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ARTICLE INFO ABSTRACT
Keywords: Exposure to aversive events during sensitive developmental periods can affect the preferential coping strategy
Early stress adopted by individuals later in life, leading to either stress-related psychiatric disorders, including depression, or
I current to well-adaptation to future adversity and sources of stress, a behavior phenotype termed “resilience”.
Xzﬁhence We have previously shown that interfering with the development of mother-pups bond with the Repeated

Cross Fostering (RCF) stress protocol can induce resilience to depression-like phenotype in adult C57BL/6J fe-
male mice. Here, we used patch-clamp recording in midbrain slice combined with both in vivo and ex vivo
pharmacology to test our hypothesis of a link between electrophysiological modifications of dopaminergic
neurons in the intermediate Ventral Tegmental Area (VTA) of RCF animals and behavioral resilience. We found
reduced hyperpolarization-activated (I;) cation current amplitude and evoked firing in VTA dopaminergic
neurons from both young and adult RCF female mice. In vivo, VTA-specific pharmacological manipulation of the
I, current reverted the pro-resilient phenotype in adult early-stressed mice or mimicked behavioral resilience in
adult control animals.

This is the first evidence showing how pro-resilience behavior induced by early events is linked to a long-
lasting reduction of I}, current and excitability in VTA dopaminergic neurons.

In vivo pharmacology

1. Introduction to the aetiology of most psychiatric disorders, operatively defined
through their phenotypical dysfunctional coping responses to internal
Genetic and environmental factors contribute in a complex manner and external stimuli (APA, 2013).
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Clinical and preclinical research highlighted how exposure to aver-
sive events during sensitive developmental periods can affect the pref-
erential coping strategy adopted by individuals later in life, thus
representing a risk factor for the development of stress-related psychi-
atric disorders, including depression (Heim and Nemeroff, 2002; Caspi
et al., 2010; Heim et al., 2008; Pechtel and Pizzagalli, 2011; Heim and
Binder, 2012; Gershon et al., 2013; Schmitt et al., 2014; Andersen, 2015;
Herbison et al., 2017; Novick et al., 2018; Rokita et al., 2018; Santarelli
etal., 2014, 2017; Di Segni et al., 2019, 2020; Torres-Berrio et al., 2019;
Song and Gleeson, 2018). Yet, the same critical early-life experiences
can differently affect brain development trajectories and behavioral
coping strategies depending on individual’s characteristics (Daskalakis
et al., 2013; Belsky and Pluess, 2009, 2013; Ellis et al., 2011; Santarelli
et al., 2017; Belsky et al., 2015; Di Segni et al., 2016, 2017, 2019; Song
and Gleeson, 2018; Torres-Berrio et al., 2019). In fact, both clinical and
preclinical studies report that early aversive experiences might even
result in protective effects Daskalakis et al. (2013); Nederhof and
Schmidt (2012); Schmidt (2011); Santarelli (2017); Gururajan et al.
(2019) by promoting well-adaptation to future adversity and sources of
stress — a behavioral phenotype termed “resilience” (APA, 2013).

Functional imaging and postmortem tissue analysis from depressed
patients have identified abnormalities in several, distinct regions of the
human brain (Liotti et al., 2001; Nestler et al., 2002; Drysdale et al.,
2017; Torres-Berrio et al., 2019). Intriguingly, among these is the
‘reward pathway’ (Tye et al., 2013; Fox and Lobo, 2019), whose dys-
regulation is thought to be involved in the loss of pleasure and amoti-
vational syndrome observed in depressed patients (Belujon and Grace,
2017). Thus, the mesocorticolimbic circuitry is now considered as one of
the neural substrates of depression-related behaviors and a possible
target for antidepressant treatments (Nestler and Carlezon, 2006;
Chaudhury et al., 2013; Mayberg et al., 2005; Tye et al., 2013; Luo et al.,
2019; Ku and Han, 2017; Puglisi-Allegra and Ventura, 2012; Di Segni
et al., 2016; Slattery and Cryan, 2017; Belujon & Grace, 2014, 2017).

Within the motivation and reward circuitry, a key role is played by
the Ventral Tegmental Area (VTA), the mesencephalic area from which
the mesocorticolimbic dopaminergic (DAergic) system reaches both
cortical and sub-cortical projection targets (Kumar et al., 2018; Blood
et al., 2010; Kaufling, 2019; Douma and de Kloet, 2020; Han et al., 2019;
Lammel et al., 2014; Pena et al., 2017; 2019). Interestingly, VTA un-
dergoes adaptations in depressed patients as well as in animal models of
depression-like behavior (Kumar et al., 2018; Blood et al., 2010; Kau-
fling, 2019; Douma and de Kloet, 2020; Han et al., 2019; Lammel et al.,
2014; Rincon-Cortés and Grace, 2017), and recent reports suggest this
brain area to be associated with both vulnerability and resilience to
depression (Tye et al., 2013; Fox and Lobo, 2019; Han et al., 2019;
Douma and de Kloet, 2020; Luo et al., 2019; Kaufling, 2019; Cao et al.,
2010; Friedman et al., 2014, 2016; Zhong 2018; Zhang et al., 2019;
Cheng et al., 2019).

Similar to humans, in rodents the development of DAergic meso-
limbic pathways seems to be largely sensitive to early life experiences
(Meaney et al., 2002; Brake et al., 2004; Pena et al., 2017, 2019). The
first 2 weeks of life seem to be particularly critical in rodents to shape the
DAergic circuitry of the adult brain (Gillies et al., 2014) and stress fac-
tors occurring early in life can induce transcriptional, structural and
functional modifications in the VTA (Chocyk et al., 2011; Authement
et al., 2015; Pena et al., 2019; Masrouri et al., 2020; Shepard et al., 2020;
Spyrka et al., 2020). In a nutshell, early experiences may impact the VTA
and its DAergic network, thus influencing stress coping strategies and
susceptibility or resilience to depression in adulthood.

To understand how the VTA is associated with vulnerability or
resilience to depression-like behaviors, the preclinical field is deeply
investigating molecular and physiological changes occurring in VTA
neurons of susceptible and resilient animals (Tye et al., 2013; Fox and
Lobo, 2019; Han et al., 2019; Douma and de Kloet, 2020; Luo et al.,
2019; Kaufling, 2019; Cao et al., 2010; Friedman et al., 2014, 2016;
Zhong 2018; Zhang et al., 2019; Cheng et al., 2019; Isingrini et al., 2016;
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Chaundhury et al., 2013; Spyrka et al., 2020; Ku et al., 2017; Masrouri
et al., 2020).

VTA dopamine (DA) neurons display complex functional patterns
(for reviews, see Morikawa and Paladini 2011; Paladini and Roeper
2014; Marinelli et al., 2006; Kaufling 2019; Tapia et al., 2018) regulated
by a sophisticated excitatory/inhibitory synaptic input balance and by
intrinsic electrophysiological characteristics leading to a peculiar firing
activity which regulates DA release in target areas (Tye et al., 2013; Fox
and Lobo, 2019; Han et al., 2019; Douma and de Kloet, 2020; Luo et al.,
2019; Kaufling, 2019).

Among several regulating factors, the activity of VTA DA neurons is
governed by multiple voltage-dependent ionic conductances, including
the hyperpolarization-activated cation current °‘I;’, mediated by
hyperpolarization-activated cyclic nucleotide gated (HCN) channels
(McDaid et al., 2008; Okamoto et al., 2006; Migliore and Migliore 2012;
Ku and Han, 2017; Carbone et al., 2017; Krashia et al., 2017). HCN
channels are widely expressed in the mesocorticolimbic system (Chu and
Zhen, 2010; Santoro and Shah, 2020), with HCN2 being the predomi-
nant subunit expressed in the VTA (Notomi and Shigemoto, 2004;
Santos-Vera et al., 2019; Zhong et al., 2018).

A few of seminal works (Cao et al., 2010; Tye et al., 2013; Friedman
et al., 2014; Zhong et al., 2018; Zhang et al., 2019; Cheng et al., 2019)
have recently unveiled relevant adaptations in the VTA DA neurons of
depression-susceptible or -resilient animals following chronic stress
exposure in adulthood. For instance, I, current and firing activity of VTA
DA neurons were found altered in animal models of chronic
stress-induced depression as well as in depression-resilient mice (Tye
et al., 2013; Friedman et al., 2014; Zhong et al., 2018; Masrouri et al.,
2020; Isingrini et al., 2016; Chaundhury et al., 2013; Spyrka et al., 2020;
Ku et al., 2017).

We have previously demonstrated that exposure to an early life
experience interfering with the mother-pups bond development
(Repeated Cross Fostering; RCF) induces in adult C57BL/6J (C57) fe-
male mice increased resilience to depression-like phenotype, consisting
in increased active coping behavior in the forced swimming test (FST) as
well as enhanced preference for a natural rewarding stimulus (saccharin
preference test, SPT; Di Segni et al., 2016; 2017) while increases
depression-like behavior in C57 males (Di Segni et al., 2019). It is
important to underline that the RCF protocol does not necessary
represent a stress, as basal and stress-induced corticosterone levels were
not different between RCF and control adult animals (D’Amato et al.,
2011; Di Segni et al., 2016; 2019). This early manipulation is, instead,
aimed to interfere with mother-pups attachment bond (D’Amato et al.,
2011; Ventura et al., 2013; Di Segni et al., 2016; 2017; 2018; 2019;
2020).

