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Excitatory synaptic transmission in the lateral habenula (LHb), an evolutionarily ancient subcortical structure,
encodes aversive stimuli and affective states. Habenular glutamatergic synapses contribute to these processes
partly through the activation of AMPA receptors. Yet, N-methyl-p-aspartate receptors (NMDARs) are also
expressed in the LHb and support the emergence of depressive symptoms. Indeed, local NMDAR blockade in the
LHb rescues anhedonia and behavioral despair in rodent models of depression. However, the subunit compo-
sition and biophysical properties of habenular NMDARs remain unknown, thereby hindering their study in the
context of mental health. Here, we performed electrophysiological recordings and optogenetic-assisted circuit
mapping in mice, to study pharmacologically-isolated NMDAR currents in LHb neurons that receive innervation
from different brain regions (entopeduncular nucleus, lateral hypothalamic area, bed nucleus of the stria ter-
minalis, or ventral tegmental area). This systematic approach revealed that habenular NMDAR currents are
sensitive to TCN and ifenprodil — drugs that specifically inhibit GluN2A- and GluN2B-containing NMDARs,
respectively. Whilst these pharmacological effects were consistently observed across inputs, we detected region-
specific differences in the current-voltage relationship and decay time of NMDAR currents. Finally, inspired by
the firing of LHb neurons in vivo, we designed a burst protocol capable of eliciting calcium-dependent long-term
potentiation of habenular NMDAR transmission ex vivo. Altogether, we define basic biophysical and synaptic
properties of NMDARs in LHb neurons, opening new avenues for studying their plasticity processes in physio-
logical as well as pathological contexts.

1. Introduction

The lateral habenula (LHbD) is a phylogenetically conserved structure
identified in virtually all vertebrate species (Bianco and Wilson, 2009).
The widespread interest in this structure is based on the fact that LHb
neurons control the firing activity of dopamine neurons of the ventral
tegmental area (VTA), and serotonin neurons of the raphe nuclei (Clerke
et al., 2021; Matsumoto and Hikosaka, 2007; Stern et al., 1979). LHb
neurons present diversity in their genetic program. The vast majority are
glutamatergic and long-range projecting, although a small proportion of
LHb neurons are instead categorized as GABAergic interneurons (Fla-
nigan et al., 2020; Hashikawa et al., 2020; Wallace et al., 2020). The LHb
receives excitatory inputs from a wide range of limbic structures

including the entopeduncular nucleus of the basal ganglia (EPN), lateral
hypothalamic area (LHA), bed nucleus of the stria terminalis (BNST),
and medial VTA (Lazaridis et al., 2019; Root et al., 2014; Shabel et al.,
2012; Stamatakis et al., 2016). The synaptic excitation stemming from
these structures onto LHb neurons governs innate and learned behav-
iors, thus supporting the habenular contribution to diverse motivational
and cognitive functions (Lecca et al., 2017; Nuno-Perez et al., 2021;
Trusel et al., 2019).

LHb neurons express a-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid receptors (AMPARs), and N-methyl-p-aspartate
receptors (NMDARs) (Meye et al., 2013). The activation of glutamate
receptors in the LHb results on aversive states, as concluded from par-
adigms of real-time place preference and foot-shock exposure (Lecca

* Corresponding author. The Department of Fundamental Neuroscience, The University of Lausanne, 1005, Lausanne, Switzerland.

** Corresponding author.

E-mail addresses: alvaro.nunoperez@unil.ch (A. Nuno-Perez), manuel.mameli@unil.ch (M. Mameli).

1 Lead Contact

https://doi.org/10.1016/j.neuropharm.2021.108718

Received 30 April 2021; Received in revised form 12 July 2021; Accepted 13 July 2021

Available online 14 July 2021
0028-3908/© 2021 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license


mailto:alvaro.nunoperez@unil.ch
mailto:manuel.mameli@unil.ch
www.sciencedirect.com/science/journal/00283908
https://www.elsevier.com/locate/neuropharm
https://doi.org/10.1016/j.neuropharm.2021.108718
https://doi.org/10.1016/j.neuropharm.2021.108718
https://doi.org/10.1016/j.neuropharm.2021.108718
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuropharm.2021.108718&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Nuno-Perez et al.

