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Abstract
Gene expression and epigenetic processes in several brain regions regulate physi-
ological processes such as cognitive functions and social behavior. MacroH2A1.1 is 
a ubiquitous variant of histone H2A that regulates cell stemness and differentiation in 
various organs. Whether macroH2A1.1 has a modulatory role in emotional behavior 
is unknown. Here, we employed macroH2A1.1 knock-out (−/−) mice to perform a 
comprehensive battery of behavioral tests, and an assessment of hippocampal syn-
aptic plasticity (long-term potentiation) accompanied by whole hippocampus RNA 
sequencing. MacroH2A1.1−/− mice exhibit a stunningly enhancement both of socia-
bility and of active stress-coping behavior, reflected by the increased social behavior 
in social activity tests and higher mobility time in the forced swim test, respectively. 
They also display an increased hippocampal synaptic plasticity, accompanied by sig-
nificant neurotransmission transcriptional networks changes. These results suggest 
that systemic depletion of histone macroH2A1.1 supports an epigenetic control nec-
essary for hippocampal function and social behavior.
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1  |   INTRODUCTION

In addition to canonical histones (H1, H2A, H2B, H3, and 
H4), histone variants replace replication-coupled histones in 
a subset of nucleosomes, conferring chromatin unique prop-
erties to modulate gene expression.1 Histone variants have 
specific genomic distribution; they are regulated by ad hoc 
deposition and removal machineries and have important roles 
in development, cell plasticity and cancer.1 MacroH2A1 is a 
variant of histone H2A, coded by the gene H2AFY, that reg-
ulates cell plasticity and proliferation during pluripotency 
and tumorigenesis,2,3 and participates in the formation of 
senescence-associated heterochromatic foci (SAHF) in senes-
cent cells.2 Moreover, macroH2A1transcript levels have been 
found to be upregulated in the brains of patients and in mouse 
models of Huntington's disease, a neurodegenerative disease 
characterized by movement disorders, psychiatric symptoms 
and dementia,4 and in Alzheimer's disease.5 Interestingly, 
Zovkic et al highlighted histone variant exchange (eg, H2A.Z) 
as a mechanism contributing to the molecular basis of cog-
nitive function and memory.6 Since macroH2A functions as 
a chromatin component and transcriptional regulator,7 and 
defects in the mechanisms of chromatin silencing are the 
underlying cause for several mental retardation syndromes, 
including Rett syndrome and the Fragile-X syndrome,8 it 
would be plausible that macroH2A histone variants replace-
ment could have a role in the development of neuropsychiatric 
conditions. MacroH2A1 is present in two alternatively exon-
spliced isoforms, macroH2A1.1 and macroH2A1.2 and, re-
cently, significant mRNA expression for the two isoforms has 
been found in the brain of adult mice9; however, the role of 
the two isoforms in the regulation of central nervous system 
(CNS) functions has never been investigated.

Here, we assessed the role of macroH2A1.1 in affecting emo-
tional behavior by using whole-body knock-out (−/−) mice for 
the histone macroH2A1.1.9 Mice were submitted to a battery 
of behavioral tests for assessing emotional, cognitive, and social 
domains.10 In addition, we evaluated hippocampal synaptic plas-
ticity, and specifically long-term potentiation (LTP), which is par-
ticularly relevant in neuropsychiatric disorders.11 We show here 
that genetic depletion of the histone macroH2A1.1 increments 
hippocampal synaptic plasticity at the transcriptional and func-
tional level, and boosts social behavior. We propose that systemic 
deletion of macroH2A1.1 might provide a strong rationale for an 
epigenetic therapy aiming at improving social behavior.

2  |   METHODS AND MATERIALS

2.1  |  Animals

Mice lacking macroH2A1.1 were generated as follows9: a 
12 kb segment of the murine H2AFY gene (introns 5-8) was 

