
t-test; Figures 1LJ, center) with less entries into open arms
(p < 0.001, t-test; Figures 1L], right), indicative of increased
anxiety although decreased locomotion could also account for
these changes. Thus, similar to other mouse strains, in VIP-eGFP
mice, aging is associated with decreased locomotion, memory
deficits, and anxiety-like behavior.

I-S3 Cells Survive During Aging and

Preserve Their Morphology

To investigate whether aging has an impact on the survival of
CA1 VIP+ interneurons, we performed immunohistochemistry
on hippocampal slices from young vs. old VIP-eGFP mice
(young: n = 8 mice; old: n = 5 mice), using antibodies against
NeuN to label all neurons and GFP to label all VIP-expressing
interneurons (Tyan et al,, 2014; Francavilla et al,, 2018). We
found that VIP+ interneurons survive during aging as no
change in their cell density was measured in the CAl area
(p > 0.05, t-test; Figures 2A,D). Furthermore, our data showed
no difference in the VIP+ population co-expressing CR and VIP
and corresponding to I-S3 cells (p > 0.05, t-test; Figures 2B,D),
indicating that I-S3 interneurons in the hippocampal CAl area
also survive during animal aging. These data contrasted with the
density of SST+ GABAergic interneurons located within CA1
O/A (Figures 2C,D), which was significantly decreased in old
VIP-eGFP mice (p < 0.001, t-test).

As aging is often associated with changes in morphological
properties of neurons, such as reduced dendritic branching
(Scheibel, 1979; Hanks and Flood, 1991), we next explored the
age-dependent structural changes in the anatomically confirmed
I-S3 interneurons that were filled with biocytin during patch-
clamp recordings and reconstructed in Neurolucida (young: n =4
cells vs. old: n = 6 cells; Figure 2E). Our data showed that
aging had no impact on I-S3 cell morphology. In particular, no
difference was found in such morphological parameters as soma
area (p > 0.05, t-test), total dendritic length (p > 0.05, t-test),
number of branching points (p > 0.05, Mann-Whitney test)
and area occupied by dendrites (p > 0.05, t-test) (Figure 2F).
Furthermore, dendritic Sholl analysis revealed no differences
in the number of dendritic intersections (p > 0.05, one-way
ANOVA; Figure 2G, left), dendritic length (p > 0.05, one-way
ANOVA; Figure 2G, middle) or number of dendritic nodes
(p > 0.05, one-way ANOVA; Figure 2G, right) at different
distances from the soma. Together, these data indicate that I-S3
cells survive at later stages of the animal’s life and preserve
their morphology.

Aging Modifies the Physiological
Properties of I-S3 Cells

As cognitive deficits during aging can be associated with changes
in electrophysiological properties of neurons (Rizzo et al., 2014),
we performed targeted patch-clamp recordings from I-S3 cells in
slices obtained from young (n = 9 cells) vs. old (n = 11 cells/)
VIP-eGFP mice, and analyzed the active and passive membrane
properties of these cells (Figure 3). We found no changes in
the resting membrane potential (Vy, young: -59.8 £ 1.7 mV;
Vi old: -60.6 £ 1.7 mV; p > 0.05, t-test), input resistance
(Riy young: 619.7 = 78 MQ; Ry, old: 486 + 61 MQ; p > 0.05,
t-test), membrane capacitance (Cy, young: 34.1 & 3.3 pF; Cy,
old: 27.3 £ 2.3 pF; p > 0.05, t-test) or membrane time constant
(tm young: 31.1 £ 2.0 ms; Ty, old: 31.4 £+ 3.8 ms; p > 0.05,
t-test) in I-S3 cells of old mice. However, analysis of active
membrane properties revealed significant changes in I-S3 firing
and AP properties (Figure 3A). First, while in young mice I-S3
cells exhibited a regularly spiking (RS), an irregularly spiking
or a rapidly adapting (RA) firing pattern (Figure 3A, left and
Figure 3B, top), the RA firing pattern was seen more often in old
animals (Figure 3A, right and Figure 3B, bottom), revealing a
stronger firing adaptation in I-S3 cells in aged mice. Moreover,
there was a significant decrease in the amplitude of spikes
during the train in old animals (p < 0.05, t-test; Figure 3C).
Furthermore, the level of the steady-state depolarization was
significantly higher in old animals (young: 36.8 & 1.7 mV; old:
50.9 £ 2.4 mV; p < 0.01, t-test; Figure 3E) in parallel with
a significant decrease in the maximal firing frequency (young:
123.7 &£ 13.9 Hz; old: 76.9 £ 1.6 Hz; p < 0.05, t-test; Figure 3E).
The detailed analysis of the first AP in the train recorded at
the rheobase current showed that while aging had no impact
on the AP amplitude (young: 67.4 &+ 3.9 mV; old: 76.7 £ 2.9
mV; p > 0.05, t-test) and threshold (young: -42.6 £ 2.2 mV;
old: -48.1 + 2.1 mV; p > 0.05, t-test), the AP half-width (young:
0.9 + 0.1 ms; old: 1.6 &+ 0.2 ms; p < 0.01, Mann-Whitney
test), rise time (young: 0.68 % 0.02 ms; old: 1.26 £ 0.16 ms;
p < 0.05, Mann-Whitney test) and fall time (young: 2.9 & 0.4 ms;
old: 5.5 £ 0.6 ms; p < 0.01, t-test) were significantly increased
(Figure 3D). Importantly, when an additional set of data from
I-S3 cells of younger mice (P370-380, n = 6 cells) was included
in this analysis, there was a positive correlation between the AP
half-width and the animal’s age (R = 0.62, p < 0.05, Spearman
correlation, Figure 3G), in line with the age-dependent progress
of changes in the AP kinetics. We found no changes in the
hyperpolarization-activated membrane conductances, such as Iy,
current (Vy, sag young: 4.3 + 0.7 mV; Vy, sag old: 3.2 £ 0.9 mV;
p > 0.05, t-test; Figure 3F), pointing to specific age-dependent
changes in voltage-gated channels involved in the generation of
APs in I-S3 cells.

