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ARTICLE INFO ABSTRACT
Keywords: Along with neuronal mechanisms devoted to memory consolidation —including long term potentiation of syn-
LSD1/KDM1A aptic strength as prominent electrophysiological correlate, and inherent dendritic spines stabilization as struc-

Psychiatric disorders

- tural counterpart- negative control of memory formation and synaptic plasticity has been described at the
Environmental stress

molecular and behavioral level. Within this work, we report a role for the epigenetic corepressor Lysine Specific

E}ilslggftl:dty Demethylase 1 (LSD1) as a negative neuroplastic factor whose stress-enhanced activity may participate in coping
Alternative splicing with adverse experiences. Constitutively increasing LSD1 activity via knocking out its dominant negative splicing
Epigenetics isoform neuroLSD1 (neuroLSD1¥C mice), we observed extensive structural, functional and behavioral signs of
Glutamatergic synapse excitatory decay, including disrupted memory consolidation. A similar LSD1 increase, obtained with acute
Aging antisense oligonucleotide-mediated neuroLSD1 splicing knock down in primary neuronal cultures, dampens

spontaneous glutamatergic transmission, reducing mEPSCs. Remarkably, LSD1 physiological increase occurs in
response to psychosocial stress-induced glutamatergic signaling. Since this mechanism entails neuroLSD1
splicing downregulation, we conclude that LSD1/neuroLSD1 ratio modulation in the hippocampus is instru-
mental to a negative homeostatic feedback, restraining glutamatergic neuroplasticity in response to glutamate.
The active process of forgetting provides memories with salience. With our work, we propose that softening
memory traces of adversities could further represent a stress-coping process in which LSD1/neuroLSD1 ratio
modulation may help preserving healthy emotional references.

context-driven recall of a threatful memory helps raising vigilance as
well as avoidance-instrumental behaviors (Popoli et al., 2012; Sanacora
etal., 2012). However, stressful events couple to learning responses also
an important affective counterpart, promoting for instance neuroendo-
crine enhancement of glutamatergic function (Popoli et al., 2012; Yang
et al.,, 2005). Adverse experiences indeed trigger intense glutamate
release at emotionally-relevant amygdalar and hippocampal synapses,
in such a way that environmental stress is the only external insult
capable of facilitating glutamate spill-over at dendritic spines (Yang

1. Introduction

Since decades researchers work to discover how the environment
influences biological processes, in particular those active in the brain.
This momentous effort stems from an empirical certainty: environ-
mental stress (and its implicit toxicity) represents a driving factor for the
onset of mental illnesses. Acute traumatic events must be learned and
memorized within an adaptive process that improves survival. Indeed

* Corresponding author.
E-mail address: francesco.rusconi@unimi.it (F. Rusconi).
1 These authors equally contributed to the work.

https://doi.org/10.1016/j.ynstr.2020.100280
Received 15 August 2020; Received in revised form 19 November 2020; Accepted 22 November 2020

Available online 27 November 2020
2352-2895/© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

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


mailto:francesco.rusconi@unimi.it
www.sciencedirect.com/science/journal/23522895
https://www.elsevier.com/locate/ynstr
https://doi.org/10.1016/j.ynstr.2020.100280
https://doi.org/10.1016/j.ynstr.2020.100280
https://doi.org/10.1016/j.ynstr.2020.100280
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ynstr.2020.100280&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Longaretti et al.

Neurobiology of Stress 13 (2020) 100280

Abbreviations

ABHD6 o/p Hydrolase domain containing 6

AMPAR  a-Amino-3-hydroxy-5-Methyl-4-isoxazolePropionic Acid
Receptor

AON Antisense Oligonucleotide

2-AG 2-Arachidonyl Glycerol

ASDS Acute Social Defeat Stress

CB1R Cannabinoid 1 Receptor

CoREST Corepressor of REST

eCB Endocannabinoids
ECS Endocannabinoid System
EGR1 Early Growth Response 1

fEPSPs  field Excitatory Post Synaptic Potentials
HDAC2 Histone Deacetylase

H3K4 Histone H3 Lysine 4

HSR Homeostatic Stress Response

IEGs Immediate Early Genes

LSD1 Lysine Specific Demethylase 1

LTD Long Term Depression
LTP Long Term Potentiation
MAGL  Monoacylglycerol lipase

mEPSC  minis Excitatory Post Synaptic Currents
mIPSC  minis Inhibitory Post Synaptic Currents
NMDAR N-Methyl-D-Aspartate Receptor

2/-OMe  2'-O-methyl

OTF Oligothiophene fluorophore

PS Phosphorothioate

REST RE-1 Silencer Transcription Factor
RPL13  Ribosomal Protein L13

RPSA Ribosomal Protein SA

TEM Transmission Electron Microscopy
SBS-SEM Serial Block Face Scanning Electron Microscopy
SCRA scramble

SPF Specific Pathogen Free

et al., 2005), potentially coupled to the risk of excitotoxic-related cir-
cuitry issues (Duman, 2009; Kang et al., 2012; Diamond et al., 2007).
Within a successful stress response, potential glutamate-induced toxicity
-and related behavioral negative effects— is prevented by efficient mo-
lecular homeostatic processes, concomitantly engaged by stress
(Rodriguez-Munoz et al., 2016; Cadle and Zoladz, 2015). Remarkably, a
further aim of these homeostatic neuronal defenses is to regulate
learning and memory of the adverse experience (Rusconi and Batta-
glioli, 2018).

Examples of homeostatic stress response (HSR) have been described,
being the endocannabinoid system (ECS) the best established so far. ECS
indeed represents a fast-acting negative synaptic feedback, gradually
downsizing stress-elicited neurotransmitter release instrumentally to
stress response termination (Morena et al., 2016; Lutz et al., 2015;
Rusconi, 2020). ECS (in particular through 2-arachidonyl glycerol,
2-AG), also exerts a negative modulation of memory formation coupled
to glutamate release inhibition, whose adaptive means should be further
investigated in the frame of described 2-AG anxiolytic activity (lannotti
et al., 2016; Prini et al., 2018; Guggenhuber et al., 2015; Bluett et al.,
2017; Patel et al., 2016; Shonesy et al., 2014). Not only glutamate
release, but also its nuclear transduction leading to activation of
neuroplasticity-relevant transcriptional programs is homeostatically
targeted by epigenetic mechanisms (Rusconi and Battaglioli, 2018;
Rusconi et al., 2020). At the nuclear level for instance, stress-induced
DNA methylation of Immediate Early Genes (IEGs) promoters attenu-
ates c-fos and egrl transactivation in the hippocampus, scaling back
behavioral stress responses (Saunderson et al., 2016) in the frame of a
normal adaptive self-regulation (Carver and Scheier, 2000). Egrl pro-
moter methylation, in particular, increases in response to both forced
swim stress (Saunderson et al., 2016) and fear conditioning (Gupta et al.,
2010), seemingly representing a key molecular mechanism that softens
learning and memory consolidation of adversities to a lesser (adaptive)
extent. IEGs transcription is similarly buffered in response to stress by
another transcriptional homeostatic system: the dual splicing rheostat
Lysine Specific Demethylase 1 (LSD1)/neuroLSD1. Corepressive activity
of LSD1, a flavin-dependent H3K4 histone demethylase, is counteracted
in neurons by brain-restricted neuroLSD1, a dominant negative LSD1
alternative splicing isoform including microexon E8a (Wang et al., 2015;
Toffolo et al., 2014). In particular, LSD1/neuroLSD1 relative ratio sets
the specific strength of IEGs transcriptional responsivity through the
modulation of histone H3K4 methylation, and H3K9/14 acetylation in
the mouse hippocampus (Wang et al., 2015; Rusconi et al., 2016, 2017).
In wild type mice, neuroLSD1 splicing-operated decrease (and
concomitant LSD1 upregulation) is physiologically promoted by stress

and similarly to stress-evoked DNA methylation (Saunderson et al.,
2016), it attenuates in the hippocampus stress-induced IEGs transcrip-
tion helping limiting anxiety arousal at the behavioral level (Rusconi
et al., 2016, 2017).