subcloned from a BAC by recombineering into p15A-HSV 
tk-DTA-amp. A lacZ-neo cassette, flanked by loxP and rox 
sites at the 5′and 3′ ends, respectively, was inserted into the 
intron between exons 6a and 6b, also by recombineering. 
Another rox site was inserted upstream of exon 6a and an-
other loxP site inserted downstream of exon 6b so that Dre/
rox recombination12 would remove exon 6a and the lacZ-neo 
cassette, and Cre/loxP recombination would remove exon 6b 
and the lacZ-neo cassette; thus, Cre recombination will elimi-
nate macroH2A1.1 expression. Southern blotting of genomic 
NheI-digested DNA from individual ES-cell-derived clones 
with a 3′ probe was used to identify homologous recom-
binants.9 A 12.3-kb DNA fragment corresponds to the wild-
type macroH2A1.1 locus; integration of the loxP-flanked 
neomycin cassette 3′ of exon 6b introduced an additional 
NheI site, thus increasing the size of the NheI DNA frag-
ment to 16.2 kb in the targeted allele.9 Cre-mediated recom-
bination resulted in a 3.9-kb NheI DNA fragment recognized 
by the 3′ probe, which is diagnostic of the macroH2A1.1 
allele. The targeting of the macroH2A1.1 allele was per-
formed by electroporation of A9 ES cells, which were then 
injected into C57BL/6 eight cell-stage embryos. The targeted 
macroH2A1.1Fl/Fl mice were crossed to delete HPRT-Cre 
mice (129S1/Sv-Hprttm1(CAG-cre)Mnn/J), purchased from 
Jackson Laboratories, USA, to remove the loxP-flanked 
neomycin cassette and generate macroH2A1.1Fl/− mice 
(heterozygous, HET), respectively. Mice heterozygous for 
the macroH2A1.1 allele were further crossed to delete Cre 
mice to generate the macroH2A1.1−/− (knockout, KO) mice, 
respectively. All mice used were obtained after eight gen-
erations of back crossing on a C57Bl/6 genetic background. 
Mice were bred and maintained at the EMBL Mouse Biology 
Unit, Monterotondo, or at Plaisant Srl (Rome, Italy), in ac-
cordance with current European and Italian legislation 
(2010/63/EU, DI 26/2014). All animal procedures were 
approved by the Ethical Committee (OPBA) of the Italian 
National Health Institute (Rome, Italy) and by the Italian 
Ministry of Health (specific authorization n° 183/2019-PR, 
protocol 6629-P-08-03-2019).

2.2  |  Behavioral test and 
experimental design

Behavioral experiments in 6-8  weeks old mice, were con-
ducted in battery with 3-4 days in between two consecutive 
tests, in the following order: (1) low- or mild-stress situa-
tion, (a) exploratory-based approach avoidance conflict tests: 
open field (OF)10,13–15 elevated plus maze (EPM),10,16,17 
spontaneous alternation and spatial recognition memory in 
the Y-maze,18 novel object recognition (NOR),19 (b) social 
approach: reciprocal social interaction (SIT) and social in-
vestigation test (Sinv),10,20 (c) sensorimotor gating in the 
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prepulse inhibition, PPI21,22; (2) high-stress situation: (d) fear 
conditioning (FC) test22–25; (e) hot plate test26 (e) depressive-
like behavior paradigm: forced swim test (FST).17,27,28

2.2.1  |  Spontaneous locomotor activity

Exploratory activity of macroH2A1−/− and macroH2A1.1Fl/Fl  
mice was evaluated in the open field (OF) test, as described 
previously.10,16,17 The experiment was performed in a squared 
box (60 × 60 × 60 cm), in which the animal was placed in the 
central zone of the apparatus equipped with infrared beams 
(TruScan; Coulbourn Instruments, Allentown, PA, USA) and 
allowed to explore for 20 minutes at 300 lux. Horizontal loco-
motion (total, margin, or central distance moved) were ana-
lyzed during the 20-min monitoring period. Each session was 
recorded on a HDD using a video-camera and then scored 
off-line by an experienced observer by means of a video/
computer system ANY-MAZE. After each session, the ap-
paratus was cleaned with a solution containing neutral soap.

2.2.2  |  Elevated plus maze

The apparatus consisted of two opposite open arms, 
(30 × 5 cm) and two arms with walls (30 × 5 × 14 cm) that 
were attached to a central platform (5  ×  5  cm) to form a 
cross. The maze was elevated 50  cm from the floor.10,16,17 
Illumination measured at the center of the maze was 300 lux. 
The animal was placed in the center of the maze facing one of 
the closed arms, and observed for 5 minutes, according to the 
following parameters: number of entries in the open or closed 
arms and time of permanence in each arm (ie, the time spent 
by the animal in the open or closed arms). An entry was de-
fined as all four paws having crossed the line between an arm 
and the central area. It is accepted that the anxiolytic effect 
of a drug treatment is illustrated by increased parameters in 
open arms (time and/or number of entries; Ref. 16: for phar-
macological validation of our current set-up). The augmented 
percentage of entries in open arms over the total entries in 
both arms is a good indicator of reduced anxious-like pheno-
type as well. Entries in closed arms and total entries reflect 
the motor component of the exploratory activity. On removal 
of each mouse, the maze floor was carefully wiped with a 
wet towel. All trials were recorded on a HDD using a video 
camera and then scored off-line by an experienced observer 
by means of a video/computer system ANY-MAZE.