Modeling Provides Insights Into the
Age-Related Changes Occurring in I-S3
Cells

To probe the possible changes in intrinsic properties associated
with age-related modifications of active properties of I-S3
cells, we used two model variants of the previously developed
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multi-compartment computational models of I-S3 cells (Guet-
McCreight et al.,, 2016): a variant possessing dendritic A-type
potassium channels (SDprox1) and one lacking dendritic A-type
potassium channels (SDprox2).

In upscaling and downscaling several intrinsic ion channel
conductances we observed that the age-related changes seen
experimentally were best captured when fast delayed rectifier
potassium conductances were reduced (Figures 4A-C), when
transient sodium conductances were reduced (Figures 4D-F),
and when both were reduced proportionally (Figures 4G-I).
Generally, reducing these conductances allowed the models to
enter the depolarization block states more easily, most likely
due to a change in the balances between sodium to potassium
currents (Bianchi et al., 2012; Tucker et al, 2012). More
specifically, reducing these channel conductances in the models
led to increases in the first spike half-width rates, as scaled
by spike amplitude (Figures 4C,EI, left panels). We scaled
the spike half-widths by spike amplitude to disambiguate spike
duration measurements from effects due to changes in spike
amplitude. Correspondingly, we also measured the spike rise
rate (V/s; Figures 4C,EI, middle panels) and spike fall rates
(V/s; Figures 4C,E]I, right panels). We found that reducing fast
delayed rectifier potassium conductance leads to slower spike
fall rates (Figure 4C, right panel), but does have a large impact
on spike rise rates (Figure 4C, middle panel). On the other
hand, reducing transient sodium conductance results in slower
spike rise rates (Figure 4F, middle panel), with some impact at
slowing spike fall rate as well (Figure 4F, right panel). Reducing
both conductances had an effect of slowing both the spike rise
and fall rates (Figure 4I). Kinetically, the fast delayed rectifier
potassium channel model used in the I-S3 cell models most likely
corresponds with currents generated by the Kv3.1 potassium
channel subunits (Guet-McCreight et al., 2016) and the transient
sodium channel could correspond with sodium channel subunits
Navl.2, Navl.3, and beta-2.

Since these models possess a minimal complement of ion
channel mechanisms (see Methods) and I-S3 cell ion channel
conductances and kinetics remain largely uncharacterized, we did
not attempt to fit the aging data more closely. Therefore, while
these simulations suggest that changes in fast delayed rectifier
potassium and transient sodium conductances contribute to the
aging-related changes seen in electrophysiological recordings
from I-S3 cells, they do not exclude other intrinsic mechanisms.