et al., 2017; Root et al., 2014). The efficacy of AMPAR neurotransmis-
sion shapes reward-related behaviors and learning processes to antici-
pate punishments and negative experiences (Nuno-Perez et al., 2021;
Trusel et al., 2019). Along similar lines, habenular glutamate receptors
are also important in pathological contexts. The learned helplessness
model of depression triggers an increase in the probability of glutamate
release onto LHb synapses containing AMPARSs, as well as a potentiation
of AMPAR function through overexpression of the CaMKII protein (Li
etal., 2011, 2013). Importantly, the same model of depression promotes
burst firing of LHb neurons by activating NMDARs, and NMDAR
blockade specifically in the LHb is sufficient to rescue pathological
phenotypes such as anhedonia and behavioral despair (Yang et al.,
2018). The latter study points to habenular NMDARs as potential targets
to ameliorate symptoms of mood disorders. However, the subunit
composition, biophysical properties, and synaptic plasticity rules of
NMDARs in LHb neurons — especially in relation to the brain circuits in
which they are embedded — remain to be studied.

NMDAR function relies on subunit composition, which can be sub-
divided across three different subfamilies: GluN1, GluN2A-D and
GluN3A-B (Paoletti et al., 2013). Four of these subunits assemble into
the core functional channel, which is permeable to sodium and calcium
(Burnashev et al., 1992; Yu and Salter, 1998). NMDAR tetramers always
contain two GluN1 subunits, whereas the remaining combination of
GluN2 and/or GluN3 is specific to brain region, neuronal subtype, as
well as cellular localization (Fritschy et al., 1998; Kumar and Hugue-
nard, 2003; Monyer et al., 1994). Properties including single-channel
conductance, Mg2+ blockade and Ca2+ permeability are under the
control of subunit assembly. While, di-heteromeric GIuN2A- or
GluN2B-containing present high conductance and high sensitivity to
Mg2+ blockade, GluN2C- or GluN2D-containing receptors have lower
conductances, and sensitivity to Mg2+. Subunit composition also de-
termines the decay kinetics of NMDA currents with GluN1/GluN2A
having the fastest decay, GluN2B-containing with slower decays than
GluN2A and GluN2D-containing being those receptors with the slowest
kinetics Paoletti et al. (2013).

A primary function of synaptic NMDARs is ascribed to providing the
calcium source for gating AMPAR adaptations (Liischer and Malenka,
2012), but they can also undergo long-term synaptic potentiation (LTP)
as shown in the CA3 region of the hippocampus and the VTA (Harnett
et al., 2009; Kwon and Castillo, 2008; Rebola et al., 2008).

Here, we employed whole-cell voltage-clamp electrophysiology,
optogenetic-assisted circuit mapping, and single-unit recordings in
anesthetized mice to establish that (1) NMDARs contain GluN2A and/or
GluN2B subunits in LHb neurons that receive glutamatergic inputs from
the EPN, LHA, BNST, or medial VTA, and that (2) habenular NMDARSs
undergo calcium-dependent LTP following a physiologically-relevant
burst protocol.

2. Materials and methods
2.1. Animals

Male mice were purchased from Janvier (C57BL6/J) and housed in
groups of five per cage (4-10 weeks old). Food and water were provided
ad libitum, and light-dark phases lasted 12 h (from 7 a.m. to 7 p.m.). All
procedures aimed to fulfil the 3R criterion (replacement, reduction and
refinement) and were approved by the veterinary offices of Vaud
(Switzerland; license VD3171).

2.2. Stereotaxic surgeries and histology

4 weeks-old mice were anesthetized with ketamine (150 mg/kg) and
xylazine (100 mg/kg) before bilateral injection of 250 nL of rAAVs s-
hSyn1-CoChR-eGFP (titer = 1 x 102 vg/mL) in the EPN (in mm from
bregma: AP -1.2, ML +1.8, DV -4.5), LHA (in mm from bregma: AP -1.25,
ML £1.0, DV -5.1), BNST (in mm from bregma: AP +0.3, ML +0.9, DV

Neuropharmacology 196 (2021) 108718

-4.55), or medial VTA (in mm from bregma: AP -2, ML +0.25, DV -4.6).
Optogenetic recordings in acute brains slices were performed 3-4 weeks
after stereotaxic viral injections. After recordings, slices were immersed
in paraformaldehyde (4% PFA in 10 mM PBS) and kept at 4 °C until
histological verification. Pictures of the injection sites were taken from
the same brains that were employed for electrophysiological recordings,
using an epi-fluorescent microscope (Zeiss, Germany).