2.2.3  |  Three trial Y maze

Working and spatial recognition memory was assessed 
by spontaneous alternation behavior in the Y-maze task as 

described in Melnikova et al (2006) with some modifica-
tions.29 Experiments were carried out in a Y-maze con-
structed from grey Plexiglas and consisting of three identical 
alleys diverging at a 120° angle one to the other and an equi-
lateral triangular central area. During the first trial (trial 1) the 
mouse was placed in the center of the Y-maze and allowed to 
explore freely for 5 minutes. The sequence of arm entries was 
recorded. An arm entry occurs when a mouse moves all four 
paws into the arm crossing the threshold of the central zone. 
An alternation is defined as the entry in a different arm of the 
maze in three consecutive arm entries. The number of maxi-
mum alternations is the total number of arm entries minus 
two and the percentage of alternations is calculated as the 
ratio of actual to maximum alternations multiplied by 100: 
(actual alternations/maximum alternations) × 100. One week 
later, two more different trials (5  minutes each) were per-
formed. In the first one (trial 2), an arm was closed allowing 
the mouse to explore only two arms of the maze. In trial 3, 
performed after 10 minutes, the arm block was removed and 
the mouse had free access to the three arms. Total number 
of arm entries, number of entries in each arm, as time spent 
and distance travelled by the animal was measured during all 
three trials.

2.2.4  |  NOR test

NOR was performed as previously described with minor 
modifications.19 Briefly, mice were habituated to an open 
field chamber (43 × 43 × 20) for 20 minutes. After 24 hours, 
two identical objects were placed in the maze equidistant 
from the walls and the center of the open field and mice 
were allowed to explore the two objects for10 minutes. After 
1 hour during which mice came back in their home cages, 
the trial was repeated with one familiar and one novel ob-
ject for 10  minutes. The time spent exploring the familiar 
and novel object was recorded using ANY-maze video track-
ing system (UGO BASILE). A mouse was considered to be 
exploring the object if it was sniffing, touching or facing it 
within 2 cm or less, and measurements were recorded in sec-
onds. Between each trial, the open field was cleaned with a 
solution containing neutral soap to eliminate olfactory cues. 
To determine novelty preference, a discrimination index 
(DI) was calculated as follows: [(time spent with the novel 
object−time spent with the old object)/(time spent with the 
novel object + time spent with familiar object) × 100].

2.2.5  |  Social interaction test

The test was carried out in a moderately illuminated room, as 
previously described.10,20 After 5 minutes of habituation in 
a similar test cage, 2 unfamiliar mice of same age, sex, and 
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genotypes were placed at the opposite ends of a Plexiglas 
box (60  ×  60  ×  60  cm) and left free to interact with each 
other for 10 minutes. Social behaviors were defined as fol-
lowing, sniffing, mounting, nosing, and grooming. The arena 
was cleaned with ethanol (70%) and dried after each trial. 
The whole testing phase was recorded and analyzed by two 
observers blind to the genotype groups. We recorded the time 
spent in social behaviors and the number of interactions.

2.2.6  |  Social investigation test

Social investigation (SInv) task was conducted as previously 
described.30 The test took place in a Plexiglas three chamber 
box divided into three equal compartments (30 × 30×30 cm) 
that were interconnected by small opening (6 × 5 cm) with 
guillotine doors. An empty perforated plastic cup was placed 
in each side of the box. During the habituation phase the 
animal was placed in the center chamber of the test box and 
allowed to explore only this room for 5 minutes. After this 
session, an unfamiliar mouse of the same age, sex and geno-
type was placed in one of the cup. The cup in the opposite po-
sition was left empty. Both doors were opened and the animal 
was allowed to explore all three compartments for 10 min-
utes. The number of interactions with both cups as the time 
spent in each chamber and in direct contact with the cups, 
was recorded and analyzed off-line by two observers blind to 
the genotype groups.