If we consider that one of the leading aspects of Post-Traumatic
Stress Disorder (PTSD) actually relies on excessive consolidation of
traumatic memories, enriched with a plethora of vivid sensory details
that tremendously reduce the threshold of associative recall probability,
a provocative albeit realistic hypothesis can be ventured into: some of
the effects of stress traditionally recognized as toxic and related to stress-
induced amnesia —including disruption of Long Term Potentiation (LTP),
increased Long Term Depression (LTD) probability in the hippocampus
of previously stressed rodents, and memory loss (Diamond et al., 2007;
Wong et al., 2007)- could instead be interpreted as adaptive, temporary
responses whose efficacy is maximal in acute stress response (Diamond
et al., 2007; Cadle and Zoladz, 2015).

Considering the crucial function of IEGs transcription in memory
formation and neuroplasticity, in this work we further investigated the
role of neuroLSD1 downregulation (and complementary LSD1 increase)
in response to psychosocial stress as a temporary adaptive mechanism to
cope with acute stress opposing to memory consolidation. Notably, LSD1
implications as suppressor of neuroplasticity can also be foreseen as one
of its tighter cofactors, Histone Deacetylase 2 (HDAC2), has been
extensively addressed as negative regulator of memory formation and
synaptic plasticity (Guan et al., 2009). Recently we demonstrated that in
response to stress, LSD1 directly enhances homeostatic activity of the
ECS (Longaretti et al., 2020) further strengthening its implications in
stress coping. In this work, exploring the nature of environmental LSD1
regulation, we discovered that LSD1/neuroLSD1 ratio is itself controlled
by glutamatergic transmission. Hence LSD1 and neuroLSD1 are involved
in a prototypic negative feedback mechanism in which NMDAR acti-
vation elicits neuroLSD1 downregulation that, in turn, limits post-
synaptic glutamate responses. To better refine its functional neuronal
domain, we provide additional evidence of molecular, structural and
electrophysiological read outs of LSD1 homeostatic feedback activity in
the hippocampus, pushing forward its putative, adaptive contribution to
forgetting negative experiences.

2. Material and methods

Experimental animals. Animals were housed in a SPF animal facility.
3-Month-old male CD1 (RRID:IMSR_CRL:22) and nine to ten-week-old
male C57BL/6N (RRID:IMSR_CRL:027), neuroLSD1 heterozygous and
neuroLSD1 knock out (neuroLSD1X0) littermates, were housed at
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controlled temperature (20-22 °C) with free access to food and water in
a 12-hr light/dark cycle (lights on at 7:00 a.m.). In this study, we used a
total number of 232 mice including 8 CD1 (ex-breeder) 224 C57BL/6N
(wild type and neuroL.SD17ET and knock outs). Among C57BL/6N we
used 54 naive mice and 178 manipulated mice. All experimental pro-
cedures involving animals followed the Italian Council on Animal Care
guidelines (decree no. 26, March 2014) and European regulations
(2010/63/UE) Italian Ministry of Health approval 275/2015 and 322/
2018. Every effort was made to accomplish to the “3R” regulations.
Anesthesia was performed with isofluorane.

Total RNA extraction, qRT-PCR analysis, and rqfRT-PCR. Total RNA
isolation from hippocampal extract, qRT-PCR and rqfRT-PCR analyses
were performed as in (Rusconi et al., 2016). Target gene expression was
normalized on Ribosomal Protein SA (RPSA) of Ribosomal Protein L13
(RPS13). RPL13 expression stability along with aging was analyzed
using Microsoft excel-based tool BestKeeper (Pfaffl et al., 2004). RNA
integrity numbers (RIN) was assessed using RNA 6000 Nano Chips on
Agilent 2100 bioanalyzer. In case of RNA from human post-mortem
specimens, only samples with RIN between 4.6 and 7.5 were further
analyzed (Le Francois et al., 2018).

Golgi Staining. Golgi Cox impregnation was performed with FD Rapid
Golgi staining kit (FD NeuroTechnology) following manufacturers’ in-
structions on PBS-perfused mice. Brains were coronally sliced (400 pm
thickness) using a vibratome (Leica VT1000S). Images were acquired
with a 63x/1.4 oil objective (Leika DM LB2) microscope and analyzed
with Stereo Investigator software (MBF Bioscience).

Transmission Electron microscopy (TEM). Mice were transcardially
perfused with 2.5% glutaraldehyde, 2% paraformaldehyde in 0.15 M
sodium cacodylate buffer (pH 7.4). Dissected brains were processed
described elsewhere (Murru et al., 2017). For quantitative analyses,
TEM images were acquired at a final magnification of 25,000-46,000x
with a Philips CM10 TEM using a Morada CDD camera (Olympus,
Munster - Germany). Quantitative measurements were performed with
ImageJ 1.51 as described (Murru et al., 2017). Evaluation of synapse
density from 2D TEM images was performed according to the
size-frequency stereological method as described in (Folci et al., 2016).

Serial block face scanning electron microscopy (SBF-SEM). Brain coro-
nal sections (100 pm thickness) where obtained with a vibratome (Leica
VT10008S). Hippocampi were manually dissected from these sections
and processed for SBF-SEM, as described in (Vezzoli et al., 2020). SBF
data-sets were collected using an APREO Volume Scope SEM (Ther-
mo-fisher Scientific) operating at an accelerating voltage of 1.8 kV with
high vacuum. Data were collected with a pixel size of 10 nm along the x,
y-axis and 40 nm along the z-axis. The resulting datasets were assembled
into volume files aligned using ImageJ, and then manually segmented
into 3D models. Three-dimensional structures in image stacks contain-
ing hundreds or thousands of 2D orthoslices are traced individually in
each plane and surface rendered.

Preparation of Protein Extracts and Western Blot Analyses. Hippocam-
pal proteins of whole homogenate and post-synaptic density fraction
were analyzed as previously described (Caffino et al., 2018) with minor
modifications. Primary antibodies conditions are indicated in supple-
mentary material and methods. Results were standardized using p-actin.
Gels were run 3 times each and results represent the average from 3
different western blots (Colombo et al., 2017).