The TEA-Sensitive and Insensitive KT
Currents Remain Unaltered in I-S3 Cells
of Old Mice

To test the model predictions that the down-regulation of Kv3.1
channels can be responsible for age-related increases in the
steady-state depolarization and AP duration in I-S3 cells, we
performed voltage-clamp recordings in whole-cell configuration
with holding membrane potential at -40 mV to facilitate the
isolation of Kv3.1 currents from I-S3 cells in young and old
VIP-eGFP mice (young: n = 9 cells; old: n = 6 cells). To
isolate the TEA-sensitive Kv3.1-mediated current (Figure 5A,
left), we subtracted the TEA-insensitive component (Figure 5C,

left) from the total current recorded before application of TEA.
TEA-sensitive and TEA-insensitive currents were measured at
8 different membrane potentials from -40 to +30 mV in
10 mV steps (Figures 5A,C, left) to determine the steady-
state conductance-voltage relationships (Figures 5A,C, right).
As previously found in type A globus pallidus or CA1 neurons
(Hernandez-Pineda et al., 1999; Alshuaib et al., 2001), the TEA-
sensitive currents begin to activate at ~-20 mV (Figure 5A, right,
and Figure 5B, left). Our data showed no significant difference
at each of the voltage levels for steady-state conductance of both
TEA-sensitive (p > 0.05 for all comparisons, t-test, Figure 5A,
right) and TEA-insensitive currents (p > 0.05 for all comparisons,
t-test, Figure 5C, right) in old mice. In addition, the normalized
conductance (G/Gmax) for TEA-sensitive (Figure 5B, left) and
TEA-insensitive currents (Figure 5D, left) allowed us to fit
the data to a Boltzmann equation to obtain the half-activation
voltages (V1/2) and activation slopes (k) of both currents. Here
again, we found no difference for V;,, (young vs. old, p > 0.05,
t-test) and k (young vs. old, p > 0.05, t-test) of the TEA-
sensitive currents (Figure 5B, right) and Vi, (young vs. old,
p > 0.05, t-test) and k (young vs. old, p > 0.05, t-test) of the
TEA-insensitive currents (Figure 5D, right). Thus, these data
indicate that there was no significant difference in the activation
properties of TEA-sensitive A-type Kt and TEA-insensitive Kv3.1
currents, and that the ionic mechanisms underlying the observed
changes in the AP and firing properties of I-S3 cells in old mice
remain to be determined.

The Inhibitory Synaptic Drive to I-S3

Cells Increases During Aging

Next, to examine whether 1-S3 cells could exhibit changes in
their synaptic properties, we performed whole-cell voltage-clamp
recordings of sIPSCs (young: n = 7 cells; old: n = 5 cells) and
SEPSCs (young: n = 6 cells; old: n = 6 cells) (Figure 6). Our
data revealed significant changes in both sEPSCs and sIPSCs
in I-S3 cells of old mice. In particular, there was an increase
in the amplitude (young: 15.6 £ 3.0 pA; old: 24.4 £ 3.3 pA,
p < 0.001, K-S test; p < 0.05, t-test; Figures 6A,B, left) and an
increase in the frequency (young: 5.5 & 1.1 Hz; old: 8.7 £ 1.3 Hz,
p < 0.001, K-S test; p < 0.05, t-test; Figures 6A,B, right) of
sIPSCs. In parallel, the amplitude of sEPSCs was also increased
(young: 9.1 + 1.0 pA; old: 13.8 £+ 1.4 pA, p < 0.001, K-S
test; p < 0.05, t-test; Figures 6C,D, left), however, with no
change frequency (young: 4.0 £ 0.7 Hz; old: 4.8 + 0.8 Hz,
p > 0.05, K-S test; t-test; Figures 6C,D, right). To determine
the overall impact of these changes in sEPSCs and sIPSCs on
the excitation/inhibition balance in I-S3 cells, we first calculated
the inhibitory (Gi) and excitatory (Ge) conductances, and then
compared these parameters and their ratio between the young
and old animals. Our data showed that in both age groups,
I-S3 cells receive a stronger inhibitory conductance (Figure 6E),
and that the Ge/Gi ratio remains unaltered during aging due
to a concomitant increase in both Gi and Ge (Figure 6E). As
these parameters do not consider changes in event frequency, we
next calculated a mean PSC as a product of mean PSC charge
transfer and event frequency (Figure 6F). These data revealed
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FIGURE 4 | Downscaling fast delayed rectifier potassium and transient sodium channels in I-S3 cell models mimics the cell firing properties in aged animals. (A,B)
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that, while the mean EPSC remained unaltered, the mean IPSC
was significantly increased due to increase in both the amplitude
and frequency of sIPSCs (Figure 6B), pointing to the enhanced
inhibitory drive to I-S3 cells in aged animals (Figure 6F)

release. On the other hand, an increased inhibitory drive to
I-S3 cells together with a lower frequency of AP firing indicate
that these cells may be less active in old mice. IS3 cells inhibit
different types of O/A interneurons (Tyan et al., 2014), which

in turn, provide inhibition to different subcellular domains of
The Inhibition of I-S3 Cells Postsynaptic