Interestingly, we could relate the pro-resilient behavioral pattern
observed in female mice to the altered release of catecholamines within
the mesocorticolimbic DAergic system in response to rewarding and
aversive stimuli (Ventura et al., 2013; Di Segni et al., 2016, 2017, 2018,
2020). However, a detailed characterization of the functional modifi-
cations of VTA DAergic neurons in this model of early life adversity and
the possible link to behavioral alterations later in life is currently
missing. Here, we investigated the electrophysiological properties of
VTA DA neurons from juvenile or adult RCF vs. control mice to under-
stand the neuroadaptations underlying the behavioral resilience
observed in early-manipulated animals. Further, with an in vivo and ex
vivo pharmacological approach, we tested the hypothesis that such
resilience might be associated to the altered electrophysiological prop-
erties found in RCF VTA DA neurons.

2. Materials and methods
2.1. Animals

C57BL/6J (C57) female mice (Charles River Laboratories, Italy) were
housed with water and food available ad libitum, at constant room
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temperature (21 + 1 °C) and in a 12:12 h light-dark cycle (lights on at
07:00 a.m.). Adequate measures were taken to minimize pain or
discomfort of mice and all experiments were carried out in accordance
with Italian national laws (DL 116/92 and DL 26/2014) on the use of
animals for research based on the European Communities Council Di-
rectives (86/609/EEC and 2010/63/UE). Experimental protocol (no.
769/2017) was approved by Italian Ministry of Health. Mice 9-10 weeks
old (below referred to as ‘P60’) were used for both behavioral and
electrophysiological experiments. In addition, 2 groups of 16-22 days
old RCF and Control mice were used for patch-clamp recordings.

2.2. Repeated cross-fostering (RCF)

As previously described (D’Amato et al., 2011; Ventura et al., 2013;
Di Segni et al., 2016) pups from the same litter spent the first postnatal
day (P0) with their biological mother. On P1, litters were randomly
assigned to experimental (RCF) or Control (CTRL) group. RCF pups were
fostered by moving the entire litter into the home cage of a different
mother, whose pups had just been moved to an adoptive mother. This
procedure was repeated daily (since P1 until P4); on P4 pups were left
with the last adoptive mother until weaning. Control litters were only
picked up daily and reintroduced in their home cage; this procedure was
carried out within 30 s. Animals were weaned at P28, separated by sex
and housed in groups of 4 littermates. To prevent potential estrous cycle
group synchronization, experimental subjects for cross-fostered and
Control female groups were sorted by collecting max 2 individuals per
cage/litter (Ventura et al., 2013; Di Segni et al., 2016, 2017, 2019).

2.3. Drugs

Zoletil 100 (tiletamine HCI 50 mg/ml + zolazepam HCl 50 mg/ml;
from Virbac, Italy) and Rompun 20 (xylazine 20 mg/ml; from Bayer S. p.
A, Ttaly) were dissolved in saline solution (4.1 mg/ml and 1.6 mg/ml,
respectively) prior injection (7.3 ml/kg). 4-(N-Ethyl-N-phenylamino)-
1,2 dimethyl-6-(methylamino) pyrimidinium chloride (ZD7288; from
Hello Bio, UK) was dissolved in 0.9% NaCl and 6-(2,3-Dichlorophenyl)-
1,2,4-triazine-3,5-diamine (Lamotrigine; from Hello Bio, UK) was dis-
solved in DMSO. All drugs used for electrophysiology were prepared
from thawed concentrated stocks (Abcam or Sigma) and either bath
applied at final concentration in artificial cerebrospinal fluid (below) via
a three-way tap syringe or, where specified, dissolved in the pipette
solution.

2.4. Stereotaxic injection into the VTA

Animals were anesthetized with Zoletil and Rompun and positioned
in a stereotaxic frame (David Kopf Instruments, CA, USA) equipped with
a mouse adapter. For behavioral experiments, mice were chronically
implanted bilaterally with a 26-gauge guide cannula positioned 1 mm
from the VTA using the following coordinates (from brain surface): AP
=—3.2, ML = 0.4, DV = — 3.6 mm (Cao et al., 2010). After 5-7 days of
post-operative recovery, ZD7288 (ZD; 0.1 pg in NaCL 0.9%) or Lamo-
trigine (LTG; 0.1 pg in DMSO) were bilaterally injected (ZD: 4 consec-
utive days; LTG: 5 consecutive days) through an injector cannula in a
total volume 0.4 pl/side at a continuous rate of 0.15 pl/min under the
control of a micro-infusion pump. Concentrations of ZD and LTG were
chosen based on previous works (Cao et al., 2010; Friedman et al., 2014;
Zhong et al., 2018; Chevaleyre and Castillo, 2002; Kocsis and Li, 2004).
Control groups were infused with drug vehicle only. The injector can-
nula was removed 5 min after the end of infusion to prevent backflow.
Mice were returned to their home cage and tested after 24h. The same
procedure was used for both behavioral and electrophysiology
experiments.
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2.5. Electrophysiology

2.5.1. Midbrain slice preparation

Horizontal midbrain slices containing the VTA (250 pm; VT1200S,
Leica Biosystems) were prepared according to recently published pro-
cedures (Martini et al., 2019; Lo Iacono et al., 2018; Krashia et al., 2017;
Ledonne and Mercuri, 2018; Ting et al., 2018). Briefly, young (P16-22)
or adult (P60) C57BL6 female mice, previously exposed to RCF or con-
trol manipulations (CTRL), were anesthetized with halothane and
quickly decapitated. Brains were removed from the skull and a tissue
block containing the midbrain was isolated and placed in chilled
bubbled (95% 0,-5% CO,) standard artificial cerebrospinal fluid (aCSF)
at 8-10 °C (P16-22 or young mice) containing (in mM): NaCl 126,
NaHCOs 24, glucose 10, KCl 2.5, CaCl; 2.4, NaH2PO4 1.2 and MgCly 1.2
(pH 7.4; ~290 mOsm), or a low-sodium N-methyl-D-glucamine
(NMDG)-based aCSF at 2-4 °C (P > 60, or adult mice), containing (in
mM): 92 NMDG, 2.5 KCl, 1.25 NaH,PO4, 30 NaHCO3, 20 HEPES, 25
glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCly, and 10
MgSO4 (pH to 7.3-7.4 with 18% hydrochloric acid).

After cutting procedures, slices from young mice (P16-22) were
maintained in standard aCSF (32-33 °C) for at least 30 min prior to
usage, whereas slices from adult mice (P60) were maintained in a baker
filled with 150 mL of NMDG-based aCSF at 33.0 & 0.5 °C for 5 min,
before adding progressively increasing volumes of a sodium-spike so-
lution (2M NaCl in NMDG-based aCSF; Ting et al., 2018) every 5 min:
250 pL, 250 pL, 500 pL, 1000 pL, 2000 pL. Five minutes after the last
addition, slices were transferred in a HEPES-based aCSF for long-term
storage, containing (in mM): 92 NaCl, 2.5 KCI, 1.25 NaH,PO4, 30
NaHCOs3, 20 HEPES, 25 glucose, 2 thiourea, 5 Na-ascorbate, 3
Na-pyruvate, 2 CaCly, and 2 MgSO4 (95% 02-5% CO2; pH 7.3-7.4).
Slices from adult mice were let recovering for at least 1 h before being
transferred in the recording chamber for the electrophysiological re-
cordings, where they were continuously perfused at 2.5-4 mL/min with
normal aCSF (33.0 + 0.5 °C), containing (in mM): NaCl 126, NaHCO3
24, glucose 10, KCl 2.5, CaCl, 2.4, NaH,PO4 1.2 and MgCl, 1.2, satu-
rated with 95% 05-5% CO; (pH 7.4; ~290 mOsm).