2.3. Electrophysiology in acute brain slices

7-10 weeks-old mice were anesthetized with ketamine (150 mg/kg)
and xylazine (100 mg/kg) prior to slice preparation. Coronal brain slices
(thickness: 250 pm) containing the LHb were cut while immersed in ice-
cold solution, bubbled with 95% O3 and 5% CO, and containing the
following reagents (in mM): Choline chloride (110); glucose (25);
NaHCOs (25); MgCly (7); ascorbic acid (11.6); sodium pyruvate (3.1);
KCl (2.5); NaH5PO4 (1.25); and CaCls (0.5). Slices were then allowed to
recover for 1 h at room temperature in artificial cerebrospinal fluid
(ACSF) containing the following reagents (in mM): NaCl (124); NaHCOs3
(26.2); glucose (11); KCI (2.5); CaCly (2.5); MgCly (1.3); and NaH2PO4
(1). Borosilicate glass pipettes (Phymep; impedance: 2.5-4 MQ) were
filled with CsCl-based intracellular solution containing the following
reagents (in mM): CsCl (130); NaCl (4); creatine phosphate (5); MgCl,
(2); NapATP (2); NasGTP (0.6); EGTA (1.1); HEPES (5); and spermine
(0.1). In the case of NMDAR and AMPAR LTP experiments, the intra-
cellular solution was KGlu-based and contained the following reagents
(in mM): KGlu (140); KCl (5); HEPES (10); EGTA (0.2); MgCl, (2);
NaoATP (4); NagGTP (0.3); and creatine phosphate (10). Whole-cell
voltage-clamp recordings were obtained from LHb neurons at 31 °C
with a perfusion flow rate of 2.5 mL/min. Throughout recordings, the
electrical signal was filtered (5 kHz) and digitized (10 kHz) using Mul-
tiClamp 200B (Molecular Devices). Data acquisition was performed with
Igor Pro and NIDAQ tools (Wave Metrics). Access resistance was
continuously monitored with a voltage step of —4 mV (0.1 Hz). NMDAR
currents were pharmacologically isolated in the presence of the AMPAR
antagonist NBQX (10 uM) and the GABA, receptor antagonist picrotoxin
(100 pM). Assessment of AMPAR after the burst stimulation protocol
was performed in the presence of picrotoxin (100 pM). In electrical
stimulation experiments, the electrode was introduced inside a glass
pipette filled with ACSF and placed within the LHb to evoke NMDAR
EPSCs through an ISO-Flex stimulator coupled to a Master-8 (AMPI). For
optogenetic experiments, NMDAR EPSCs were evoked with an LED
coupled to an Olympus-BX51 microscope delivering pulses of blue light
(Cool LED; 473 nm, ~5 mW, 1 ms). Light intensity was modulated to
obtain amplitudes between 100 and 300 pA across all recordings. Neu-
rons were clamped at +40 mV, with the exception of current-voltage
relationships (from —60 mV to +40 mV, 20 mV steps) and LTP experi-
ments (—60 mV, MgCl,-free ACSF only in the case of NMDAR currents).
When appropriate, the paired pulse ratio was monitored at 20 Hz.
Throughout the text, TCN refers to TCN-201 and was applied to a final
concentration of 10 pM (Edman et al., 2012; Stanic et al., 2015). Ifen-
prodil was employed at a final concentration of 5 pM (Matta et al.,
2011). The decay time of NMDAR currents (tau) was calculated as the
weighted time constant of two exponential functions — slow and fast — by
fitting the peak-normalized EPSC from the timepoint of maximum
amplitude to >0.8 s after (Cathala et al., 2000; Kannangara et al., 2015).
Input-specific tau values were subjected to the ROUT method of outlier
detection, with a maximum desired false discovery rate (Q) of 1%. This
post-hoc analysis resulted in the detection of three outliers in the LHA
and BNST datasets.