2.2.7  |  Forced swim test

The forced swim test (FST) employed here was essentially 
similar to that described elsewhere.17,27,28 Mice were indi-
vidually placed into transparent cylinders (height 23.5  cm; 
diameter 16.5 cm) containing 15 cm water at 25 ± 1℃ for 
6  minutes. The water was changed after each trial. After 
vigorous activity, swimming attempts cease and the animal 
adopts a characteristic immobile posture. A mouse is judged 
to be immobile when it floats in upright position and makes 
only small movements to keep its head above water. The du-
ration of mobility was recorded during the last 4-min of the 
6-min testing period. All trials were recorded for subsequent 
off-line analysis.

2.2.8  |  Pre-pulse inhibition

PPI is traditionally adopted to evaluate sensorimotor gating 
capabilities in mammals through the analysis of the reduction 
in startle response produced by the presentation of a prepulse. 
The experimental apparatus (Med Associates inc. St Albans, 
VT, United States of America) was constituted by a platform 

with a transducer amplifier (PHM-250-60) and an acoustic 
stimulator (ANL-925). The apparatus was positioned in a 
foam-lined isolation chamber (ENV-018S). Dimmed light-
ing and ventilation were guaranteed by a red light and a fan 
positioned inside the chamber. To ensure that the experimen-
tal subjects remained on the platform, the latter was enclosed 
in a perforated compartment. Experimental data were ac-
quired and analyzed through dedicated software (SOF-815). 
The test was carried out as previously described.21,31 Briefly, 
mice were individually placed in the startle chamber and left 
undisturbed for 5 minutes for habituation. On the following 
day, mice were positioned inside the startle chamber and 
exposed to a continuous white noise (62 dB) for 5 minutes; 
following this acclimation, mice were exposed to 10 pulses 
of 120 dB interspaced by an average inter-trial interval (ITI) 
of 15  seconds. Finally, an 8-min session started, consist-
ing of 28 trials. Each trial started with a 50-ms null period, 
followed by a 20-ms pre-pulse noise burst of 74, 78, 82, or 
84 dB. The delay between the pre-pulse and the startle (40-
ms 120 dB white noise) was 100-ms The experiment entailed 
the following types of trial: pre-pulse plus startle (four trials 
per pre-pulse intensity), prepulse alone (four trials per pre-
pulse intensity), startle alone (four trials), and no stimulation 
(four trials). To prevent habituation, the ITI varied between 
10 and 20 seconds. Galvanic response (dependent variable) 
was measured every millisecond for 65  ms after the onset 
of the startle. PPI was measured as: PPI = [(A − B)/A] * 100, 
wherein A is the baseline Galvanic reflex in response to the 
startle stimulus alone, and B is the reflex in response to the 
startle in pre-pulse plus startle trials.

2.2.9  |  Fear-conditioning test

Cued fear-conditioning is typically adopted to investigate the 
ability of laboratory rodents to learn and remember an as-
sociation between conditioned and innocuous stimulus, CS 
(auditory cue of 2  kHz at 86  dB, in our case) and uncon-
ditioned and aversive stimulus, US (electric foot-shock of 
0.7 mA).22–25 The apparatus consisted of a soundproof cubi-
cle (55 × 60 × 57 cm) and a chamber (17 × 17 × 25 cm; Ugo 
Basile 7532, Comerio, Italy) used for test. The grid floor of 
the chamber (steels, 0.2 cm diameter and spaced 0.5 cm) was 
connected to a shock generator scrambler (Ugo Basile, condi-
tioner 7531). The test comprised three phases: conditioning, 
tone, and extinction. During the conditioning phase (duration 
555 seconds), test mice were individually positioned into the 
test chamber and, following a 180 seconds acclimation pe-
riod, were exposed to three CS, each of 30 seconds. During 
the last 2 seconds of each CS, mice received a US. Each CS 
was separated from the following by 95 seconds of ITI with-
out presentation of either tone or shock. After 24 hours, mice 
were tested for contextual memory (context test, duration 
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300 seconds) in the same chamber where conditioning was 
performed without CS and US presentations. The tone test 
(duration 360 seconds) was conducted 2 hours after the con-
text test in a novel chamber (with different properties than 
those of the conditioning chamber). After the first 180s of 
acclimation, a CS (the conditioning tone) was presented 
for the last 180 seconds. Duration of freezing was acquired 
through dedicated software (ANY-maze, Stoelting Co.) dur-
ing the tone and extinction phases as an index of emotional 
memory.22 Between sessions, the apparatus was cleaned with 
30% ethanol/water solution.