2.5.2. Electrophysiological recordings

A single slice was placed into a recording chamber (0.6 mL) of an
upright microscope (BX51WI; Olympus; Nikon or DMLSF; Leica) and
continuously perfused (2.5 or 3-4 ml/min) with aCSF saturated with a
95% 02, 5% CO, gas mixture. Pipettes were pulled from thin-walled
capillaries to a final tip resistance of 5-6 MQand filled with an ‘intra-
cellular’ solution containing (in mM): 125 K-gluconate, 10 KCl, 10
HEPES, 2 MgCly, 4 ATP-Mg,, 0.3 GTP-Nas, 0.75 EGTA, 0.1 CaCly, 10
Phosphocreatine-Nay (pH 7.2, ~280 mOsm). Cell-attached and whole-
cell patch-clamp recordings of VTA DA neurons (MultiClamp 700B
and Digidata 1322A; Molecular Devices) were performed from visually
identified neurons (40X) selected by the following criteria: 1) location in
the intermediate region of the VTA (iVTA), according to the practical
map we recently described (Krashia et al., 2017); 2) presence of
low-frequency, regular firing of action potentials (APs) in cell-attached
configuration; 3) presence of I, current (see Tab. 2 in Krashia et al.,
2017). These criteria were validated using transgenic mice expressing
eGFP under the gene promoter for Tyrosine Hydroxylase (TH, the
rate-limiting enzyme in dopamine synthesis typical of DA neurons) or by
post-hoc TH immunostaining on sample recorded neurons (data not
shown; Ungless et al., 2004; Chaudhury et al., 2013; Krashia et al., 2017;
Zhong et al., 2018). All recordings were performed at 32-34 °C with no
liquid junction potential correction.

Spontaneous firing (0.5-5 Hz) was recorded in -cell-attached
configuration (unless otherwise stated) to avoid cytoplasm dialysis by
pipette solution, as soon as a >1 GQ seal resistance was achieved and
just before membrane rupture (V g — 60 mV; amplifier in-built 8-pole
low-pass Bessel filter, f. 3 kHz; sampling 20 kHz). Membrane resis-
tance (Ry,) and whole-cell capacitance (C,) were measured within 2 min
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after membrane rupture using the in-built Clampex 9 ‘membrane test’
protocol, consisting of a 30 ms-long, — 5 mV step from Vg — 60 mV
(33.3 Hz). A mean of 20 consecutive measurements was used to calcu-
late final values. Access resistance (Rs) was monitored and recordings
with Rg > 20 MQ were discarded. Hyperpolarization-activated inward
current (I) was recorded in whole-cell in response to hyperpolarizing
voltage steps (1 sec-long; from —60 to — 120 mV, 20 mV increment, Vg
— 60 mV; f. 2 kHz; sampling 10 kHz).

To analyze neuronal excitability, a current-clamp configuration
protocol consisting in 1- or 2-s current steps from O to 0.2 nA (or from
—0.2 to 0.4 nA in experiments on LTG-treated slices; 50 pA increments)
was delivered to VTA DA neurons, while maintaining their membrane
potential at Vi = — 60 mV with current injection. Mean number of ac-
tion potentials (APs) evoked by each current step was obtained by
averaging results from three stimulation protocols (f. 10 kHz; sampling
50 kHz; no drugs added to the aCSF).

To analyze voltage-gated K+channel-mediated currents, a voltage-
clamp protocol consisting in 4-s long step voltages (from —70 mV to
+ 20 mV, increment of 10 mV) was delivered to VTA DA neurons (Vg =
— 70 mV) in the presence of tetrodotoxin (1 pM), CdCly (200 pM),
kynurenic acid (1 mM) and picrotoxin (100 pM).

To analyze evoked glutamatergic synaptic transmission, a glass-
pipette monopolar electrode was placed 100-200 pm rostral to the
VTA DA neuron recorded and excitatory postsynaptic currents (EPSCs)
were evoked by delivering brief electrical pulses (100-200 ps duration,
every 30 s) through a constant current isolated stimulating unit (Digi-
timer, UK), with stimulation settings adjusted to induce currents of
100-300 pA amplitude. AMPAR-EPSCs or NMDAR-EPSCs were phar-
macologically isolated in the presence of the GABA, antagonist Picro-
toxin (100 pM), plus the NMDAR antagonist APV (50 pM) or the AMPAR
antagonist NBQX (20 puM), respectively. Evoked EPSCs were recorded
using a Cs-Methansulphonate-based solution, containing (in mM): 115
Cs-Methanesulphonate, 10 CsCl, 0.45 CaCly, 1 EGTA, 10 HEPES, 5 QX-
314-Cl, 0.3 Na3GTP, 4 MgATP, 10 Phosphocreatine (pH 7.2, ~280
mOsm).

AMPA/NMDA ratios were calculated from AMPAR- and NMDAR-
peak EPSC amplitudes (both recorded at V g = + 40 mV). AMPAR-
and NMDAR-mediated currents were pharmacologically isolated and
subsequently quantified following digital subtraction.

The rectification index of AMPARs was obtained as: AMPAR-EPSC
peak amplitude at V 3 = — 70 mV/AMPAR-EPSC peak amplitude at
Vy = + 40 mV, with spermine (0.1 mM) added to the intracellular Cs-
Methansulphonate-based solution and NMDAR-mediated currents
pharmacologically blocked. The possible modulation of NMDAR subunit
composition, specifically affecting GluN2B expression, was evaluated by
analyzing NMDAR-EPSC sensitivity to the GluN2B subunit-selective
antagonist Ifenprodil (applied at 3 pM for 30 min).

For experiments aimed at investigating the effect of intra-VTA in-
jection of the I, blocker ZD7288 (ZD) or the I;, enhancer Lamotrigine
(LTG; see below for details on the in vivo drug infusion protocol) either
behavioral tests or ex vivo slice recordings were performed 24 h after last
drug injection.

2.5.3. Data analysis

Analysis of current-clamp and voltage-clamp recordings was per-
formed using Clampfit (Molecular Devices), Origin (Version, 2019 Pro;
OriginLab, Northampton, MA), Sigma Plot and Igor. Pro 6.32A (Wave-
Metrics Inc.) with NeuroMatic 2.8 (Rothman and Silver, 2018).

The neuron approximate resting potential (RP) was estimated using
the amplifier inbuilt voltmeter immediately after accessing the cell
interior. The input resistance (R j,) was estimated as the slope of a linear
least-squares fit to the relationship between the amplitude of five sub-
threshold steps of injected currents (range: 0.20-0 nA; 1 s duration;
cells held at — 60 mV) and the steady-state voltage response of the cell
(Suter et al., 2013). To investigate cell excitability, the rheobase (the
amplitude of the injected current necessary to induce the first AP) was
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estimated (Clampfit) from the voltage response to a series of 5 pA-in-
cremental consecutive steps of I;; (50 ms duration; range: 0-0.4 nA). To
quantify the AP threshold (Vie), phase-plane plots of dVy,,/dt versus Vi,
(‘phase plots’) were built for the first AP induced during the rheobase
protocol. Spike threshold was estimated as the membrane potential
value at which dVy/dt increased suddenly and developed with a
monotonic rise (Bean 2007; Trombin et al., 2011). To study evoked
excitability, curves describing the relationship between the frequency of
evoked APs and the amplitude of current injections (f — I relationships)
were compared. Detection of APs was performed in Clampfit or in
NeuroMatic using a threshold crossing method.

The amplitude of I, current was measured at the current steady-state
and after nulling the current baseline at the interception between the
offset of the capacitive peak and the onset of the hyperpolarization-
activated inward current, for each step response (Krashia et al., 2017).

2.6. Western Blotting

Brain tissue micro-punches of the VTA region were obtained from
frozen <300 pm-thick coronal brain slices according to the Paxinos and
Franklin brain atlas (2019) using stainless-steel tubes of 0.5 mm inner
diameter and stored at — 80 °C (Patrono et al., 2015). On the day of the
assay, single frozen VTA punches were lysate by brief sonication in 40 pl
of Lysis buffer (20 mM Tris pH 7.4, 1 mM EDTA, 1 mM EGTA, 1% Triton
X-100; 4 °C) and then centrifuged at 12,000 g (4 °C for 30 min). Finally,
the supernatant was removed and stored at — 80 °C and protein con-
centration was determined by Bradford assay (Biorad). 15 pg of protein
lysates were boiled for 5 min at 95 °C after addition of sample buffer
(0.5 M Tris, 30% glycerol, 10% SDS, 0.6 M dithio-threitol, 0.012%
bromophenol blue). Proteins were separated by electrophoresis on 10%
acrylamide/bisacrylamide gels and transferred electrophoretically to
nitrocellulose membranes, which were then blocked for 1 h at room
temperature in Tris-buffered saline (in mM: 137 NaCl and 20 Tris-HCl,
pH 7.5) containing 0.1% Tween 20 (TBS-T) and 5% low-fat milk (Bio--
Rad), as previously described (Andolina et al., 2018).

Membranes were incubated at 4 °C overnight with primary anti-
bodies diluted in TBS-T with 1% low-fat milk (1:1000 mouse mono-
clonal anti-HNC2 from Abcam; 1:5000 rabbit policlonal anti-beta actine
from Genetex), washed extensively in TBS-T and incubated (1 h, room
temperature) with HRP-linked secondary antibodies (anti-mouse and
anti-rabbit IgG, respectively, diluted 1:8000 in TBS-T with 5% low-fat
milk; Immunological Sciences). Chemioluminescent signals (ECL-R;
Amersham) were digitally scanned by ChemiDoc (Bio-Rad) and quan-
tified using densitometric image software (ImageJ 64); HCN2 signal was
normalized to beta-actine.