2.4. Single-unit recordings under anesthesia
10 weeks-old mice were anesthetized with intranasal isoflurane

(Univentor; 2% for induction, 1-1.5% for maintenance) and placed onto
a stereotaxic apparatus (Kopf Instruments). Their body temperature was
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maintained at 36 °C using a feedback-controlled heating pad (CMA-450;
Phymep). The scalp was retracted and a burr hole was drilled above the
LHb (in mm from bregma: AP -1.32, ML +0.42, DV -2.8), for the
placement of a recording electrode. Single-unit activity of spontaneous
action potentials (minimal duration of recording epochs: 3 min), was
recorded extracellularly using glass micropipettes (impedance: 5-15
MQ), filled with 2% Chicago Sky Blue dissolved in 0.5 M sodium acetate.
The signal was filtered (band-pass: 500-5000 Hz), pre-amplified (DAM-
80; WPI, Germany), amplified (Neurolog System; Digitimer, UK), and
displayed on a digital storage oscilloscope (OX-530; Metrix, USA). Ex-
periments were sampled online and offline by a computer connected to a
laboratory interface (CED Power; Cambridge Electronic Design, UK)
running the Spike2 software (Cambridge Electronic Design, UK). The
burst-detection criterion was performed by qualitative analysis of inter-
spike interval histograms of 200-s recordings (Lecca et al., 2017; Otsu
et al., 2019). We considered a burst initiated when at least two action
potentials occurred within an interval of less than 10 ms. The burst was
considered to be finished when the interval between the last two action
potentials was longer than 20 ms.

3. Results
3.1. Isolation of synaptic NMDAR currents in LHb neurons

We pharmacologically isolated electrically-evoked NMDAR excit-
atory postsynaptic currents (EPSCs) in LHb neurons by performing
whole-cell voltage-clamp recordings (+40 mV) in the presence of NBQX
(AMPAR antagonist, 10 pM) and picrotoxin (GABA, receptor antagonist,
100 pM). The identity of the remaining EPSC was confirmed by the
sensitivity to bath application of the NMDAR antagonist amino-5-
phosphonovaleric acid (APV, 100 pM) (Fig. 1A). Moreover, the
pharmacologically-isolated EPSCs exhibited slow decay kinetics
(Fig. 1B), which were comparable to previous reports of NMDAR cur-
rents in the hippocampus (Kannangara et al., 2015). Finally, the mag-
nesium block of habenular NMDARs was manifested by the current
rectification at negative holding potentials (Fig. 1C). Collectively, these
observations indicate that our experimental settings are efficient in
isolating NMDAR transmission in LHb neurons.

TCN and ifenprodil are two pharmacological agents that act as
negative allosteric modulators of NMDARs containing GluN2A and
GluN2B subunits, respectively (Edman et al., 2012; Matta et al., 2011).
In order to study whether NMDAR assemblies in LHb neurons contain
either of these subunits, we tested the NMDAR current sensitivity to
these drugs. Separate bath application of TCN (10 uM) or ifenprodil (5
pM) reduced the amplitude of electrically-evoked NMDAR EPSCs
(Fig. 1D and E). The combination of these compounds led to a similar
reduction to the independent application of TCN and ifenprodil (Fig. 1F
and G). These findings indicate that NMDAR assemblies in the LHb
contain GluN2A and/or GluN2B subunits, which are likely to assemble
in the form of heterotrimeric receptors.

3.2. Input-specific characterization of NMDAR transmission

LHb neurons receive glutamatergic afferents from diverse brain
structures (Hu et al., 2020) hence raising the possibility that subunit
composition might follow input-specific rules (Kumar and Huguenard,
2003). To investigate input-specific properties of NMDAR transmission,
we independently infused a Chloromonas oogama channelrhodopsin
(CoChR)-encoding adeno-associated virus (AAVy 5-hSyn1-CoChR-eGFP)
in the EPN, LHA, BNST, or medial VTA (Fig. 2A) (Klapoetke et al., 2014).
Recording input-specific NMDAR transmission in LHb neurons revealed
a reduction in EPSC amplitude upon bath application of TCN or ifen-
prodil, at all connections tested (Fig. 2B and C). The conserved phar-
macological sensitivity of NMDAR currents prompted us to study
whether the biophysical properties of these receptors were equally ho-
mogeneous across input regions. Although every connection displayed
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magnesium block of NMDAR transmission — as proven by the current
rectification at negative holding potentials (Fig. 2D) — the degree of
NMDAR rectification was smaller at BNST-to-LHb synapses compared
with LHA-to-LHb and VTA-to-LHb connections (Fig. 2E). Moreover,
VTA-specific NMDAR currents exhibited longer decay times than the rest
of anatomical regions (Fig. 2F). Therefore, despite the differences in
biophysical properties, the pharmacological results suggest that NMDAR
subunit composition is comparable across synaptic inputs converging
onto LHb neurons.