CA1 PCs. To investigate wheather specific alterations in AP
) i and firing/synaptic properties of IS3 cells could translate into a
Targets Increases With Aging i

modified inhibition of O/A interneurons, we performed whole-
The age-dependent increase in the AP duration in IS3 cells cell voltage-clamp recordings of mIPSCs from O/A interneurons
observed in our study suggests that these cells may exert a of young vs. old mice (Figure 7). Our data showed that both
stronger impact on their postsynaptic targets via enhanced GABA  the amplitude (young: 17.2 & 1.2 pA, n = 8; old: 27.5 & 3.4 pA
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FIGURE 5 | The TEA-sensitive and TEA-insensitive potassium currents remain unaltered in I-S3 cells. (A) Left, currents obtained from an I-S3 cell held at -40 mV
and subjected to depolarizing pulses from —40 to +30 mV in 10 mV increments after application of 1 mM TEA in young (black) and old (red) mice. Traces show the
TEA-sensitive component obtained by digital subtraction of the traces recorded in the presence of TEA (C, left; TEA-insensitive currents) from those in control (total
currents). Right, the steady-state conductance of the TEA-sensitive component as a function of voltage in young and old mice showing no changes in the
TEA-sensitive currents (o > 0.05, unpaired t-test; error bars show standard deviation). (B) Left, plots of relative conductance (G/Gmax) of the TEA-sensitive current
in 1-S3 cells of young and old mice with a Boltzmann fit function. Right, summary data showing no significant change in V42 and k of the TEA-sensitive currents

(o > 0.05, unpaired t-test; error bars show standard deviation). (C) Left, current traces recorded in the presence of TEA during the depolarizing pulses from —40 to
+30 mV in 10 mV increments and corresponding to the TEA-insensitive component in young (black) and old (red) mice. Right, the steady-state conductance of the
TEA-insensitive component as a function of voltage in young and old mice showing no difference in this component between the two age groups (p > 0.05,
unpaired t-test; error bars show standard deviation). (D) Left, plots of relative conductance (G/Gmax) of the TEA-insensitive current in young and old mice fit to a
Boltzmann function. Right, summary data showing no significant change in V1 2 and k of the TEA-insensitive currents (p > 0.05, unpaired t-test; error bars show
standard deviation).
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(black) and old mice (red). (B) Summary data showing a significant increase in the amplitude and frequency of sIPSCs in I-S3 cells of aged mice (p < 0.001, K-S
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showing a significant increase in the amplitude of sSEPSCs (p < 0.001, K-S test; inset, “o < 0.05, unpaired t-test) with no change in the frequency (o > 0.05, K-S
test; inset, p > 0.05, unpaired t-test). (E) The inhibitory (Gi) to excitatory (Ge) conductance plot (left) illustrating a dominant inhibitory conductance in I-S3 cells across
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(B,D, left). (F) Summary data for the mean excitatory (left) and inhibitory (right) charge transfer when frequency of events is considered. Note a significant increase in

the mean inhibitory current in I-S3 cells of old animals. *o < 0.05, **p < 0.01.

n=>5,p < 0.001, K-S test; p < 0.01, ¢-test; Figures 7A,B, left) and
the frequency (young: 8.6 & 0.5 Hz, n = 8; old: 11.2 & 1.4 Hz,
n=4,p <0.001, K-S test; p < 0.05, t-test; Figures 7A,B, right) of
mIPSCs recorded in O/A interneurons were significantly higher
in aged animals in line with age-dependent changes at both pre-
and postsynaptic sites of inhibitory synapses converging onto
O/A interneurons. Furthermore, the overal charge transfer (area
under curve) during mIPSC was significantly increased in O/A
interneurons of old mice (young: 137.7 £ 7.1 pA x ms, n = §;
old: 224.2 £ 324 pA xms, n =5, p < 0.001, K-S test; p < 0.05,
t-test; Figure 7C, left; Figure 7D) without significant changes in
the rise time (young: 0.71 £ 0.05 ms, n = 8; old: 0.7 £ 0.2 ms,
n=>5,p > 0.05, t-test; Figure 7C, right) or the decay time constant
(young: 9.9 + 0.7 ms, n = 8; 0ld: 9.9 £ 0.5 ms, n =5, p > 0.05,