2.7. Behavioral tests

2.7.1. Saccharin preference test (SPT)

The saccharin preference test was carried out as previously described
with minor modifications (Di Segni et al., 2016, 2019). During the
habituation day, animals were singly moved in a cage with two bottles
containing water; after 24h they were exposed to a double choice
drinking test (saccharin solution 0.5% or drinking water) from gradu-
ated tubes (10 ml volume). Intake was measured to the nearest 0.1 ml.
The test cage was the same throughout the experiment. Only mice
drinking at least 0.1 ml on day 1 were included in the study. The per-
centage of saccharin intake (saccharin intake (ml) *100/saccharin + H
20 intake (ml)) was evaluated.

2.7.2. Forced Swim Test (FST)

Mice were individually placed in an 18 cm-diameter glass cylinder
(height 40 cm) filled with 20 cm of water at 28 + 2 °C as previously
described (Ventura et al., 2013; Di Segni et al., 2016, 2019). Behavioral
response was video-recorded for 10 min using a digital camera placed in
the front of the apparatus before returning the mice to the home cage.
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The duration (in sec) of immobility was taken as dependent variable and
was manually scored using the “EthoVision” software (Noldus, The
Netherlands) by a trained observer blind to the animals’ treatment.

2.7.3. Tail Suspension Test (TST)

Each mouse was suspended by the tail at 60 cm above the floor in a
white plastic chamber using adhesive tape placed < 1 cm from the tip of
the tail according to Yan et al., (2015). Behavior was recorded for 10 min
using a digital camera placed in the front of the apparatus. The duration
of immobility was manually scored using the “EthoVision” software
(Noldus, The Netherlands) by a trained observer blind to the animals’
treatment. In this test, the immobility was defined as the period when the
animals stopped struggling for >1 s.

2.8. Statistical analysis

Statistical analysis of behavioral data was performed using MATLAB
software (v. R2019a, Mathworks MA, USA). One sample Student’s ¢ -test
was performed on the time spent in immobility during FST and TST
(treatment: ZD or LTG vs Vehicle). Saccharin preference test was
analyzed by repeated-measures ANOVA with one between factor (treat-
ment: ZD or LTG vs Vehicle) and one within factor (intake (%): Saccharin,
H20). Post-hoc analysis was performed when appropriated. Western
Blotting data were analyzed by Student’s t -test.

Statistical analysis of patch-clamp data was run in Sigma Plot, Prism
6 (GraphPad) or OriginPro using Mann-Whitney U test, unpaired Stu-
dent’s t -tests (with Welch’s correction), one-way or two-way repeated
measures ANOVA with Bonferroni’s test for post-hoc analysis, as
required. Normality of data sets was valuated using either Shapiro-Wilk
test or D’Agostino & Pearson omnibus normality test. P < 0.05 was
considered significant. Data are expressed as average values + SEM.

3. Results

3.1. RCF daffects functional properties of VTA DA neurons of young
female mice

We aimed at investigating if RCF, a protocol of early life adversity
(D’Amato et al., 2011, Ventura et al., 2013; Di Segni et al., 2016; 2017),
could cause in resilient female mice (Di Segni et al., 2016, 2019) per-
manent functional alteration(s) in DA neurons of the intermediate VTA
(iVTA), an area of the mesocorticolimbic pathway projecting, among
others, to the Nucleus Accumbens (NAc; Lammel et al., 2011; Krashia
et al., 2017) and involved in the reward circuitry. Firstly, we evaluated
electrophysiological properties of iVTA DA neurons in young (P16-22)
CTRL and RCF mice, as this age represents a critical period for the
maturation of the DAergic innervation. In current-clamp experiments
we found that membrane resistance (Ry,) was lower in RCF compared to
CTRL VTA neurons (CTRL, 277 + 16 MQ and RCF, 217 + 11 MQ, both n
=20, Student’s t -test: t = 3.14, df = 33, p < 0.01; Fig. 1A). Interestingly,
no difference in R, was found across groups when a Cs-based pipette
solution was used, suggesting that the modulation of a K™ conductance
was involved in the alteration observed (for CTRL and RCF respectively:
485 + 38 MQ, n = 42 and 535 + 38 MQ, n = 30, Student’s t -test: t =
—0.925, df = 68.2, p = 0.358; Fig. 1A). Besides the reduction in Ry, both
whole-cell capacitance (Cp,) and spontaneous AP firing frequency (FF,
recorded in cell-attached) were unaltered (for C,, Student’s t -test: t =
—1.38, df = 61.9, p = 0.17; and for FF t = 0.28, df = 14.18, p = 0.77,;
Fig. 1B and C).

The hyperpolarization-activated current I , is a hallmark of VTA DA
neurons (Grace and Onn, 1989; Mercuri et al., 1995), with amplitude
typically decreasing from lateral to medial regions (Krashia et al., 2017)
and found to be sensitive to stress experiences (Friedman et al., 2014;
Zhong et al., 2018) as well as to neurological diseases (He et al., 2014; Di
Francesco and Di Francesco, 2015; Guatteo et al., 2017). Thus, in
voltage-clamp experiments we explored the effects of the early stress
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protocol on I, in DA neurons of the iVTA and found that indeed the
current amplitude was significantly lower in neurons from RCF mice
(two-way repeated measure ANOVA: F(1 19y = 8.71, p = 0.0082, n = 20
for both experimental groups). In particular, Bonferroni’s post-hoc
analysis revealed that I;, currents from RCF mice were significantly
smaller than CTRL at the most negative potentials applied: at Vg — 60
mV, CTRL —5.8 + 0.8 pA, RCF —6.2 + 0.8 pA, p = 1; at Vg — 80 mV,
CTRL —35 £ 6 pA,RCF —25+ 3pA,p=1;at Vg — 100 mV, CTRL-80 £+
10 pA,RCF-55+ 6 pA,p=0.037;at Vy— 120 mV, CTRL-109 4+ 11 pA,
RCF-71 +8pA,p=1.71 x 10~ Fig. 1D). These data suggest that RCF
alters the sub-threshold properties of iVTA neurons along the matura-
tion of DAergic projections in young mice.

Because stressful events affects the glutamatergic transmission onto
VTA DA neurons (Bellone et al., 2011) and the maturation also involves
the formation of excitatory inputs from prefrontal cortex and other
brainstem nuclei to VTA neurons, we aimed at investigating if RCF
affected the glutamatergic transmission onto iVTA neurons from young
mice (P16-22).

Firstly, we investigated possible RCF-induced changes in AMPAR/
NMDAR ratio, i.e. the ratio between AMPAR- and NMDAR-mediated
excitatory postsynaptic currents (AMPAR-EPSCs and NMDAR-EPSCs,
respectively). We found no significant differences in the AMPA/NMDA
ratio between the two experimental groups (CTRL 0.30 + 0.04, n = 8,
and RCF 0.31 + 0.05, n = 9; Student’s t -test, t = —0.104, df = 14.56,p =
0.91; Fig. 1E), indicating that RCF does not induce general modifications
in the evoked glutamatergic synaptic transmission in iVTA DA neurons.
To address possible RCF-induced alterations in AMPAR and NMDAR
functional properties that might stay undetected when evaluating the
AMPAR/NMDAR ratio, we investigated AMPAR- or NMDAR-mediated
synaptic transmission separately. In particular, we analyzed the rectifi-
cation index (RI) of AMPAR-EPSCs in VTA DA neurons of RCF or CTRL
midbrain slices and found similar values (RI close to 1, indicative of
channel conductance linearity): CTRL, 0.94 + 0.08, n = 6, and RCF,
1.07 £+ 0.09, n = 7; Student’s t -test, t = —1.02, df = 14.55, p = 0.32;
Fig. 1F). As the RI depends on the receptor subunit composition, our
results suggest lack of modifications of AMPAR subunit composition and
channel conductance by the early stressful experience. Further,
NMDARs in VTA DA neurons at mature stage express GluN2B subunits
whose expression and contribution to NMDAR-EPSCs is considered an
index of glutamatergic synapse maturation (Bellone et al., 2011). To
investigate whether RCF altered NMDAR composition and GluN2B
expression, we analyzed NMDAR-EPSCs sensitivity to ifenprodil, a
subunit-specific GluN2B antagonist. We found that NMDAR-EPSCs in
VTA DA neurons from RCF- or CTRL slices were similarly reduced by
Ifenprodil (3 pM, 30 min): the residual NMDAR-EPSCs (% of baseline at
the steady-state of block) was 70 + 5% in CTRL (n = 8) and 69 + 8% in
RCF (n = 9) and, Student’s t -test, t = 0.14, df = 13.58, p = 0.88
(Fig. 1G), thus suggesting that RCF does not alter synaptic NMDARs
composition in VTA DA neurons of young mice.

Overall, these results show that RCF does not alter glutamatergic
synaptic transmission in VTA DA neurons nor cause a detectable delay in
glutamatergic synapse maturation.

3.2. RCF-dependent alteration of VTA DA neurons persists into adulthood

We have previously shown that RCF produces distinct and divergent
phenotypes in C57 mice depending on the sex, increasing anhedonia and
depression-related behaviors in adult males, and promoting pro-resilient
phenotype in females (Di Segni et al., 2019).