3.3. Synaptic plasticity of habenular NMDAR transmission

In the VTA, the pairing of presynaptic terminal stimulation with
postsynaptic burst firing elicits LTP of NMDAR transmission (Harnett
et al., 2009). Notably, burst firing of LHb neurons governs behavioral
functions (Lecca et al., 2017; Yang et al., 2018). We thereby performed
single-unit recordings in anesthetized mice with the aim of describing
the burst firing properties of LHb neurons in vivo (Fig. 3A). The criterion
for detection of burst-firing neurons was based on the qualitative anal-
ysis of their inter-spike interval histograms, as reported earlier in the
habenular complex (Kowski et al., 2009; Lecca et al., 2017). This
approach revealed that burst-firing neurons exhibit events of
high-frequency spikes at an interval of 2-10 ms (shaded area, Fig. 3B).
The intra-burst frequency of spike discharge, calculated as the ratio
between the number of spikes per burst and burst duration, was
approximately 200 Hz (Fig. 3C). Inspired by this property, we designed a
stimulation protocol that consisted of 6 depolarizing steps (from —60
mV to 0 mV) at 200 Hz — equivalent to an epoch of 2 bursts in vivo —
paired with a train of presynaptic stimulation (70 stimuli at 50 Hz)
(Fig. 3D). The burst onset was triggered 1 s after the start of the pre-
synaptic train, and the pairing was repeated 10 times at 0.05 Hz (Harnett
et al,, 2009). To study NMDAR plasticity, we performed whole-cell
voltage-clamp recordings in the absence of magnesium (—60 mV).
Under these conditions, the pairing protocol elicited LTP of NMDAR
EPSCs (Fig. 3E). The same protocol, when applied to AMPAR EPSCs in
the presence of magnesium, did not trigger LTP (Fig. 3E). Previous forms
of NMDAR LTP were reported to be calcium-dependent (Harnett et al.,
2009; Kwon and Castillo, 2008; Rebola et al., 2008). We hence tested
whether NMDAR LTP in LHb neurons required a similar mechanism.
Loading 10 mM of the calcium chelator BAPTA in the patch pipette
abolished habenular NMDAR LTP (Fig. 3E). Finally, we observed that
this plasticity occurred without concomitant changes in the paired pulse
ratio, pointing towards a postsynaptic locus of expression (Fig. 3F).

4. Discussion

Previous studies in neocortical and hippocampal circuits revealed
the input-specificity of NMDAR subunit composition through the elec-
trical stimulation of macroscopically-segregated anatomical pathways
(Carta et al., 2018; Kumar and Huguenard, 2003). However, an
input-specific dissection of NMDAR assemblies in subcortical structures
is missing. Here, we employed optogenetic and pharmacological
methods to reveal that NMDAR subunit composition in the LHb is con-
stant across a variety of glutamatergic inputs. Moreover, we observe that
habenular NMDAR transmission is plastic following a burst protocol that
combines presynaptic stimulation with postsynaptic firing.