2.2.10  |  Hot-plate test

This test evaluates thermal pain reflexes due to footpad con-
tact with a heated surface. We performed this test to control 
for the possibility that inter-individual differences in the so-
cial transmission of pain were associated to differential pain 
sensitivity.26 Besides, KO and respective WT littermates 
were subjected to this test to assess whether macroH2A1.1 
deletion could modulate pain sensitivity.22 The test was per-
formed at the end of the extinction phase of the cued fear-
conditioning test. The apparatus consisted of a metal plate 
25  ×  25  cm (Socrel Mod. DS-37, Ugo Basile, Italy) over 
which a transparent Plexiglas cylinder (20  cm diameter; 
40 cm height) was placed. During the test, when the metal 
plate was heated to 52 ± 0.5℃, each mouse was individually 
placed within the Plexiglas cylinder, onto the metal plate and 
the latency to the first hind paw-licking and/or front paw-
licking was measured. The test was terminated if the latency 
exceeded the cut-off time of 60 seconds.22 The metal plate 
and Plexiglas cylinder were cleaned with 30% ethanol/water 
solution. The test was performed under dim lights and it was 
video-recorded (Sony DCR-SX21E) to allow for subsequent 
accurate determination of latencies.

The order of tests within the battery was designed in such 
manner that mice would be evaluated on what were thought 
to be least invasive tests before being tested on more invasive 
assays. This design was developed with the assumptions that 
testing from least to most invasive would allow for recovery 
time between tests and would reduce the likelihood that be-
havioral responses would be influenced by previous testing 
experience. Two weeks after the end of the behavioral tests, 
animals were killed and the brains used for hippocampal slice 
preparation and evaluation of synaptic plasticity.

2.3  |  Hippocampal slice electrophysiology

Synaptic transmission and LTP in hippocampal slices 
were evaluated as previously described,32 and detailed in 
Figure  2A. To evaluate synaptic transmission and LTP in 

hippocampal slices, 8- to 10-week-old macroH2A1.1Fl/Fl 
and macroH2A1.1−/− mice were killed by decapitation, the 
brains isolated and immersed in ice-cold artificial cerebro-
spinal fluid (ACSF) containing, in mM, 126 NaCl, 3.5 KCl, 
1.2 NaH2PO4, 1.2 MgCl2, 2 CaCl2, 25 NaHCO3 and 11 glu-
cose, pH 7.3, saturated with 95% O2 and 5% CO2. The brains 
were then sectioned by using a vibratome to obtain parasagit-
tal slices (400 μm) containing the hippocampus. Slices were 
allowed to recover for at least 1 hour at room temperature in 
ACSF, and then a single slice was transferred to a submerged 
recording chamber and continuously superfused with ACSF 
(2.7-3 mL/min, 32-33℃).33 Field excitatory post-synaptic po-
tentials (fEPSPs) were recorded in the stratum radiatum of 
CA1 area of the hippocampus with a glass microelectrode 
filled with 2 M NaCl (1-3 MΩ resistance) after stimulation of 
the Schaffer collaterals through an insulated bipolar twisted 
NiCr electrode and a S48 Square Pulse Stimulator (Grass 
Instruments) (Figure  2A). Traces were acquired, amplified 
and analyzed with DAM-80 AC differential amplifier (WPI 
Instruments) and with the LTP software.34 Stimuli (100 μsec 
duration, delivered every 20 seconds) were set to an inten-
sity that evoked half-maximal fEPSPs, and three consecutive 
fEPSPs were averaged. LTP was induced by high frequency 
stimulation protocol (HFS) consisting in 2 trains of 100 Hz, 
with 10 seconds interval between each train. Synaptic trans-
mission was recorded for 70 minutes and 10 minutes of stable 
baseline recordings preceded HFS; early phase LTP (E-LTP) 
was quantified in the last 10 minutes of recording and ex-
pressed as percentage change with respect to the average 
slope of the fEPSP measured during the 10 minutes of base-
line. Slices that did not exhibit stable fEPSP slopes during the 
first 10 minutes of recording were excluded from the study. 
For experiments in young mice, we used 14 and 15 slices ob-
tained from 5 macroH2A1.1Fl/Fl and 5 macroH2A1.1−/−mice, 
respectively. For experiments in 12-month-old mice, 10 
slices obtained from 4 mice were used for each genotype.