We then asked whether the functional modifications induced by RCF
in DA neurons of young female mice persisted throughout adulthood. To
address this, we performed voltage- and current-clamp measures on
intermediate VTA neurons in slices from RCF and CTRL adult animals
(P60) and found that the alterations observed in young animals were
still present in adults. Thus, the Ry, of RCF iVTA DA neurons from P60
mice was strongly reduced (CTRL, 287 + 15 MQ and RCF 237 + 15 MQ,
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Fig. 1. Young RCF female mice show altered R, and I, in DA neurons of the iVTA A, Membrane resistance (R,,) of DA neurons in the iVTA from RCF mice (P16-
22) is significantly lower compared to Control mice in presence of intracellular K* (left panel), but not with intracellular Cs™ (right panel). With K*;, CTRL 277 + 16
MQ and RCF 217 + 11 MQ (both n = 20; Student t-test, t = 3.14, df = 33.04,**p < 0.01); with Cs™;, CTRL 485 + 38 MQ and RCF 535 + 38 MQ (42 and 30 cells,
respectively; t = —0.925, df = 68.2, p = 0.358). B, Lack of difference in membrane capacitance (Cy,) across conditions: CTRL 70 + 4 pF and RCF 76 + 3 pF (35 and 29
cells, respectively; Student’s t -test: t = —1.38, df = 61.9, p = 0.17). C, Lack of difference across conditions in spontaneous AP firing: CTRL 1.0 + 0.2 Hz and RCF 0.9
=+ 0.1 Hz (9 and 18 cells, respectively; t = 0.28, df = 14.18, p = 0.77; inset: example cell-attached recordings). Scale bars: upper 10 pA, 4 s; lower 5 pA, 4 s. D, Current
(pA) - to — Voltage (mV) relationship depicting significant reduction of I, amplitude in VTA neurons from RCF mice (left). For the I-V relationship the two-way
repeated measure ANOVA analysis returned: for ‘in vivo treatment’ (i.e. RCF vs CTR) F(y19) = 8.71, **p = 0.0082; and for ‘membrane potential’ (Vy) F317) =
56.5, ***p = 4.73 x 10°9; with the interaction treatment x membrane potential F(317) = 3.016, p = 0.0586. The Bonferroni’s post-hoc analysis returned: at Vi — 60
mV, CTRL —5.8 + 0.8 pA, RCF —6.2 + 0.8 pA, p = 1; at Vg — 80 mV, CTRL —35 + 6 pA, RCF —25 + 3 pA,p = 1; at Vy — 100 mV, CTRL - 80 + 10 pA, RCF-55 + 6
PA, *p = 0.037; at Vg — 120 mV, CTRL — 109 + 11 pA, RCF - 71 + 8 pA, ***p = 1.71 x 10~* (n = 20 for each condition). To the right, typical I, currents recorded
from CTRL or RCF neurons in response to command voltage steps (four consecutive sweeps superimposed). Scale bars: 100 pA, 0.5 s. E, Lack of difference across
conditions for the AMPA/NMDA ratio of evoked EPSCs from iVTA DA neurons (left, bar plots of pooled data; right, typical traces): CTRL 0.30 + 0.04 and RCF 0.31 +
0.05 (8 and 9 cells, respectively; p = 0.91). Scale bars: 100 pA, 50 ms. F, Rectification index of synaptic AMPARs is not altered in iVTA DA neurons from RCF mice
respect to CTRL, as depicted in bar plots of pooled data (left) and representative traces (right): CTRL 0.94 + 0.08 and RCF 1.07 + 0.09 (13 and 7 cells, respectively; p
= 0.32). Scale bars: 100 pA, 50 ms. G, Effect of the GluN2B antagonist ifenprodil on evoked NMDAR-mediated EPSCs showing similar sensitivity across conditions.
Left, time-course of evoked NMDAR-mediated EPSCs (amplitudes were normalized to the baseline) before and during bath application of ifenprodil (3 pM). Middle,
representative NMDAR-EPSC currents before (1) and 25-30 min after (2) ifenprodil application. Scale bars: 100 pA, 50 ms. Right, bar plots of residual NMDAR-EPSCs
amplitude (% of baseline) showing similar sensitivity to ifenprodil in CTRL and RCF iVTA DA neurons: CTR 70 + 5% and RCF 69 + 8% (8 and 9 cells, respectively; p

= 0.88).

n = 28 and 19, respectively; Student’s t -test: t = 2.38, df = 43.86,p <
0.05; Fig. 2A), whereas again whole-cell capacitance and spontaneous
firing were unaltered (for Cp,, Student’s t -test: t = 1.63, df = 42.16,p =
0.11, CTRL n = 28, RCF n = 19; for FF, Student’s t -test: t = 0.62, df =
22.02, p = 0.54, CTRL, n = 13, RCF, n = 19; Fig. 2B and C). Similarly to
P16-22, RCF caused in adult animals a strong reduction of I, amplitude
at the most negative voltage commands, as revealed by two-way
repeated measures ANOVA (F(;,15) = 10.49, p = 0.0055) and Bonferro-
ni’s post-hoc analysis: at Vi — 60 mV, CTRL — 6.8 + 0.7 pA, RCF -6 £+ 1
PA,p=1;atVg-80mV, CTRL-69 £ 9pA,RCF-42 £+ 5pA,p=1;atVy
—-100 mV, CTRL - 168 + 17 pA, RCF — 104 £ 9 pA, p = 0.0015; at Vi —
120 mV, CTRL — 233 + 20 pA, RCF - 165 + 14 pA, p = 4.85 x 10~*
(CTRL, n = 16; RCF, n = 27, Fig. 2D). The reduction of I;, amplitude was
apparently not due to a down-regulation of the HCN2 protein expression
as our western blotting experiments on VTA punches showed no sig-
nificant difference in HCN2 level (total proteins) between RCF and
Control mice (Student’s t -test: t = 0.6886, df = 12, p = 0.5042; Sup-
plementary Fig. 1).

Recently, Friedman and coll. (2014) showed that adult mice resilient
to social defeat stress bore VTA DA neurons with up-regulated Iy, current
paralleled by increased K" currents mediated by KCNQ channels
(Friedman et al., 2016). We thus asked whether in our experimental
conditions (resilience to depression-like behavior associated to RCF) the
observed reduction of I, correlated with a modulation (down--
regulation) of outward K" currents in iVTA DA neurons. To address this,
we applied a family of depolarizing voltage steps to activate delayed
rectifier K™ currents and transient A-type currents (Friedman et al.,
2014) but found no differences across groups (Supplementary Fig. 2),
suggesting that the long-lasting neuroadaptive mechanisms activated in
response to RCF might be distinct from those reported following social
defeat stress. Together, our data show that RCF stably reduces Ry, and Iy,
current in VTA DA neurons throughout adulthood.

Last, considering the relevance of DA synaptic release from VTA
projections onto target neurons/areas and its impact on, for instance,
depression or addiction, we asked whether also cell excitability was
stably affected in adult iVTA DA neurons of the intermediate VTA
following RCF. We thought that even if spontaneous firing of DA cells
appeared unaffected (Figs. 1C and 2C), the high (er) frequency, evoked
action potential (AP) firing could have been modulated by RCF. We
explored this possibility in DA neurons of adult mice, at the same age
when animal behavior was tested (see below). Indeed, we found that in
response to depolarizing current injections (Ijn)) RCF iVTA DA neurons
fired APs at significantly lower frequency compared to CTRL neurons, at
high stimulus intensities applied. Thus, two-way repeated measure
ANOVA revealed statistical significance for in vivo ‘treatment’ (RCF vs
CTRL; F (1,8) = 6.49, p = 0.034; CTRL n = 11, RCF n = 9), and a non

significant interaction between in vivo ‘treatment’ and injected current
(F (3,6) = 3.96, p = 0.071) besides the predicted significativity for
injected current (F (3,6) = 46.51, p = 1.5 x 10-4).

The difference in firing frequency was significant at +150 and + 200
pA injected current (Bonferroni’s post-hoc analysis: I j5j +-50 pA: CTRL 3
+1Hz, RCF, 1.8 £ 0.6 Hz, p = 1; Ij; +100 pA: CTRL, 8 + 2 Hz and RCF,
4.6 + 0.7 Hz, p = 0.77; lin; +150 pA: CTRL, 11 + 2 Hz and RCF, 6.6 + 0.7
Hz, p < 0.05; Iy +200 pA, CTRL, 13 + 2 Hz and RCF, 8.2 £ 0.6 Hz, p <
0.05; Fig. 2E). These results indicate that besides Ih reduction and Rm
drop, RCF caused the decrease of evoked firing in adult iVTA DA neu-
rons; such electrophysiological alterations are then possibly linked to
the resilient behavior shown by adult RCF mice (Di Segni et al., 2017,
2019).