4.1. NMDAR subunit composition in LHb neurons

GluN2A and GluN2B are the most commonly expressed NMDAR
subunits in the adult brain, consistent with our findings that NMDAR
currents are sensitive to TCN and ifenprodil in LHb neurons (Al-Hallaq
et al., 2007; Rauner and Kohr, 2011). Despite similar sensitivity to TCN
and ifenprodil across synaptic inputs onto LHb neurons, NMIDAR EPSCs
at VTA-to-LHb synapses presented the slowest decay kinetics. This
contrasts with recent findings where LHA-evoked NMDAR EPSCs
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Fig. 1. Isolation of synaptic NMDAR currents in LHb neurons. (A) Example traces (scale bars: 20 pA and 20 ms) and time course of normalized NMDAR-EPSC
amplitudes before (black, A) and after (grey, B) APV application (n = 2 mice/10 cells). (B) Violin and scatter plots of NMDAR-EPSC decay time (n = 12 mice/58 cells,
55.3 + 5.6 ms). (C) Example traces (scale bars: 20 pA and 20 ms) and current-voltage relationship of normalized NMDAR-EPSC amplitudes (n = 4 mice/28 cells). (D)
Example traces (scale bars: 20 pA and 20 ms) and time course of normalized NMDAR-EPSC amplitudes before (dark red, A) and after (light red, B) TCN application (n
= 3 mice/9 cells). (E) Example traces (scale bars: 20 pA and 20 ms) and time course of normalized NMDAR-EPSC amplitudes before (dark blue, A) and after (light
blue, B) ifenprodil application (n = 3 mice/11 cells). (F) Example traces (scale bars: 20 pA and 20 ms) and time course of normalized NMDAR-EPSC amplitudes
before (dark green, A) and after (light green, B) TCN and ifenprodil application (n = 2 mice/9 cells). (G) Violin and scatter plots of normalized NMDAR-EPSC
amplitudes during the last 5 min of the recordings (49.4 + 8.7% for TCN, 63.8 + 6.2% for ifenprodil, and 69.1 + 5.4% for TCN and ifenprodil).
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Fig. 2. Input-specific characterization of NMDAR
transmission. (A) Schematic of the experimental design.
Representative injection sites of AAV-CoChR (top, scale
bar: 200 pm) and the corresponding terminal field within
the LHb (bottom, scale bar: 100 pm). AC, anterior
commissure; CPu, caudate putamen; d/vBNST, dorsal/
ventral bed nucleus of the stria terminalis; DG, dentate
gyrus; EPN, entopeduncular nucleus; f, fornix; 3V, third
ventricle; IC, internal capsule; IPN, interpeduncular nu-
cleus; LHA, lateral hypothalamic area; LPO, lateral pre-
optic area; LS, lateral septum; M/LHb, medial/lateral
habenula; mVTA, medial ventral tegmental area; SNr/c,
substantia nigra pars reticulata/compacta; Th, thalamus;
VP, ventral pallidum. (B) Example traces (scale bars: 20
PA and 20 ms) and time courses of normalized NMDAR-
EPSC amplitudes before (dark red, A) and after (light red,
B) TCN application (EPN: n = 8 mice/14 cells; LHA: n =
6 mice/12 cells; BNST: n = 6 mice/16 cells; VTA: n = 2
mice/7 cells). Example traces (scale bars: 20 pA and 20
ms) and time courses of normalized NMDAR-EPSC am-
plitudes before (dark blue, A) and after (light blue, B)
ifenprodil application (EPN: n = 4 mice/8 cells; LHA: n
= 3 mice/8 cells; BNST: n = 3 mice/7 cells; VTA: n = 2
mice/8 cells). (C) Violin and scatter plots of normalized
NMDAR-EPSC amplitudes during the last 5 min of the
recordings across input regions (EPN: 63.8 + 5.8% for
TCN and 76 + 9.5% for ifenprodil; LHA: 58.3 + 6.4% for
TCN and 78.4 + 8.2% for ifenprodil; BNST: 68.8 + 4.5%
for TCN and 64.1 + 7.1% for ifenprodil; VTA: 53.7 +
2.9% for TCN and 55.1 + 5.1% for ifenprodil). (D)
Example traces (scale bars: 50 pA and 20 ms) and
current-voltage relationships of normalized NMDAR-
EPSC amplitudes across input regions (EPN: n = 4
mice/23 cells; LHA: n = 3 mice/20 cells; BNST: n = 3
mice/26 cells; VTA: n = 5 mice/18 cells). (E) Violin and
scatter plots of NMDAR-EPSC inward rectification across
input regions (EPN: n = 4 mice/20 cells, —34.6 + 6.3%;
LHA: n = 3 mice/20 cells, —24.2 + 2.5%; BNST: n = 3
mice/23 cells, —41.4 + 5.3%; VTA: n = 5 mice/15 cells,
—22.7 £+ 3.1%). One-way ANOVA (F374 = 3.7) with
Dunnett correction (*p < 0.05). (F) Violin and scatter
plots of NMDAR-EPSC decay time across input regions
(EPN: n = 16 mice/45 cells, 70.4 + 5.4 ms; LHA: n = 12
mice/35 cells, 66 + 5.4 ms; BNST: n = 12 mice/46 cells,
77.5 + 6.9 ms; VTA: n = 9 mice/33 cells, 107.2 + 10.8
ms). One-way ANOVA (F3;s55 = 3.1) with Dunnett
correction (*p < 0.05).
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Fig. 3. Synaptic plasticity of habenular NMDAR transmission. (A) Schematic of the experimental approach. Example traces of spontaneous firing activity in the
LHDb (scale bars: 500 ms for upper trace, 10 ms for lower trace). (B) Histogram depicting the detection probability of spikes within a certain inter-spike interval in
burst-firing neurons (n = 3 mice/13 cells). The blue-shaded area highlights an interval range of 2-10 ms. (C) Violin and scatter plots of burst properties in all neurons
recorded (n = 3 mice/24 cells, 2.9 + 0.2 spikes per burst, 13.8 & 1.6 ms and 238.8 + 15.8 Hz). (D) Schematic and example traces of the plasticity protocol (scale bars:
200 ms and 200 pA for upper trace, 2 ms and 500 pA for lower trace). (E) Example traces (scale bars: 20 pA and 20 ms) and time course of normalized NMDAR-EPSC
amplitudes before (A) and after (B) the plasticity protocol in control conditions (black, n = 7 mice/11 cells) and in the presence of BAPTA (red, n = 5 mice/7 cells).
Time course of normalized AMPAR-EPSC amplitudes before (A) and after (B) the plasticity protocol (blue, n = 2 mice/8 cells). Violin and scatter plots of normalized
EPSC amplitudes during the last 5 min of the recordings (218.7 + 20.9% for NMDA, 110.9 + 16.5% for NMDA + BAPTA, and 105.4 + 9.5% for AMPA). One-way
ANOVA (F3, 23 = 13.9) with Dunnett correction (**p < 0.001). (F) Violin and scatter plots of NMDA paired pulse ratio in control conditions (black, n = 5 mice/8 cells,
0.85 + 0.09 for A and 0.85 + 0.07 for B) and in the presence of BAPTA (red, n = mice/cells, 1.1 4 0.12 for A and 1.15 + 0.15 for B). Violin and scatter plots of AMPA
paired pulse ratio (blue, n = 2 mice/8 cells, 0.71 + 0.09 for A and 0.65 + 0.06 for B).