Cell culture and transfection. Rat primary hippocampal neurons were
prepared from Sprague Dawley rat embryos at E18 (Romorini et al.,
2004). Neurons were cultured and transfected with pEGFP plus either
HA-pCGN vector (control) or HA-neuroLSD1 (neuroLSD1) as in (Zibetti
et al., 2010). Images of pyramidal neurons were acquired with a Zeiss
LSM510 confocal microscope (Carl Zeiss, Italy; gift from F. Monzino) by
using a 63x/1.4 oil objective.

Pharmacological treatments. DIV 14 rat primary neurons were treated
with Bicuculline 40 pM (Sigma-Aldrich) for 30 min, washed out and
harvested at 8 h. NMDA 50 pM (Sigma-Aldrich) was left 10 min in
neuron medium, washed out and analyses were performed 30 min, 2, 3,
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7 and 8 h. APV 100 mM and MK-801 10 pM (Sigma-Aldrich) were added
to the culture media immediately before NMDA and left for the entire
length of the treatment. In vivo, 30 min prior the stress paradigm,
experimental animals were intraperitoneally injected either with sterile
NaCl 0.9% solution (VEH) or with MK-801 0.3 mg/kg.

AON synthesis. AONs used in this study are listed in supplementary
materials and methods section. All AONs contain 2'-O-methyl modified
RNA and full-length phosphorothioate backbone. Oligonucleotide syn-
theses and purifications were carried out at Universita degli Studi di
Ferrara (Ferrara, Italy), using Akta instruments and following a well-
established protocol (Rimessi et al., 2009). Fluorophore-labeled oligo-
nucleotides were synthesized by reacting the commercial succinimidyl
derivative of oligothiophene fluorophore OTF (Mediteknology S.r.l,
Italy) with the primary amine group of the ssH-linker, previously
attached to the 5-end AON-21-E8a and AON-21-SCRA. Several thio-
phene fluorophores have been reported for the selective labeling of
intracellular proteins and the fluorescence behavior of several
AON-oligothiophene conjugates has been explored in model studies
(Capobianco et al., 2012). Nevertheless, to the best of our knowledge,
this is the first study considering the use of oligothiophene fluorophore
OTF as fluorescent marker of AONs in live cells. To support our choice,
absorption and photoluminescence spectra of OTF were in agreement
with the required experimental conditions, OTF also showed good
fluorescent properties and stability to bleaching even under prolonged
irradiation. Finally, but not less important, OTF was non-sterically
hindered, nontoxic to the cells, chemically stable, easy to handle and
cost-effective when compared to other widely known oligonucleotide
labeling, thus enabling its use for large-scale applications. The purity of
full-length desired products was evaluated by HRMS, 31P-NMR and
RP-HPLC analyses.

AON treatments. For Minigene reporter assay (Hybrid Minigene
Construct MG800Apal was generated as previously described (Baralle
and Baralle, 2005; Rusconi et al., 2014)), cells in 35 mm wells were
cotransfected 24 h after seeding with 1,25 pg MG800Apal per 4 pl
transfectant mix and along with 10-25-50 nM —concentration referred
to transfectant mix— AON-E8a-21 or AON-SCRA-21, using Lipofectamine
2000 (Thermo Fisher Scientific) as transfection reagent, and analyzed
48 h after. For primary neurons cultures, AON-E8a-21 or AON-SCRA-21
were administered directly to the culture media at the concentrations of
0,5-2,5 - 15-25 pM, at DIV13 for 36 h.

Electrophysiological in vitro recordings. DIV13 high density cultured
hippocampal neurons were treated with 15 pM antisense oligonucleo-
tide AON-E8a-21 or AON-SCRA-21. Electrophysiological experiments
were performed 36 h later. Excitatory and inhibitory post synaptic
currents in miniature (mEPSCs and mIPSCs) have been measured by
patch-clamp recordings in the whole-cell voltage clamp modality using
Axopatch 200B amplifier and pClamp-10 software (Axon Instruments)
as in (Antonucci et al., 2012). Recorded traces have been analyzed using
Clapfit-pClamp 10 software, after choosing an appropriate threshold.
For further details consult the supplementary materials and methods
section.

Ex-vivo electrophysiological recordings. Mice were anesthetized with
isofluorane and decapitated, and their brains were transferred to ice-
cold dissecting modified-artificial cerebrospinal fluid (aCSF). Coronal
sections (350 pm thick for field recordings or 250 ym thick for patch-
clamp recordings) were cut using a Vibratome 1000S (Leica, Wetzlar,
Germany). Following 20 min of incubation at 32 °C, slices were kept at
22-24 °C. During experiments, slices were continuously superfused with
aCSF at a rate of 2 ml/min at 28 °C. Extracellular recordings of field
postsynaptic potentials (fPSP) were obtained in the CA1l stratum radia-
tum, using glass micropipettes filled with artificial Cerebral Spinal Fluid
(aCSF). Stimuli (50-160 pA, 50 ps) to excite Shaffer collaterals were
delivered through a bipolar twisted tungsten electrode placed ~400 pm
from the recording electrode. Long-Term Potentiation (LTP) was
induced using the following theta burst stimulation protocol (TBS): 10
trains (4 pulses at 100 Hz) at 5 Hz, repeated twice with a 2-min interval.
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Long-Term Depression (LTD) was induced using a Low-frequency stim-
ulation protocol (LFS) consisting of 900 pulses at 0.5Hz. The magnitude
of LTP or LTD was evaluated by comparing the fPSP normalized slopes
from the last 5 min of baseline recordings with those 40-50 min after
TBS or LFS. For patch-clamp experiments, whole-cell recordings were
made under direct IR-DIC (infrared-differential interference contrast)
visualization of neurons in the hippocampal CAl stratum pyramidale
region. Excitatory postsynaptic currents (EPSCs) were evoked in the
presence of the GABA, receptor antagonist gabazine (10 pM) by stim-
ulation of stratum radiatum by wusing a theta glass electrode
(20 psc-80 psc, 0.02 mA-0.1 mA) connected to a constant-current
isolation unit (Digitimer LTD, Model DS3) and acquired every 10 s.
AMPA/NMDA ratio of each neuron was calculated as the ratio between
AMPA EPSC peak amplitude (pA) of the subtracted current and the
NMDA EPSC peak amplitude (pA). For further details consult the sup-
plementary materials and methods section.

Acute Social Defeat Stress. CD1 aggressor mice were used to defeat 2-
month-old C57BL/6N wild-type mice in a 7-h-long session of psycho-
social stress as previously described (Rusconi et al., 2016; Italia et al.,
2020). All controls were sham-handled to subtract the manipulation
effect. For further details consult the supplementary materials and
methods section 8.

Novel Object Recognition Test. Novel Object recognition test was
conducted as previously described (Leonzino et al., 2019). The
discrimination index was calculated as described elsewhere (Pitsikas
etal., 2001). For further details consult the supplementary materials and
methods section.