3.3. Intra-VTA infusion of lamotrigine potentiates I, in DA neurons and
counteracts the pro-resilient RCF behavioral phenotype in female mice

If the reduction of I, current induced by early experience is at least
partially responsible for the lesser passive coping and increased
saccharin preference that we previously reported in RCF female mice (Di
Segni et al., 2017, 2019), then a pharmacological interference targeted
to HCN channel functions in vivo should revert the behavioral and
electrophysiological phenotypes observed.

To test this hypothesis, firstly we aimed at potentiating the I, current
in iVTA DA neurons of RCF adult female animals by repeated, stereo-
logical intra-VTA infusion of lamotrigine (LTG), a voltage-gated sodium
channel blocker used for its antiepileptic effects and recently found to
also serve as HCN channel enhancer (Friedman et al., 2014; Huang et al.,
2016).

In line with our hypothesis, RCF animals with repeated intra-VTA
infusion of LTG (RCF-LTG mice) showed increased immobility
behavior compared to control group (RCF-Veh) in both FST (p < 0.05, t
-test = —2.4, 8 and 6 mice for RCF-Veh and RCF-LTG groups, respec-
tively) and TST (p < 0.001, t-test = —5.04, 5 and 6 mice for RCF-Veh and
RCF-LTG). Moreover, two-way ANOVA performed on percentage of
saccharin intake revealed a significant intake effect (F 1,9y = 31.07; p <
0.001; 5 and 6 mice for RCF-Veh and RCF-LTG) and a significant intake x
pharmacological manipulation interaction (F 1,09y = 10.77; p < 0.01;
Fig. 3A). Of note, post-hoc analysis unveiled that, even if both RCF-Veh
(p < 0.001) and RCF-LTG (p < 0.01) groups showed a significant pref-
erence for saccharin, RCF-Veh had higher percentage of saccharin intake
than RCF-LTG (p < 0.01; Fig. 3A). Thus, intra-VTA LTG infusion suc-
ceeded in counteracting the pro-resilient to depression-like phenotype
observed in RCF female mice.

Considering that LTG may exert different effects on distinct ion
channels (including voltage-gated Nat channels), we wanted to verify at
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Fig. 2. Adult RCF mice show altered Ry, I, and evoked AP firing in DA neurons of iVTA A, Membrane resistance (R,) of DA neurons in the iVTA from adult RCF
mice (P60) is significantly reduced compared to Controls: CTRL 287 + 15 MQ and RCF 237 + 15 MQ (n = 28 and 19, respectively; Student’s t-test, t = 2.38, df =
43.86, *p < 0.05). B, Similar membrane capacitance across conditions: CTRL 60 + 3 pF and RCF 53 + 3 pF (28 and 19 neurons, respectively; t = 1.63, df = 42.16,p =
0.11). C, Similar AP spontaneous firing frequency between Control and RCF mice: CTRL 2.5 + 0.4 Hz and RCF 2.1 + 0.3 Hz (13 and 19 cells, respectively; t = 0.62, df
= 22.02, p = 0.54; inset: typical cell-attached recordings). Scale bars: upper 30 pA, 1 s; lower 5 pA, 1 s. D, to the left: I-V curves depicting significant reduction of I,
amplitude in VTA DA neurons from RCF mice. In details, the two-way repeated measure ANOVA analysis returned: for ‘in vivo treatment’ (RCF vs CTR) F 15y =
10.49, **p = 0.0055; for membrane potential (Vy), F(3,13) = 73.49, ***p = 2.08 x 10~8; and for the interaction treatment x membrane potential F(313) = 3.016, *p =
0.0489. The Bonferroni’s post-hoc analysis returned: at Vi; — 60 mV, CTRL — 6.8 + 0.7 pA, RCF -6 + 1 pA,p = 1; at Vg — 80 mV, CTRL - 69 & 9 pA, RCF - 42 £ 5 pA, p
=1;at Vg - 100 mV, CTRL - 168 + 17 pA, RCF - 104 + 9 pA, **p = 0.0015; at Vi — 120 mV, CTRL - 233 + 20 pA, RCF - 165 + 14 pA, ***p = 4.85 x 10~* (CTRL, n
= 16; RCF, n = 27). To the right, example I, current traces (four superimposed consecutive sweeps). Scale bars: 200 pA, 0.5 s. E, frequency - injected current
amplitude (f - I) average relationship (left) for evoked APs in adult CTRL or RCF neurons depicting significantly reduced ability to elicit APs in RCF mice. In details:
for in vivo treatment F(; gy = 6.49, *p = 0.034; interaction treatment x injected current F(3 ) = 3.96, p = 0.071; for injected current F(3 ) = 46.51, ***p = 1.5 x 1074
(two-way repeated measure ANOVA). The Bonferroni’s post-hoc analysis returned: with Ij;; +50 pA: CTRL 3 + 1 Hz, RCF, 1.8 + 0.6 Hz, p = 1; I; +100 pA: CTRL, 8 +
2 Hz and RCF, 4.6 & 0.7 Hz, p = 0.77; I;5; +150 pA: CTRL, 11 + 2 Hz and RCF, 6.6 + 0.7 Hz, *p < 0.05; Ijn; +200 pA, CTRL, 13 + 2 Hz and RCF, 8.2 + 0.6 Hz, *p <
0.05. To the right, typical current-clamp recordings showing evoked firing. Scale bars: 30 mV, 1 s.

the cellular level that indeed in vivo repeated application of the HCN
enhancer could potentiate the I, current in iVTA DA neurons of infused
animals without affecting other functional properties. Thus, we inves-
tigated sub- and supra-threshold properties of iVTA DA neurons of the
intermediate VTA in brain slices from RCF-LTG and RCF-Veh adult mice
and confirmed that whilst DA neurons were unaffected by stereological
infusions in both passive and active properties (Table 1), the I current

density recorded in response to hyperpolarizing voltage steps from RCF-
LTG neurons was significantly larger compared to RCF-Veh. Thus, the
two-way ANOVA with repeated measures on the I-V relationships
returned for I, current density in RCF-Veh and RCF-LTG mice F (1,29) =
4.84 and p = 0.0359 (13 and 18 neurons, respectively), with weak
interaction between Ij, current density and Vg (p = 0.0621) and pre-
dictably significant effect of Vi (p < 0.0001; Fig. 3B). No difference was
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Fig. 3. Adult RCF mice intra-VTA infused with Lamotrigine rescue Control behavior and show potentiated I}, current A, pooled data for Forced Swim Test
(FST; left), Tail Suspension Test (TST; middle) and Saccharin Preference Test (SPT, right). RCF mice intra-VTA infused with Lamotrigine (RCF-LTG) show increased
immobility behavior in both FST (*p < 0.05, t -test = —2.4, 8 RCF-Veh and 6 RCF-LTG mice) and TST (***p < 0.001, t -test = —5.04, 5 RCF-Veh and 6 RCF-LTG mice)
as well as reduced percentage of saccharin intake in comparison with Vehicle-treated animals (RCF-Veh; *p < 0.01). B, I-V curves depicting significant potentiation
of I, current density in DA neurons in the iVTA from RCF-LTG mice compared to RCF-Veh: two-way ANOVA with repeated measures showed statistical difference for
‘treatment’ (i.e. LTG infusion; *p = 0.0359), weak interaction between I, amplitude and Vy (p = 0.0621) and predictably significant effect of Vi (***p < 0.0001).
Post-hoc Bonferroni’s multiple comparisons test showed that I}, current density recorded at Vi — 120 mV was significantly larger in RCF-LTG neurons (*p < 0.05; 13
RCF-Veh and 18 RCF-LTG neurons). To the right, typical I, currents. Scale bars: 100 pA, 0.3 s. C, f — I relationships (left) and typical current-clamp recordings (right)
depicting lack of difference in frequency of APs evoked in RCF-LTG and RCF-Veh neurons: two-way ANOVA with repeated measures showed no difference for
‘treatment’ (i.e. LTG infusion; p = 0.2190) at the I;;; shown (13 RCF-Veh and 17 RCF-LTG neurons). Note the increased latency of the first evoked spike in RCF-LTG
neurons. Scale bars: 30 mV, 0.3 s.

Table 1
Sub- and supra-threshold properties of DA neurons of the intermediate VTA are unaffected by intra-VTA infusion of LTG in RCF adult females.
RP (mV) Tmemb (MS) Rin (MQ) Cm (pF) SponAP (Hz) Rheo (pA) Vihre (mV)
RCF-Veh -52+2014 1.2+ 0.2 (13) 279 + 32 (14) 45+ 4 (3) 1.9+ 0.5 (10) 108 + 20 (10) -35+8(11D)
RCF-LTG —-51+2(18 1.14 + 0.07 (18) 226 + 18 (18) 44 + 3 (18 224+0.5(17) 177 £ 28 (11) —40 £ 2 (1D
p value 0.5435° 0.6826" 0.1586" 0.7409" 0.9586" 0.0625° 0.6407°

The table summarizes average + SEM values (cells analyzed are in brackets) for membrane approximate ‘resting’ potential (RP), time constant (Temp), input resistance
(Rin), capacitance (Cp,), spontaneous action potential firing (SponAP, in whole-cell), rheobase (Rheo) and AP threshold (Viyre). Bottom, relevant p values.