exhibited the largest decay time (Cerniauskas et al., 2019). A major
difference among the two studies is the presence or absence of the
identification of LHb projection targets. It is plausible that neurons
receiving similar inputs, but projecting to different anatomical struc-
tures, may present distinct synaptic properties.

Furthermore, our data do not rule out additional constituents of
habenular NMDAR assemblies. Neurons in the neighboring medial
habenula, which shares a common ontogeny with the LHb, express
GluN3A subunits (Otsu et al., 2019; Schmidt and Pasterkamp, 2017).
These subunits generate NMDARs with the ability to be gated purely by
glycine, in the absence of glutamate, potentially making an impact on
neuronal plasticity processes (Grand et al., 2018). However, given the
limited specificity of GluN3A-directed pharmacology, a genetic
approach would be more suitable to assess whether LHb NMDARs also
contain functional GluN3A subunits (Creed et al., 2016; Otsu et al.,
2019).

An interesting feature of the NMDAR subunit composition reported
here is the lack of input specificity. This opens the possibility that the
region-specific differences in current-voltage relationship, magnesium
sensitivity, and decay time of NMDAR currents might result from
additional factors, including alternative landscapes of postsynaptic
anchoring proteins (Bard et al., 2010; Ferreira et al., 2015). This is likely
the case in light of the large variability of NMDAR pharmacological
sensitivity observed across diverse synaptic inputs. In addition to dif-
ferences in scaffolding assemblies, morphology and input-output con-
nectivity might also contribute to the observed variance (Cerniauskas
et al., 2019; Lecca et al., 2017).