Human hippocampal samples. Postmortem hippocampal samples
derived from aged individuals (>80-year-old people) were obtained
from MRC London Neurodegenerative Diseases Brain Bank and associ-
ated brain banks, The Netherlands Brain Bank and BrainNet Europe, for
all the others we collected samples from a dedicated study. Experimental
protocols were approved by University of Milan Ethic Committee
(n.40-18) and Territorial Ethic Committee AUSLR, (n. 2019/0004645).
We used RPL13 as housekeeping gene to normalize gene expression.
RPL13 expression is stable during aging, as verified using the Microsoft
Excel-based tool BestKeeper (Pfaffl et al., 2004).

Statistical analyses. Data are shown as mean + SEM. For single
comparisons, we performed unpaired Student’s t-Test or Mann-Whitney
Test; for multiple comparisons, we either used one- or two-way ANOVA
variance analyses associated to Tukey’s post hoc test, only in case of
statistical significance of the ANOVA test. To this aim we used GraphPad
PRISM 8.0 software (RRID:SCR_002798). Verification of normal data
distribution was performed for all experimental datasets taking advan-
tage of GraphPad PRISM 8.0 software, applying the Shapiro-Wilk test.
To retrieve outliers, we took advantage of GraphPad PRISM 8.0 soft-
ware, applying ROUT method. We employed the number of experi-
mental animals predicted by statistical sample size determination using
the appropriate parameters (Power 0.8, o 0.05, § 0.2), within two in-
dependent study groups whose primary (continuous) endpoint is an
average.

3. Results

3.1. Structural analyses unravel neuroplastic impoverishment in the
hippocampus of neuroLSD1%C mice

Behavioral characterization of neuroL.SD1¥° mice, showing reduced
vulnerability to neuronal hyperexcitability (Rusconi et al., 2014) and
decreased anxiety profile (Rusconi et al., 2016), suggested diminished
E/I ratio. To define whether the central excitatory synapse was influ-
enced by neuroLSD1 modulation in the mouse brain, we performed
electron microscopy (EM) studies focused on hippocampal CAl, an area
in which regulation of neuroplasticity-instrumental transcription is
contributed by LSD1/neuroLSD1 ratio (Wang et al., 2015; Rusconi et al.,
2016). We compared two-month-old male mice carrying neuroLSD1
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deletion on C57BL/6N genetic backbone (namely neuroLSD1XC mice),
with wild type littermates. The analyses were performed in resting
conditions, in which behavioral traits can already be observed (Rusconi
et al., 2017). On the post synaptic side, we examined the post synaptic
densities (PSDs) in terms of length, thickness, volume and abundance. It
emerged that in neuroLSD1¥® mice both length and thickness
—evaluated on TEM images as previously described (Murru et al., 2017;
Folci et al., 2016)- were significantly reduced (Fig. 1A). Then, plotting
the size distribution of PSD length we observed that the peak of the
curve is shifted leftwards, indicating an increased frequency of smaller
PSDs in neuroLSD1X° mice (Fig. 1A). To parallel this observation about
PSD size with the spine head volume, we evaluated this parameter from
dendrites reconstructed from volumetric Serial Block Face - Scanning
Electron Microscopy (SBF-SEM) data-sets (Fig. 1B). We found that
measured dendritic spine volumes did not follow a normal distribution,
as already reported (Borczyk et al., 2019). Using Mann-Whitney test to
assess statistical significance, only a tendency toward decreased spine
volumes in neuroL.SD1¥° mice was detected. Anyway, variation of PSD
dimensions and dendritic spines volumes do not necessarily follow a
superimposable trend (Borczyk et al., 2019).

For what concerns PSDs count, corresponding to excitatory synapses
density, we used two different experimental techniques. Volumetric
SBF-SEM data showed a tendency to reduction in neuroLSD1¥° mice
compared to wild type (1.38 + 0.05 synapse/um® in neuroLSD1¥° mice
vs 1.47 + 0.06 synapse/um® in wild type mice Fig. 1C). This tendency
was confirmed by stereological analysis performed on TEM images (z-
stack) that revealed a similar trend toward reduction in the number PSD
comparing neuroL.SD1¥° mice to wild types (1.23 + 0.06 synapse/um’
in neuroLSD1%° mice vs 1.35 + 0.065yr1apse/um3 in wild type, Sup-
plementary Fig. 1A). In parallel with ultrastructural studies, we per-
formed optical microscopy experiments in which we stereologically
analyzed CAl dendrite images from Golgi-Cox impregnated mouse
brains, observing a significant 12% decrease in spine density in neuro-
LSD1¥C secondary and higher order dendrites compared to wild type
(Supplementary Fig. 1B). Such a reduced spine density may arise at least
in part from an optical underestimation of smaller spines, which are
indeed more represented in the knock out hippocampus (EM data) and
fall below the resolution power of optical microscope. However, Golgi
staining analyses, together with EM data, do suggest a positive contri-
bution of neuroLSD1 to dendritic spine biology that was further
confirmed by overexpression of HA-tagged neuroLSD1 along with EGFP
in primary cultured rat hippocampal neurons, leading to an increase in
spine density observed with confocal microscopy (Supplementary Fig.
10).

TEM analysis was also useful to quantitatively evaluate the presyn-
aptic side of hippocampal excitatory synapses by measuring presynaptic
areas, size and density of the synaptic vesicles pool as well as the mean
vesicle diameter (Supplementary Fig. 2A) and vesicle distribution within
the presynaptic bouton expressed as their distance from PSD (Cappello
et al.,, 2012) (Supplementary Fig. 2B). All considered presynaptic pa-
rameters were not affected by neuroLSD1 deletion.

Altogether these data suggest a peculiar signature of neuroLSD1
ablation in the hippocampus in terms of dendritic spine hypotrophy and
decreased PSD dimensions, forecasting inherent functional modulation
of the postsynaptic compartment in terms of reduced E/I ratio.