@ Unpaired t-test with Welch’s correction.

b Mann Whitney test.
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found when comparing the evoked firing of RCF-LTG and RCF-Veh
neurons (two-way ANOVA with repeated measures on the f - I re-
lationships: F (1,289 = 1.581; p = 0.2190, 13 and 17 neurons from
respectively RCF-Veh and RCF-LTG mice; interaction between firing
frequency and Ijy;, p = 0.2445, with predictably significant effect of Ijy;,
p < 0.0001; Fig. 3C). Of note, the latency of the first evoked AP
(measured from the beginning of the injected current step) was signifi-

Neurobiology of Stress 14 (2021) 100324

neurons; p = 0.037 by unpaired t-test with Welch correction; Fig. 3 C).
This effect, most probably due to the blocking activity of LTG on voltage-
gated Na™ channels, further confirmed the efficacy of intra-VTA infused
LTG ex-vivo.

No effects were found both at the behavioral and the electrophysi-
ological level when investigating the consequences of intra-VTA LTG
infusion in naive female mice (that is, animals which did not experience

RCF).
Thus, at the behavioral level intra-VTA infusion of LTG in naive mice

cantly larger in neurons from LTG-infused compared to Vehicle-infused
animals (RCF-Veh 174 + 38 ms, 13 neurons vs RCF-LTG 343 + 67 ms, 17
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Fig. 4. Adult Control mice intra-VTA infused with ZD7288 show RCF behavior and reduced I, current A, pooled data for Forced Swim Test (FST; left), Tail
Suspension Test (TST; middle) and Saccharin Preference Test (SPT, right). Control mice intra-VTA infused with ZD7288 (CTRL-ZD) show reduced immobility
behavior in both FST (***p < 0.001, t -test = 4.69, 7 CTRL-ZD and 6 CTRL-Veh mice) and TST (*p < 0.05, ¢t -test = 2.7, 7 CTRL-ZD and 6 CTRL-Veh) as well as
increased percentage of saccharin intake in comparison with Vehicle-treated animals (CTRL-Veh mice; p < 0.05). B, to the left, I-V curves depicting significant
reduction of I, current density in DA neurons in the iVTA from CTRL-ZD mice compared to CTRL-Veh. Two-way repeated measures ANOVA: in vivo treatment, F; 31)
= 8.58, **p = 0.0063; in vivo treatment x membrane potential, F(3 29y = 7.09, **p = 0.0010; membrane potential, F(3 29y = 48.21, ***p = 2.17 x 10!, For CTRL-Veh
vs CTRL-ZD with Bonferroni’s post-hoc analysis: at Vi, —60 mV, CTRL-Veh 0 + 1 pA, CTRL-ZD - 2 £+ 1 pA, p = 1; at V;, =80 mV, CTRL-Veh - 37 + 5 pA, CTRL-ZD - 17
+ 3 pA,p =1;at V, —100 mV, CTRL-Veh - 138 + 15 pA, CTRL-ZD - 76 + 10 pA, **p = 0.0029; at V}, - 120 mV, CTRL-Veh - 204 + 23 pA, CTRL-ZD - 137 + 15 pA,
*kp = 8.12 x 10~ (CTRL-Veh, n = 40; CTRL-ZD, n = 32). To the right, example Ij, currents. Scale bars: 200 pA, 0.5 s. C, f - I relationships (left) and typical current-
clamp recordings (right) depicting lack of difference in frequency of APs evoked in CTRL-ZD and CTRL-Veh neurons, as revealed by two-way repeated measures
ANOVA: treatment, F(; 2g) = 3.4, p = 0.075; treatment X I F(326) = 0.099, p = 0.95; (CTRL-Veh n = 39, CTRL-ZD n = 30). Scale bars: 30 mV, 1 s.
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(CTRL-LTG mice) does not induce significant differences in immobility
between CTRL-LTG and CTRL-Veh in both FST (ns, t -test = 1.8; n = 5 for
group) and TST (ns, t -test = 0.6; 5 for group). Two-way ANOVA per-
formed on percentage of saccharin intake revealed a significant intake
effect (F (1,8) = 21.34; p < 0.01; n = 5 for group) but no significant
intake x pharmacological manipulation interaction (F (1,8) = 0.107; ns;
Supplementary Fig. 3).

In line with these findings, we found no effect on both the I-V
relationship (two-way ANOVA with repeated measures: F(q 12) = 0.3304,
p = 0.5760; 7 CTRL-Veh and 7 CTRL-LTG cells) and the f - [ relationship
of evoked firing (two-way ANOVA with repeated measures: F(1,10) =
2.150, p = 0.1733; 7 CTRL-Veh and 5 CTRL-LTG cells) in naive mice
(Supplementary Fig. 3).

3.4. Intra-VTA infusion of ZD7288 reduces I in DA neurons and
recapitulates the pro-resilient behavioral phenotype of RCF female mice

To further support our hypothesis of a role for I, current in the
resilient behavior of RCF female mice, we performed stereological intra-
VTA infusion of ZD7288 (ZD), a selective blocker of HCN channels (Cao
et al., 2010; Yang et al., 2016) to mimic RCF phenotype both in vivo and
ex vivo in Control adult animals.

Indeed repeated intra-VTA infusion of ZD (CTRL-ZD mice) reduced
immobility compared to Veh mice (CTRL-Veh) during both FST (p <
0.001, t -test = 4.69, 7 CTRL-ZD and 6 CTRL-Veh mice) and TST (p <
0.05, t -test = 2.7, 7 CTRL-ZD and 6 CTRL-Veh mice; Fig. 4A). Moreover,
two-way ANOVA performed on percentage of saccharin intake revealed
both a significant intake effect (F (1,17) = 102,65; p < 0.001, 10 CTRL-ZD
and 9 CTRL-Veh mice) and a significant intake x pharmacological
manipulation interaction (F (1,17) = 5.45; p < 0.05). Again, post-hoc
analysis showed that, even if both CTRL-Veh and CTRL-ZD groups had a
significant preference for saccharin (both p < 0.001), CTRL-ZD mice
showed higher saccharin preference compared to CTRL-Veh (p < 0.05;
Fig. 4A). Thus, blocking HCN channels in the VTA of Control animals
recapitulates the resilience to depression-like behavior seen in RCF
females.

To confirm that chronic in vivo intra-VTA administration of ZD
indeed reduced Ij, current, we performed patch-clamp recordings from
iVTA DA neurons and found that ZD application did not alter Ry, (CTRL-
Veh, 353 + 24 MQ, n = 39, CTRL-ZD 399 + 31 MQ, n = 34, Student’s t-
test = —1.17, df = 65.18, p = 0.25) nor spontaneous AP firing (CTRL-
Veh, 2.3 + 0.2 Hz and CTRL-ZD, 2.9 + 0.5 Hz, n = 31 and 17, respec-
tively, Student’s t-test = 1.27, df = 24.62, p = 0.21) with only a slight
decrease of C, (CTRL-Veh, 71 + 3 pF and CTRL-ZD, 61 + 3 pF, n = 39
and 34, respectively, Student’s t-test = 2.28, df = 70.90, p < 0.05).
Instead, as expected, I, amplitude was significantly reduced in iVTA DA
neurons from ZD-injected mice, and this was independent on the smaller
cell size caused by ZD. Indeed, I, current density from CTRL-ZD neurons
was significantly reduced compared to CTRL-Veh (two-way ANOVA
with repeated measures on the I-V relationships: F 1,31y = 8.58; p =
0.0063, 40 and 32 neurons for CTRL-Veh and CTRL-ZD mice; Fig. 4B).
Similar to what found after LTG infusion on RCF mice, frequency of
evoked firing remained unaltered in DA neurons of the iVTA after site-
specific administration of ZD (two-way repeated measures ANOVA:
treatment F(1 2g) = 3.40, p = 0.075, CTRL-Veh, n = 39, CTRL-ZD, n = 30,
Fig. 4C).

Together, our results indicate that indeed in vivo stereological, intra-
VTA infusion of pharmacological agents able to either potentiate (LTG)
or block (ZD7288) HCN channels and Iy, current can, respectively, revert
the resilient phenotype in adult RCF mice or confer ‘resilience’ to Con-
trol animals. This observation strongly supports the hypothesis of a role
for the I, current of VTA DA neurons in the causative link between early
life adversity (RCF) exposure and adult resilience to depression-like
behaviors.
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4. Discussion

Resilience has been defined as ‘the process of adapting well in the
face of adversity’ (Charney, 2004) and has been specifically linked to
neuroadaptations within the VTA-NAc circuit, known to play a relevant
role in reward- and emotion-related behaviors (Nestler and Carlezon,
2006). We have previously demonstrated that exposure to RCF increases
resilience to depression-like behavior in adult female C57 mice (Di Segni
et al., 2016, 2017) while increases anhedonia and depression-related
behaviors in C57 males (2019).