4.2. Implications of NMDAR subunit composition for habenular AMPAR
plasticity

One of the principal functions of NMDAR transmission throughout
the brain is to provide the calcium source required to gate AMPAR ad-
aptations (Liischer and Malenka, 2012). For example, while synapses in
the hippocampal CA3 region lack the ability to undergo AMPAR LTP
under basal conditions, an increase in NMDAR levels unmasks this
plasticity (Rebola et al., 2011). In this regard, NMDAR subunit compo-
sition determines whether NMDAR-dependent calcium influx leads to
AMPAR LTP or long-term depression (LTD). Indeed, GluN2A subunits
are necessary for AMPAR LTP, while their GluN2B counterparts are
instead required for LTD (Brigman et al., 2010). This is interesting from
an habenular perspective, since NMDAR transmission gates AMPAR LTP
and LTD in LHb neurons (Trusel et al., 2019). This supports the
conserved contribution of GluN2A and GluN2B subunits for the induc-
tion of NMDAR-dependent LTP and LTD, respectively, across cortical
and subcortical structures (Shipton and Paulsen, 2014).

4.3. Cellular substrates for habenular NMDAR plasticity

Our data indicate that NMDAR transmission in LHb neurons un-
dergoes synaptic plasticity. Accordingly, NMDAR LTP can be elicited by
driving a presynaptic tetanus in the hippocampus (Kwon and Castillo,
2008; Rebola et al., 2008). In VTA neurons, NMDAR potentiation re-
quires instead the pairing of presynaptic stimulation with postsynaptic
firing (Harnett et al., 2009). Our study describes an in vivo-based burst
protocol, capable of potentiating NMDAR transmission, that also



A. Nuno-Perez et al.

requires the coincident detection of a presynaptic train with post-
synaptic bursts of activity. Although this protocol mimics LHb neuronal
firing, we designed its duration based on published literature (Kwon and
Castillo, 2008; Rebola et al., 2008; Harnett et al., 2009). However, the
physiological validity of such duration remains to be addressed in vivo.

The LTP of habenular NMDAR transmission requires a raise in
intracellular calcium. Although not identified in this study, the source of
calcium might be metabotropic glutamate receptors, in line with pre-
vious observations in the hippocampus and VTA (Harnett et al., 2009;
Kwon and Castillo, 2008; Rebola et al., 2008). Such receptors are
expressed in LHb neurons and mediate synaptic adaptations (Valen-
tinova and Mameli, 2016). Future studies will need to determine the
signaling cascade underlying the synaptic plasticity described here.

Habenular AMPARs undergo synaptic plasticity in diverse behavioral
contexts (Li et al., 2011, 2013). The fact that NMDARs are plastic ex vivo
opens the possibility that behavioral experience might as well alter
NMDAR transmission in vivo. This is relevant when analyzing electro-
physiological markers like AMPA:NMDA ratio, and highlights the need
for a thorough assessment of which component is adapting during
experience-driven plasticity.

4.4. Implications of NMDAR plasticity for mental health

The burst properties of our pairing protocol in acute brain slices aim
to mimic the firing modality of LHb neurons in vivo. The detection of
burst activity is in line with published evidence obtained in the LHb of
anesthetized rodents (Kowski et al., 2009; Lecca et al., 2017). These data
suggest the potential role that burst-driven LTP of habenular NMDAR
transmission may have in behaviorally-relevant contexts. Along these
lines, NMDAR transmission is engaged in the chronic restraint stress and
learned helplessness models of depression, leading to increased burst
firing of LHb neurons (Cui et al., 2018; Yang et al., 2018). These ob-
servations support a scenario in which NMDAR transmission can be
potentiated under pathological conditions, as a result of increased burst
activity, potentially occluding the habenular NMDAR LTP described
here. The opposite situation could also apply. Schizophrenia — an
alternative neuropsychiatric disorder linked to LHb dysfunction (She-
pard et al., 2006) — is rather associated with the hypofunction of NMDAR
transmission (Belforte et al., 2010). Therefore, the activity-dependent
plasticity of habenular NMDAR synapses may have different roles
depending on the pathological phenotype.

5. Conclusions

Collectively, our findings describe the biophysical and synaptic
properties of NMDAR transmission in LHb neurons. These observations
might prove useful to study NMDAR plasticity in experience-dependent
contexts, and to finetune NMDAR-directed pharmacological targets in
preclinical models linking LHb dysfunction to neuropsychiatric
disorders.
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