3.2. A biochemical bridge from structure to function

We next proceeded with the biochemical evaluation of the post-
synaptic compartment, employing a fractionation technique aimed at
resolving the protein composition of the PSD (see methods). We chose a
panel of post-synaptic components (Fig. 2A) including prominent scaf-
folding proteins involved in post-synaptic regulation and functionality
(PSD-95, SAP97, SAP102), ionotropic glutamate, AMPA and NMDA re-
ceptors (AMPAR, NMDAR) subunits (respectively, GluAl, GluA2 and
GluN1, GluN2A, GluN2B), and the immediate early protein Arc/Arg3.1.
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Fig. 1. NeuroLSD1 deletion generates an impov-
erished dendritic landscape at the CA1 region of the
mouse hippocampus. (A) Upper Panel: Transmission
Electron Microscopy (TEM) micrographs of the CAl
area of neuroLSD1¥° mouse hippocampus compared
to wild type littermates, arrows indicate post synaptic
density length of representative dendritic spines.
Lower Panel: mean length, thickness and PSD length
distribution in WT and neuroLSD1¥® adult mice.
More than 500 synapses from three mice for each
genotype were measured. (B) 3D dendritic recon-
struction from SBF-SEM data-sets showing a com-
parison between representative dendritic segments of
neuroLSD1%C mice CA1 area. Histogram compares
spine head volumes in wild type and neuroLSD1%°
mice calculated from Serial Block Face - Scanning
Electron Microscopy (SBF-SEM) data sets. (C) Repre-
sentative 3D EM image with PSDs digital recon-
struction. Histogram shows PSDs count performed
with SBF-SEM volumetric approach. Data are pre-
sented as means + SEM. ****p < 0.00001, with
Mann-Whitney test.
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Interestingly, quantifying western blots performed from total hippo-
campal protein extracts (Fig. 2B-C-D), we observed a common trend of
excitatory synaptic protein reduction, concerning all the analyzed fac-
tors in neuroL.SD1C mice compared to wild type littermates. However,
analyzing the PSD enriched fraction, while some of these proteins were
consistently reduced also at the PSD level, we found that some others
increased their levels locally at the synapse. In further detail, PSD-95, an
index of post-synaptic integrity and activity and similarly, the two
components of AMPAR GluAl and GluA2 were downregulated both in
total hippocampus extract and at the post-synaptic density (Fig. 2B). On
the contrary, all the three NMDAR subunits, GluN1, GluN2A and
GluN2B, and the main scaffolding proteins of AMPAR —-SAP97- and of
NMDAR -SAP102- involved in glutamate receptors anchoring to the
postsynaptic membrane, followed a common trend of reduction in total
extracts but increased at the synapses of neuroLSD1¥° mice compared to
wild type (Fig. 2C and D). Interestingly, the immediate early protein
Arc/Arg3.1, a validated direct LSD1/neuroLSD1 target which undergoes
downregulation in neuroL.SD1X° mouse cortex (Wang et al., 2015), be-
longs to this second group (Fig. 2D). This peculiar picture suggests a
possible synaptic compensation entailing either enhanced efficiency of
local translation/increased mRNA transport at the synapse or decreased
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protein degradation. As total protein extracts analysis showed a general
decrease in synaptic components, we evaluated whether this could be
due to direct LSD1 transcriptional regulation. This was the case, as we
could detect differences among mRNAs encoding PSD-95, AMPAR and
NMDAR subunits (Supplementary Fig. 3A). It has already been proposed
that LSD1 and neuroLSD1 directly control activity-dependent tran-
scription in neurons (Wang et al., 2015; Toffolo et al., 2014; Rusconi
et al., 2016, 2017), with these data we envisage a further direct role in
the modification of synaptic components. Altogether, these biochemical
data indicate that diminished PSD size in neuroLSD1¥° mice (EM data)
were paralleled by decreased amounts (biochemical data) of the most
abundant scaffolding protein of this compartment, namely PSD-95.
Interestingly, among the analyzed post-synaptic proteins, PSD-95 is re-
ported to increase, when overexpressed, the volume of dendritic spines
(Nikonenko et al., 2008). These data suggest a direct proportion be-
tween PSD-95 amounts and dendritic spines dimensions. On the con-
trary, as it has been reported that Arc/Arg3.1 overexpression in primary
hippocampal neurons increases the number of thin spines and filopodia
(Peebles et al., 2010), Arc/Arg3.1 increase at the synapse of neuro-
LSD1XC mice well-correlates with decreased PSD size (Fig. 1A right).
Interestingly, GluN1X° mice show considerably larger size of dendritic
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Fig. 2. NeuroLSD1 deletion modifies the biochemical
composition of the post synaptic density (PSD). (A)
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spines by the age of PND20 (Ultanir et al., 2007). This picture is
compatible with the decreased PSDs sizes of neuroLSD1X° mice, who
overexpress GluN1 at the synapses.

Notably, AMPAR and NMDAR levels diverge at the synapse of neu-
roLSD1¥C mice, with a clear decrease of AMPAR subunits and increase of
NMDAR components. To strengthen these data, coupling them with a
functional read out, we electrophysiologically measured AMPAR/
NMDAR currents in acute ex-vivo slices from adult neuroLSD1X° male
mice compared to wild type. Consistently with biochemical data, this
ratio was decreased (Fig. 2E) indicating that lack of neuroLSD1 in the
mouse brain results in a resting profile of depressed excitatory synapses,
and that, consequently, E/I ratio is reduced at least at the excitatory
compartment.

3.3. LTP impairment in neuroLSD1¥C mice leads to memory loss

To couple our structural and biochemical data with the search of
functional neuronal endophenotypes, we measured the best character-
ized form of long-term plasticity, traditionally indicated as one of the
foremost electrophysiological substrate of memory formation (Malenka
and Bear, 2004), in neuroLSD1X° mice and wild type littermates. A
protocol of theta burst stimulation was applied to ex-vivo acute hippo-
campal slices of 2-month-old male mice and synapse potentiation was
measured in terms of fEPSP normalized slopes. As we could foresee from
structural synaptic deficiencies, we observed impaired LTP in neuro-
LSD1X° mice, which was not completely abolished, reaching a synaptic
potentiation that is reduced of about 50% (Fig. 3A). Considering that
AMPAR represents a pivotal long-term potentiation (LTP) effector, its
overall decrease in the context of increased NMDAR in neuroLSD1¥°
mice should be considered as a biochemical proxy to LTP impairment.
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Fig. 3. Long term plasticity modifications coupled to memory impairment of
neuroLSD1X¥° mice. (A) Theta burst stimulation (TBS)-induced Long-Term
Potentiation (LTP) elicited in acute ex-vivo slices of 2-month-old male neuro-
LSD1¥° mice hippocampus compared to wild type littermates (n = 7 wild type
mice, n = 12 neuroLSD1%°® mice). Upper panel, representative fEPSPs traces
before (black trace) and after (red trace) TBS-LTP. Middle panel, time course of
the normalized fEPSPs recording. Lower panel, ratio between WT an KO traces
35 e 45 min post-conditioning. *p < 0.05, with Student’s t-test. (B) Low fre-
quency stimulation (LFS)-induced Long Term Depression (LTD) elicited in acute
ex-vivo slices of 2-month-old male neuroLSD1¥° mice hippocampus neuro-
LSD1¥° mice hippocampus compared to wild type littermates (n = 5 mice per
genotype). Upper panel, representative fEPSPs traces before (black trace) and
after (red trace) LFS-LTD. Middle panel, time course of the normalized fEPSPs
recording. Lower panel, ratio between WT an KO traces 35 e 45 min post-
conditioning (C) Novel Object Recognition analysis performed at 5-120 min
and 24 h in 2-month-old male neuroLSD1¥° mice (n = 12 mice per genotype).
Data are presented as means + SEM. *p < 0.01, **p < 0.001, ***p < 0.0001,
two-way ANOVA coupled to Tukey post hoc test. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