Aim of the present work was to investigate the consequence(s) of RCF
manipulation on the functional properties of DA neurons of the iVTA,
which could underlie the pro-resilient behavioral phenotype of adult
RCF female mice.

We found that RCF affected the same functional parameters of VTA
DA neurons as other in vivo stress manipulations, but in a unique way:
early stress reduced the hyperpolarization-activated I;, current and the
evoked neuronal firing in both young P16-22) and adult (P60-70) RCF
animals compared to controls, leaving the spontaneous neuronal firing
unaffected. Lower membrane resistance of the recorded neurons
accompanied these modifications at both ages. Although functional and
morphological effects of early stress within the VTA have been recently
reported (Authement et al., 2015; Shepard et al., 2020; Spyrka et al.,
2020; Masrouri et al., 2020), this is, to our knowledge, the first evidence
showing how pro-resilience behavior induced by early events is linked to
a long-lasting reduction of I current (and excitability) of VTA DA
neurons. This interpretation is strongly supported by our results from in
vivo pharmacological treatments.

4.1. RCF reduces membrane resistance in VTA DA neurons

The first evidence evicted from our current-clamp analysis of DA
neurons of young and adult female mice demonstrated that RCF
manipulation stably reduces, since early post-natal life and well into
adulthood, the membrane resistance of iVTA DA neurons. The sensitivity
of this phenomenon to intracellular Cs™, a broad-spectrum blocker for
Kt channels, suggests the steady activation of a K™ conductance.
Recently, Friedman and coll. (2014; 2016) showed that the K* currents
potentiated in VTA DA neurons of resilient mice (exposed to adult stress)
were mediated by delayed rectifier (DR) K" channels. At odd with their
findings, we observed no modulations of DR K channels in adult RCF
mice. However, different types of K' channels are involved with
behavioral resilience. For example, the up-regulation of Kv3.1 channels
in DA gyrus neurons can induce resilience to depression in mice
(Medrihan et al., 2020); or, the over-expression of an inwardly rectifying
K" channel (Kir2.1) in VTA DA neurons can promote resilience in social
defeated mice (Krishnan et al., 2007). At this stage, further investigation
is needed to clarify which subtype of K channels, if any, is modulated
by RCF.

Besides active, intrinsic properties of neuronal membranes, many
other factors can strongly influence membrane resistance like, for
instance, synaptic activity in general as well as dendritic complexity
(Al-muhtasib et al., 2018). The latter neuronal features are characterized
by strong plasticity, particularly during the early stages of development
of the nervous system. With regards to neuroadaptive cellular modifi-
cations influencing behavioral phenotypes, it has been reported that the
dendritic harborization of limbic cortical neurons undergoes opposite
changes, depending on whether the mouse phenotype will be susceptible
or resilient to depression (Lguensat et al., 2019). VTA DA neurons are no
exception to this, as it has been recently reported that maternal sepa-
ration causes dendritic spine heads modifications (Spyrka et al., 2020).
Even if we didn’t address details of synaptic transmission to the level of
spine analysis here, we found no functional differences between RCF and
CTRLs relevant to excitatory transmission, suggesting that our manip-
ulation does not interfere with the development of the glutamatergic
projections onto VTA DA neurons.
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4.2. RCF reduces Iy, current and evoked firing in VTA DA neurons

A functional feature of neuronal membranes modified in stress-
resilient models is the Iy, current, which undergoes up- or down-
regulation depending on neuronal type, brain area and/or stress pro-
tocol adopted. Thus, for instance, I current appeared increased in VTA
DA neurons of resilient rodents subject to adult stress protocol (Fried-
man et al., 2014), but was reduced in animals subjected to chronic mild
stress (Zhong et al., 2018). Further, I was found to be down-regulated in
the principal neurons of the basolateral amygdala of stress-resilient rats
(Villarroel et al., 2018) and in the dorsal CA1 region, where its reduction
was sufficient to provide resilience to chronic unpredictable stress in rats
(Kim and Johnson, 2018). We add to this scenario by reporting for the
first time that the I, current of DA neurons in the iVTA of resilient female
mice exposed to early life adversity is significantly reduced. This finding
is not conflicting with the potentiation of I, (and K™) currents found for
the same neurons following adulthood stress-exposure (Friedman et al.,
2014), as it’s well conceivable that the degree of neuronal maturation at
the time of stress exposure as well as the stress protocol adopted may
dictate the direction of I, modulation.

To some surprise, the modulation of the I ;, amplitude reported here
is seemingly independent of the expression of HCN2 protein in the VTA
(western blotting). However, different caveats should be considered
with regards to this set of data; firstly, the HCN2 surface/intracellular
ratio has been not quantified here, a factor limiting our estimate of
HCN2 functional proteins in neuronal membranes (Santos-Vera et al.,
2019). Secondly, the expression of the HCN2 subunit was estimated
from ‘total’ VTA punches, inevitably including every cell type present in
the tissue sample analyzed, not only DA neurons. For instance, Margolis
et al. (2012) showed that within the VTA HCN2 channels are also
expressed in GABA-ergic neurons. Thus, finer (possibly cell-specific)
isolation and detection methods will be required to investigate in deep
the possible modifications induced by the RCF manipulation on HCN2
(or other) channel subunits in DA neurons. Last, yet importantly, the
reduction of I, amplitude might well depend on functional, rather than
‘structural’, modulation(s) of the current.

Different works on animals bearing resilient response to adult stress
showed that VTA neurons had unaltered spontaneous firing, recorded
either in vitro or in vivo (Krishnan et al., 2007; Cao et al., 2010;
Chaudhury et al., 2013; Isingrini et al., 2016). In line with these find-
ings, we also observed unaltered spontaneous firing in iVTA DA neurons
of resilient RCF mice, both during adolescence (P16-22) and in adult-
hood (P60).

Why do we observe reduced evoked firing in RCF adults? The
potentiation of DR K+currents in resilient mice reported by Friedman
and coll. (2014) represents the homeostatic response to the hyper-
excitability of VTA-NAc neurons; this is due to the increased stimula-
tion of their al and p3 adrenergic receptors activated in the Locus
Coeruleus-VTA pathway (Zhang et al., 2019). As a consequence of this
strong homeostatic plasticity, resilient mice showed depressed firing.
Here, the involvement of DR K' channels can be excluded; yet, the
Cs-sensitivity of the lower membrane resistance observed suggests that
some K' conductance might mediate membrane shunt of evoked firing -
an open question worth further investigations.

4.3. Pharmacological modulation of VTA DA neurons Iy current is able to
affect behavioral phenotype

Based on our results, we hypothesized that reduced I, current could
be responsible for the resilient behavioral phenotype induced by early
life adversity exposure in female mice. To test this hypothesis, we
adopted an in vivo pharmacological approach and locally infused either
LTG (to potentiate I}, current; Friedman et al., 2014) in RCF animals or
ZD (a HCN channel blocker; Cao et al., 2010; Zhong et al., 2018) in CTRL
mice. For both treatments, patch-clamp recording from VTA DA neurons
confirmed that the infused drug efficaciously reached the target area; in
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line with this, we found that LTG and ZD could, respectively, increase
passive coping in FST and TST while reducing saccharine preference in
RCF animals and recapitulate the RCF resilient behavior in CTRL ani-
mals (reduced passive coping behavior and increased saccharine pref-
erence). The finding that the pharmacological modulation of HCN
channels expressed in the VTA of adult mice can either revert (LTG) or
mimic (ZD) the behavioral phenotype induced by RCF is relevant and
identifies the I, current in iVTA DA neurons as a contributor, to say the
least, in determining the adult coping strategy shaped by early
experience.

5. Conclusions

Stress is commonly used to induce depression-like behavior in ani-
mals (Slattery and Cryan, 2017; Chang and Grace, 2014; Rincon-Cortés
and Grace, 2017). In resilience, effective coping strategies will allow to
manage stress and return to homeostasis; depression, instead, will
manifest when these strategies are inadequate or inappropriate (Guru-
rajan et al., 2019). The modulation of VTA DA neurons has been linked
to both these responses (Friedman et al., 2014, 2016; Cao et al., 2010;
Zhong et al., 2018; Kaufling 2019; Luo et al., 2019; Tan et al., 2020;
Zhang et al., 2019; Cheng et al., 2019; Tye et al.,, 2013). Here, by
implementing a multi-disciplinary approach, we add to the current
knowledge in the field and report that female C57 mice subjected to
early life adversity and bearing a pro-resilient phenotype in adult age
show reduced Ij, current amplitude and evoked firing in DA neurons of
the iVTA. In vivo, targeted pharmacological manipulation of Iy
-mediating channels did revert the pro-resilient phenotype in adult mice
exposed to early life adversity (using the HCN enhancer LTG), or mimic
the RCF phenotype in adult CTRL animals (using the HCN blocker ZD).
Overall, our data demonstrate that early experiences impact DA neurons
of the VTA since immediately post-natal life well into adulthood by
altering their I, current.
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