t-test; Figure 7C, right) of mIPSCs, indicating no change in
the GABA, receptor subunit composition. Finally, considering
the increased frequency of mIPSCs we also found a significant
increase in the mean IPSC charge transfer in O/A interneurons
(Figure 7E). Taken together, these data reveal an age-dependent
increase in inhibition of their postsynaptic targets.

DISCUSSION

In this study, we provide novel data on the morphological and
physiological properties of a specific GABAergic interneuron
subtype in aged animals. We demonstrate that VIP4+/CR+ 1-S3
cells survive during aging and preserve their morphological
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features but exhibit significant changes in the active membrane
and synaptic properties, thus highlighting an age-induced
functional rather than structural remodeling of this interneuron
subtype. These age-dependent changes are associated with
increased memory deficits as well as anxiety-like behavior
reflecting pathological aging.

It is widely recognized that neuronal loss in the neocortex
and hippocampus can be involved in cognitive deficits associated
with aging (Morrison and Hof, 1997; Mattson and Magnus,
2006), with the dendrite-targeting SST+ interneurons such as
hippocampal O-LM cells being affected the most (Stanley et al.,
2012). In the current study conducted on VIP-eGFP mice,
SST+ O/A interneurons were also vulnerable but VIP+/CR+
I-S3 cells remained structurally unaltered. While I-S3 cells
represent less than 1% of all CAl neurons (Bezaire and
Soltesz, 2013), they are among the most excitable interneuron
subtypes in the hippocampus due to a particularly high input
resistance (Chamberland et al., 2010; Tyan et al, 2014). By
providing behavioral state-dependent disinhibition, these cells
play a critical role in spatial coding and goal-oriented reward
learning (Magnin et al, 2019; Turi et al., 2019). Our data
show that, in the aged hippocampus, both sEPSC and sIPSC
amplitudes in I-S3 cells are significantly increased. As a result, the
balance between excitatory and inhibitory conductances remains
unaltered. However, inhibitory drive to I-S3 cells becomes more
prominent due to a concomitant increase in sIPSC frequency
and may dampen the recruitment of these cells to network

activity. Interestingly, GABAergic septohippocampal innervation
of CAl CR+ interneurons is decreased during aging (Rubio
et al., 2012). Thus, changes in the spontaneous inhibitory tone
observed in our study may reflect increased activity of local
inhibitory interneurons contacting I-S3 cells, such as other VIP+
and CR+ interneurons (Luo et al., 2020). Furthermore, while
I-S3 cells receive excitatory input from the CA3 area (Luo
et al., 2020), which can become hyperactive in old rodents (El-
Hayek et al., 2013; Simkin et al., 2015), we have not observed
any sign of hyperactivity or seizure-like excitatory patterns
arriving to I-S3 cells from this region. Rather the opposite, the
overall frequency of sEPSCs was very low and remained at this
level during aging.

We also found an increased AP duration and steady-state
depolarization in parallel with a decreased firing rate and
rapid adaptation in I-S3 cells of old mice. What biophysical
mechanisms could account for the observed modifications?
Model simulations predicted that decreasing the fast-delayed
rectifier and/or transient sodium conductances should increase
the AP half-width and induce a steady-state depolarization-
dependent block of firing. However, the experimental data
showed no changes in the amplitude and kinetics of the
fast-delayed rectifier Kv3.1 or the A-type KT currents. This
suggests that other subtypes of voltage-gated KT channels or
Na™ channels could be responsible for age-dependent changes
in the AP and firing properties and should be examined in
further studies. Moreover, recording of K* currents in the soma
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does not discount for any possible age-dependent changes in
dendritic distributions of Kv3.1 or A-type KT channels. As
well, age-dependent changes in currents could be occluded
by variability in jon channel expression across individual
cells. Importantly, increased steady-state depolarization with a
prevalent rapidly adapting firing pattern of I-S3 cells in aged
mice may indicate that these cells are likely to fire shorter
trains of a fewer APs in response to a strong excitatory input.
Although this suggests a decreased I-S3 cell output, it has
been shown in CA1l PCs that full amplitude somatic APs,
attenuated APs, and even small spikelets of 5-10 mV can co-
occur in the axon (Apostolides et al., 2016). More specifically,
somatic spikelets represent axonal APs that fail to initiate
into full APs (Apostolides et al.,, 2016). Further, experimental
and modeling data indicated that PCs APs recovered to full
amplitude at more distal axonal locations as the AP-mediated
K" channel activation effectively counteracted the depolarizing
effect of the somatic plateau (Apostolides et al., 2016). These
observations indicate that I-S3 cells entering the depolarization
block and having a reduction in somatic firing could still
maintain the same spike frequency and train duration in axons
with wider spikes leading to a longer depolarization in I-S3
axonal terminals. The tonic activation of VIP+ cells may
occur during arousal and attentional tasks (Steriade, 1991)
due to activation of nicotinic acetylcholine or metabotropic
serotonin 5HT2 receptors (Pronneke et al., 2020) but may be
impaired in aging hippocampus, with direct consequences on
MNemonic processes.