However, endorsing the idea that LTP does not only represent a modi-
fication of the ionotropic glutamate receptor asset (with new AMPAR
insertion in the post-synaptic membrane) but also relies on a wider
neuronal rearrangement including spines structural changes (Sheng and
Ertiirk, 2014), we here suggest that neuroLSD1¥° mice represent an
example of integration of these molecular (biochemical PSD profile) and
structural aspects (EM data). These lines of evidence prompted us to also
evaluate long-term depression (LTD) in neuroL.SD1%° mice. Indeed, the
primary molecular LTD correlate is AMPAR removal from the
post-synaptic membrane, but this form of plasticity is sustained over
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time through synapse involution entailing spine shrinkage and/or
diminished volumes (Sheng and Ertiirk, 2014; Li et al., 2010). LTD was
measured with a protocol of low frequency stimulation (LFS). Notably,
this form of long-term synaptic plasticity is fully preserved (Fig. 3B),
indicating that diminished spine volumes and decreased presence of
AMPAR in resting conditions does not impede, neither enhance the in-
duction of electrophysiological synapse depression. To test the hypoth-
esis that LTP impairment could be coupled to memory defects in
neuroLSD1X° mice, we set a Novel Object Recognition (NOR) analysis in
neuroLSD1 mutant mice. At all the three different time points analyzed,
5, 120 min and 24 h after the familial object replacement with a novel
one, we observed short- and long-term memory impairment, as our
animals did not spend more time exploring the novel object compared to
the familial one (Fig. 3C). These data were consistent with other ob-
servations of decreased memory formation in a similar model (Wang
et al., 2015). Interestingly, in our experiments, memory impairment is
already present in heterozygous mice, meaning that also a physiological
modulation of neuroLSD1, such as that occurring in response to a
paradigm of psychosocial stress (Rusconi et al., 2016, 2017; Colombo
et al, 2009) might be functional to an impairment of memory
consolidation.

3.4. Glutamatergic nature of physiological LSD1/neuroLSD1 balance
modulation

We previously reported that a single session of social defeat stress
(SDS) elicits in the mouse hippocampus a transient splicing reduction of
neuroLSD1 (Rusconi et al., 2016, 2017; Colombo et al., 2009). Stress
triggers hippocampal glutamatergic neurons activation. This is the
reason why to investigate neuronal pathways promoting LSD1/neur-
oLSD1 splicing response, we stimulated primary hippocampal neurons
with bicuculline (BIC), a chemical paradigm aimed at excitatory neuron
disinhibition via GABA receptor antagonism. Upon BIC treatment,
glutamate is released exerting a synaptic stimulation that has been
shown to activate both ionotropic and metabotropic glutamate receptors
(Hardingham et al., 2002), along with inherent signal transduction. We
stimulated primary cultured rat neurons at DIV14 for 30 min, and 8 h
following BIC wash out we analyzed LSD1/neuroLSD1 splicing ratio at
the mRNA level with rqfRT-PCR (Rusconi et al., 2014). We chose this
time interval as we knew that in mice LSD1 splicing needs some hours to
be modulated by stress (Rusconi et al., 2016, 2017). Surprisingly,
BIC-treated neurons did not display differences compared to control
cultures, indicating that synaptic glutamate stimulation (Hardingham
et al., 2002) is not competent per se to challenge LSD1/neuroLSD1 ratio
(Fig. 4A). We reasoned that, since environmental stress facilitates LTD
induction, a long term synaptic plasticity which requires concomitant
synaptic and extrasynaptic NMDAR stimulation (Papouin et al., 2012),
to mimic stress effects in vitro, NMDA bath application to neuronal
cultures could represent a valid alternative. We used a stimulation
protocol entailing 10 min of 50 pM NMDA, featuring low or absent
excitotoxic effects (Li et al., 2010). A time course experiment showed
that starting from 30 min after wash out a tendency toward neuroLSD1
downregulation is evident, becoming highly significant at 2 h. At later
time points neuroLSD1 transcripts almost disappear, becoming LSD1 the
only splicing isoform present (Fig. 4B). Notably, total LSD1 mRNA does
not significantly change (Fig. 4C), indicating a post-transcriptional
splicing effect rather than neuroLSD1 mRNA degradation. We dis-
closed NMDAR involvement in this process as both competitive antag-
onist APV and the open pore NMDAR blocker MK-801 prevent
LSD1/neuroLSD1 ratio modulation (Fig. 4D).

These in vitro observations gave us the chance to dissect not only the
gateway of LSD1/neuroLSD1 splicing modulation, namely NMDAR
stimulation, but also the importance of concomitant stimulation of
synaptic and extrasynaptic NMDAR to promote such a modulation (Li
et al., 2010; Papouin et al., 2012). To verify whether also in vivo
LSD1/neuroLSD1 splicing modulation in response to environmental
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Fig. 4. LSD1/neuroLSD1 ratio modulation displays a specific glutamatergic drive. A) Effect of Bicuculline (BIC) treatment on DIV14 cultured hippocampal primary
rat neurons (40 pM for 30 min, neurons harvested 8 h after BIC wash out, WO) over the relative ratio of the two splicing isoforms LSD1 and neuroLSD1. (B) Time
course experiment showing the effect of NMDA administration to DIV14 cultured hippocampal primary rat neurons (50 pM for 10 min, neurons harvested 30 min, 2,
3,7 and 8 h after NMDA WO). *Relative to controls. (C) Total LSD1 isoforms mRNAs levels upon 50uM NMDA, neuronal cultures were incubated with NMDA for 10
min, neurons were harvested 8 h after NMDA WO. Data are presented as means + SEM. ****p < 0.00001, one-way ANOVA (D) Specificity of NMDAR activation in
the modulation of the relative ratio LSD1/neuroLSD1 was assessed by competitive and non-competitive NMDAR inhibitors APV and the open pore blocker MK-801.
Data are presented as means = SEM. ****p < 0.00001, one-way ANOVA. *Relative to controls. (E) Effects of in vivo acute social defeat stress performed in wild type
2-month-old male C57BL/6N naive mice, vehicle-treated and MK-801 treated mice, comparing unstressed controls (CTR) with mice administered with 7 h-long stress
session (ASDS, 5 min direct interaction with CD1 stressor mouse, 7 h in olfactory and visual contact with the stressor by means of a plexiglass barrier separation), over
LSD1/neuroLSD1 splicing ratio in the hippocampus (n = 6 mice for each condition). *Relative to controls.elative to naive ASDS. Data are presented as means + SEM.
*HEkp < 0.00001p < 0.00001 two-way ANOVA coupled to Tukey post hoc test. (F) Effects of a learning paradigm (Familiarization phase of Novel Object Recognition,
NOR) on LSD1/neuroLSD1 splicing ratio in the mouse hippocampus. Animals were sacrificed 7 h after a 20 min exposure to the same objects used for NOR in Fig. 3,
(n = 5 mice per condition). Data are presented as means + SEM.

stress is primed by glutamate stimulation of the NMDAR, we performed differently from NMDA bath application), we evaluated whether a

a single (acute) 7 h-long session of social defeat stress (ASDS) in animals different typology of environmental stimuli, such as learning in the NOR
systemically administered with MK-801 (0.3 mg/kg) or vehicle, 30 min paradigm, could similarly induce LSD1/neuroLSD1 ratio modulation. As
before stress. As shown in Fig. 4E, MK-801 does not interfere with the isoform ratio modulation occurs via a splicing process that requires 2-7
basal ratio of LSD1/neuroLSD1, and vehicle-treated stressed mice h (Longaretti et al., 2020), we measured neuroLSD1 relative levels in the
behave exactly as naive mice, significantly decreasing their hippocam- hippocampus 7 h after object familiarization, within a window of active
pal level of neuroLSD1. On the contrary, MK-801 pretreatment pre- declarative memory consolidation. Interestingly, this paradigm did not
vented stress-induced neuroLSD1 downregulation (Fig. 4E), in vivo modify LSD1/neuroLSD1 levels (Fig. 4F).
supporting NMDAR involvement in the modulation of LSD1 splicing. These data suggest that LSD1/neuroLSD1 ratio is modulated in the
As we outlined that BIC-induced neuronal activation per se cannot hippocampus in response to selected paradigms of neuronal activation
trigger neuroLSD1 splicing downregulation in vitro (Fig. 4A and B, including stressful situations. In this regard, we hypothesize that LSD1
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splicing responses to intense glutamatergic stimuli possibly entailing
synaptic and extrasynaptic NMDAR co-stimulation might hold a ho-
meostatic nature being aimed at a transient restrainment of the gluta-
matergic compartment within the context of stress response.

3.5. An exon-skipping tool to pharmacologically decrease neuroLSD1
modifies basal synaptic glutamate transmission

Putting all the pieces of the puzzle together, we realized that i)
glutamate-driven neuroLSD1 stress-induced downregulation through
NMDAR ionotropic function and ii) decreased spine trophism and
reduced expression of AMPAR in neuroLSD1%° mice, taken as a whole
could represent read outs of a putative synaptic homeostatic process.
Thus, we decided to test contribution of neuroLSD1 downregulation to
synaptic excitability, analyzing miniature excitatory and inhibitory
postsynaptic currents (mEPSCs and mIPSCs) in rat primary neurons. In
particular, likewise stress (Rusconi et al., 2016), AON-mediated exon--
skipping allows neuroLSD1 decrease with equal LSD1 increase. Indeed,
as we told above, neuroLSD1 is an alternative LSD1 splicing isoform
generated by neuron-restricted inclusion of a 12-nt long microexon,
called E8a. Taking advantage of our previous study on the splicing

A
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mechanism regulating neuroLSD1 expression (Rusconi et al., 2014) that
entailed splicing reporter minigene experiments, we were able to
disclose that within E8a downstream intron, a palindromic cis-element
was located, exerting a prominent negative effect against E8a inclusion
(Fig. 5A). As such, deletion of this 21 nt string from the minigene
(MG800-Apal), resulted in marked upregulation of E8a inclusion in
chimeric minigene-derived transcripts upon transfection in neuroblas-
toma cell lines (Rusconi et al., 2014). We directly used this information
to design a 21 nt-long antisense oligonucleotide with the same sequence
of the palindromic complementary-reverse endogenous element
(AON-21-E8a), using it to promote exon E8a skipping (Fig. 5A). For
thorough functional AON-21-E8a characterization see Supplementary
materials and methods section and Supplementary Figs. 3C-E. We
treated rat primary neurons for 36 h with the established dose of 15 pM
AON-E8a-21 and performed an electrophysiological analysis aimed at
measuring spontaneous synaptic transmission in terms of mEPSCs and
mIPSCs. Note that used AONs were efficiently uptaken by 100% neu-
rons, as shown by administration to the culture media of AONs cova-
lently bound to oligothiophene fluorophore (Supplementary Fig. 3E).
Remarkably, transient neuroLSD1 downregulation exerted a negative
effect on both mEPSCs frequency and amplitude, in the context of

Fig. 5. NeuroLSD1 pharmacological inhibition in
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unchanged mIPSCs parameters (Fig. 5B). Every treated neuronal culture
was checked for effective neuroLSD1 downregulation with rqfRT-PCR
(Fig. 5C). These results suggest that in an in vitro system where neu-
roLSD1 downregulation is uncoupled to whatsoever glutamate signaling
and transduction (i.e. an environmental stress or NMDA treatment that
physiologically engage neuroLSD1 downregulation), we obtained the
same effect on mEPSCs that can be obtained by eliciting homeostatic
synaptic plasticity via sustained glutamate stimulation (Xu and
Pozzo-Miller, 2017; Turrigiano, 2012). These data provide an in vitro
perspective that neuroLSD1 downregulation upon stressful paradigms of
hippocampal neuronal activation could contribute to fine tuning gluta-
mate responses inherently decreasing synaptic excitability.

3.6. LSD1/neuroLSD1 modulation in the human hippocampus, an aging
adaptation?

Many works described molecular and behavioral implications of
LSD1 and neuroLSD1 in neurons, and in the mouse brain (Wang et al.,
2015; Rusconi et al., 2014, 2016, 2017; Longaretti et al., 2020). Yet,
notions of a LSD1/neuroLSD1 relevance in the human brain and possible
alterations in physiological and pathological conditions have never been
addressed before. To fill this gap, we decided to analyze LSD1 and
neuroLSD1 expression in human cerebral tissues, sampling post-mortem
female and male hippocampal specimens of different ages. We collected
10 female and 23 male hippocampal samples ranging ages 20 to 94
(Supplementary Table 1). We extracted RNAs from frozen tissues to
evaluate the presence and relative ratio of the two LSD1 splicing iso-
forms. In detail, with rqfRT-PCR, we measured significantly decreased
LSD1/neuroLSD1 ratios along with aging in both male and female
hippocampi as shown by linear regression analysis and comparing in-
dividuals pooled in three age ranges, adults (20-59-year-old), seniors
(60-79) and the elderly (more that 80-year-old) (Fig. 5D). These data
were confirmed by qPCR analysis showing an isoform specific neu-
roLSD1 decrease along with aging (Supplementary Fig. 4A). Notably,
when ages reach over 80 thresholds, neuroLSD1 relative expression drop
to negligible levels (Fig. 5D and Supplementary Fig. 4A). Total LSD1
transcripts levels (Pan-LSD1 mRNA) measured with primers that do not
discriminate the two splicing isoforms, revealed slightly decreased LSD1
isoforms representation in the elder hippocampus (Supplementary Fig.
4B). Notably, we did not evaluate a gender effect of neuroLSD1 modu-
lation when pooling all females and males neuroLSD1 values (Supple-
mentary Fig. 4C). Interestingly, these data provide first evidence that
LSD1/neuroLSD1 ratio undergoes age-related modulation in the human
brain. Our results also suggest that within an old hippocampus, severe
neuroLSD1 decrease leaves free rein to LSD1 repressive activity, opening
several relevant questions about the protective or detrimental nature of
such a molecular adaptation. Anyway, taking in mind impoverishment
of dendritic spine morphology associated to neuroLSD1%° mice, stable
neuroLSD1 downregulation in the human aging hippocampus (in stark
contrast with transient, stress-induced neuroLSD1 decrease),
well-correlates with known age-related neurostructural decline affecting
both cortical and limbic structures, not to mention that neuroLSD1
decrease in the elder hippocampus likely contributes to hampering
memory consolidation, a core aspect of aging.