Furthermore, our data show that intrinsic and synaptic
remodeling of I-S3 cells may be associated with a significant
increase in inhibition of their postsynaptic targets. I-S3 cells
contact several distinct subtypes of O/A interneurons, including
O-LM, bistratified and basket cells (T'yan et al., 2014). An increase
in the AP duration in I-S3 cells during aging could indicate
significant changes at I-S3 synapses, with a larger presynaptic
calcium influx due to changes in Nat/K' conductances,
increased vesicular and non-vesicular GABA release, extracellular
GABA accumulation and enhanced tonic inhibition through
activation of extrasynaptic GABA, receptors (Attwell et al,
1993; Zoli et al., 1999; Glykys and Mody, 2007), although the
latter has not been detected in O-LM cells of young mice
(Salesse et al., 2011). In addition, the increased inhibition of O/A
interneurons reported here may be associated with a homeostatic
strengthening of inhibitory synapses (Peng et al., 2010; Rannals
and Kapur, 2011; Pribiag et al., 2014) following a decrease in the
I-S3 input due to a higher inhibitory drive on I-S3 cells and their
lower firing rate in aged hippocampus.

Importantly, aging is associated with deficits in the theta
oscillation power resulting in the impaired encoding of novel
spatial information in the dorsal hippocampus or emotional
states in the ventral hippocampus (Jacobson et al, 2013).
Modeling data combined with imaging in vivo of I-S3 cell
activity in awake mice indicated that I-S3 cells are recruited
during theta oscillations (Luo et al., 2020) and may play a role
in modulating the activity of O-LM cells at theta frequency
(Tyan et al, 2014). Indeed, in young animals, optogenetic
activation of CR+ cells increased the post-inhibitory firing of

O-LM cells specifically at theta frequency (Tyan et al., 2014).
Here, we show that during aging, I-S3 cells may become less
available but fire with a broader spike, resulting in the increased
inhibition to O-LM cells. Whether this increased inhibition may
lead to a complete suppression of O-LM cell firing remains
unknown, but given a critical role of O-LM cells in theta
oscillations (Gillies et al., 2002; Gloveli et al., 2005; Mikulovic
et al., 2018), their silencing may have a direct impact on the
frequency and power of theta rhythms as well as the encoding
of novel spatial and emotion-related information. Supporting
this idea, the AP broadening in I-S3 cells occurred in parallel
with cognitive deficits in VIP-eGFP mice, and both variables
showed a strong correlation with animal age, suggesting a
causal connection.

In addition, O-LM cells play a major role in disinhibition
of distal dendritic domains of CAl1 PCs and facilitation
of dendritic spike initiation and burst firing (Chamberland
et al., 2010; Lovett-Barron et al.,, 2012; Miiller et al., 2012;
Royer et al., 2012; Tyan et al, 2014). In this regard, the
increased inhibition of O-LM cells along with their decreased
density in the aged hippocampus may contribute to the
increased burst firing or even hyperactivity of CA1 PCs. It
is to be noted that all these age-dependent modifications in
the local circuit inhibition may occur in parallel with other
intrinsic and synaptic changes of different cell types making
up hippocampal networks. Our data reveal specific functional
changes in one subtype of disinhibitory interneuron that may
have an impact on the balance between hippocampal inhibition
and disinhibition. However, further experiments involving cell
type-specific interventions will be required to understand the
mechanisms of the observed phenomena and the impact of
modified disinhibitory circuits on hippocampal network activity
and mnemonic processing.
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