4. Discussion

Within this work we propose that in response to environmental
stress, along with neuronal processes devoted to associating contextual
cues to the aversive paradigm (Gupta et al., 2010; Alarcon et al., 2004), a
protective neurospecific mechanism opposing to memory consolidation
is engaged. This mechanism is based on the splicing-mediated decrease
of a neuroplasticity enhancer, namely neuroLSD1 (Rusconi et al., 2016;
Longaretti et al., 2020). We here show, combining in vitro and in vivo
approaches, that neuroLSD1 downregulation contributes to a negative
feedback, directly elicited by glutamate via activation of the NMDAR
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and devoted to temporarily reduce glutamatergic synapse excitability.
We already showed that a trans-acting splicing regulator, namely
nSR100, is responsible for LSD1/neuroLSD1 splicing modulation pro-
moting exon E8a inclusion in LSDI1 gene-derived transcripts. Interest-
ingly, upon certain typologies of neuronal depolarization, also nSR100
levels strongly decrease (Quesnel-Vallieres et al., 2016), consistently
with a negative activity-dependent role on neuroLSD1 splicing genera-
tion. Activity-sensitive microexon E8a alternative splicing (allowing in
neurons the co-presence of the two LSD1 isoforms, as well as their
relative modulability) represents a coincidence detector of synaptic and
extrasynaptic NMDAR stimulation. Indeed, only simultaneous activation
of the spatially distributed NMDARs -and not the sole BIC-induced
synaptic NMDAR stimulation- triggers neuroLSD1 decrease, steering
neuronal plasticity toward a homeostatic reduction of synaptic excit-
ability which, in the light of anxiolytic effects of neuroLSD1 deletion in
vivo (Rusconi et al., 2016, 2017), can be interpreted as adaptive.
Consistently, lack of neuroLSD1 impedes those plastic processes such as
LTP, devoted to increasing neuronal excitatory responses, that again are
hampered within a peculiar window of acute stress response in which
formation, consolidation, and memory retrieval are temporarily
occluded (Diamond et al., 2007; Zoladz et al., 2006). Interestingly, in the
hippocampus these two processes —neuroLSD1 and LTP stress-induced
decrease— occur within the same time window upon environmental
stress exposure (Diamond et al., 2007; Rusconi et al., 2016).

The notion that hippocampal LSD1/neuroLSD1 ratio is specifically
modulated by psychosocial stress but not by a non-traumatic learning
paradigm, adds a further evidence to the elusive, but already proposed
idea that environmental stress induces simultaneous stimulation of
synaptic and extrasynaptic NMDARs via glutamate spill-over (Yang
et al., 2005). In this regard, it is relevant to underline how an identical
effect on hippocampal LSD1/neuroLSD1 ratio is triggered in response to
pharmacologically-induced epilepsy (Rusconi et al., 2014). Seizures
similarly to stress, entail functional correlates of hippocampal glutamate
spill-over and consequent extrasynaptic NMDAR stimulation (Demarque
et al., 2004; Parsons and Raymond, 2014). Intriguingly, environmental
stress facilitates LTD acquisition (Wong et al., 2007), a long term plas-
ticity requiring simultaneous NMDAR subsets activation (Papouin et al.,
2012) and in vitro NMDA bath application induces chemical LTD (Sheng
and Ertiirk, 2014; Li et al., 2010), a process that recapitulates the
morphological impoverishment of dendritic spines induced by neu-
roLSD1 genetic decrease. For all these evidences, we hypothesize that
neuroLSD1 downregulation concurs to the well-described transient
stress-induced decrease of hippocampal neuroplasticity associated to
memory consolidation impairment (Diamond et al., 2007; Cadle and
Zoladz, 2015).

Relevantly, we discovered that a learning paradigm (NOR) is not able
to induce a modification of the relative ratio between LSD1 and neu-
roLSD1. We judge this experiment fundamental to clarify the message of
our work. Checking for the effect of NOR learning on LSD1 isoforms
relative ratio we ultimately had the chance to assess that only a stronger
activation of the glutamatergic compartment, induced in the hippo-
campus for instance by environmental stress, pharmacological epilepsy
(Rusconi et al., 2014), or mimicked in vitro by NMDA bath application,
elicits homeostatic modifications including neuroLSD1 decrease. This
experiment gives us the possibility to conclude (if interpreted in the light
of the other results described in this manuscript) that neuroLSD1
downregulation takes part to an emergency-like program of gluta-
matergic restrainment. Such glutamate-buffering activity may specif-
ically respond to the need of protecting glutamatergic circuitry from
potential glutamate-related damages, meanwhile reducing traumatic
memory consolidation, and is not engaged by a milder, learning-only,
stress-devoid paradigm as the NOR. In fact, NOR paradigm quintessen-
tially stimulates learning and memory formation and consolidation
probably also because, exploiting a synaptic-restricted NMDAR stimu-
lation, it does not modify LSD1/neuroLSD1 ratio, fully preserving the
neuroplasticity enhancement function of neuroLSD1 (Rusconi et al.,
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2017).

We recently provided some lines of evidence that within chronic
social defeat stress, the splicing-modifying mechanism transiently
regulating the relative LSD1/neuroLSD1 amount (or its activity-
dependent switch), might undergo desensitization (Longaretti et al.,
2020). It will be interesting to assess whether, in the light of the sug-
gested smemorizing role of neuroLSD1 downregulation, splicing
desensitization could be associated to stress susceptibility aspects, via
strengthening stressful memories thereby making the negative affective
stress component unforgettable. Giacomo Leopardi, a famous Italian
poet of the 1800s, wrote in his poetry “Alla Luna”: “Nonetheless I enjoy
the remembrance, walking down the ages of my sorrow”. These verses
provide the poet’s perspective to the idea that even if our memories can
be unpleasant or traumatic, their recall and content can be softened by
the fleeting nature of a resilient-like emotional information processing,
to which properly balanced pro- and anti-memorizing psychobiological
processes concur (Gravitz, 2019).

The relevance of our results is enhanced by human post-mortem data
demonstrating the existence of LSD1 and neuroLSD1 in the human
hippocampus, as well as their relative modulation during aging, further
providing a new perspective to better understand the functional impli-
cations of neuroLSD1 decrease. Indeed, even if progressive physiological
knock down of neuroLSD1 in the aging human hippocampus accounts
for just one molecular modification among the many age-related
neuronal markers, it is highly suggestive of a hypofunctional drift at
the cellular, circuital, and behavioral level, possibly concurring to frailty
features. On the other hand, neuroLSD1 downregulation in aging, with
the complementary increase of the corepressor LSD1, could take part to
a necessary trade-off aimed at preserving —at the expenses of neuro-
plasticity and cognitive flexibility— neuroprotection. Notably, upregu-
lation of the transcriptional silencer REST represents, as well, a general
hallmark during human brain aging. Remarkably, a causal role for REST
in preserving neuronal survival, and extending lifespan, has been related
to an upregulation of REST repressor function rather than to the critical
level of individual REST upregulation (Zullo et al., 2019; Lu et al., 2016).
All these data suggest that REST corepressors (including LSD1, CoOREST
and HDAC2) should play a fundamental role in enhancing REST
repressive activity, downgrading synaptic genes transcription and
operating a circuitry shift of E/I ratio towards reduced excitability (Zullo
et al., 2019; Lu et al., 2016). This picture, as we previously published
(Rusconi et al., 2014) and further show here, is phenocopied by neu-
roLSD1 genetic and pharmacological deletion.
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