2.4  |  RNA-sequencing and 
bioinformatics analyses

For RNA-Seq, total RNA was extracted from whole hip-
pocampi isolated from macroH2A1Fl/Fl(controls) and mac-
roH2A1.1−/− mice, analyzed as described previously.9 
Indexed libraries were prepared from 2 mg/ea purified RNA 
with the TruSeq Total Stranded RNA Sample Prep Kit 
(Illumina, Cambridge, UK) according to the manufacturer's 
instructions. Libraries were quantified using the Agilent 
2100 Bioanalyzer (Agilent Technologies, Santa Clara, USA) 
and pooled so that each index-tagged sample was present 
in equimolar amounts; the final concentration of the pooled 
samples was 2 nmol/L. Pooled samples were then subjected 
to cluster generation and sequencing using an Illumina HiSeq 
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2500 System (Illumina, Cambridge, UK) in a 2 × 100 paired-
end format at a final concentration of 8 pmol/L.

Short reads were aligned against the GRCm38 genome 
assembly using STAR (ver. 2.5.1a). Piled up reads were 
counted with htseq-count. Normalization of reads counts 
and their comparisons were performed using the edge R R 
package. Genes were considered differentially expressed be-
tween groups if their expression values differed by more than 
2-folds, significantly (q-value  ≤  .05). Pathway enrichment 
analysis was performed by using Ingenuity Pathway Analysis 
(QIAGEN Inc). All computations were performed with R ver. 
3.4.1 (R Core Team 2017).

2.5  |  Statistical analyses

Data were analyzed using two-or three-way ANOVA, fol-
lowed by Tukey post-hoc, if appropriate. Student's t test or 
the non-parametric Mann-Whitney U test, was used to ana-
lyze independent data macroH2A1.1−/−vs macroH2A1Fl/Fl.   
Statistical evaluations were performed using special-
ized software (Graph-Pad Prism 6.0). Data are shown as 
means  ±  standard error of the mean (SEM) and statistical 
significance was accepted at P ≤ .05.

3  |   RESULTS

3.1  |  MacroH2A1.1−/− mice exhibit an 
increased sociability and active stress coping 
behavior

Genetic deletion of macroH2A1.1 did not affect exploratory 
activity of mice in the OF test, as compared to macroH2A1.1Fl/Fl   
(control) littermates (Total Distance: t = 0.1042, P = .9178; 
Central Distance: t = 0.1544, P = .8784; Figure S1). In the 
EPM test, an exploration-based paradigm for innate anxi-
ety, macroH2A1.1 deletion did not affect the exploration of 

the aversive open arms in terms of time spent in open arms 
(TOA: t = 0.07495, P =  .9408), number of entries in open 
arms (EOA: t = 0.05692, P =  .5738), and total number of 
arm entries (TAE: t = 0.04778, P =  .6365), as parameters 
to assess anxiety-like behavior and locomotor activity, re-
spectively (Figure  S2). Although a potential role of mac-
roH2A in neurological disease exists,35 deletion of histone 
macroH2A1.1 did not affect the cognitive performance since 
no difference was found in spontaneous alternation of the 
Y-maze test (t  =  1.926, P  =  .0656; Figure  S3), in the dis-
crimination index of NOR (t = 1.262; P = .2220; Figure S4) 
as well as in the time spent among the three arms in the 
two trial Y-maze test (two-way ANOVA, arm  ×  genotype 
interaction F2,78  =  2.114, P  =  .1276; Figure  S5) between 
macroH2A1.1−/− and macroH2A1.1Fl/Fl animals. Both mac-
roH2A1.1−/− and macroH2A1.1Fl/Fl mice acquired a clear 
freezing response during FC training (two-way ANOVA, 
factor inter-trial interval: F2,52 = 34.403, P < .001) exhibiting 
an increased freezing duration over the course of footshock 
presentation (Figure S6A). No difference between the two 
genotype was found in the freezing response to the context 
(two-way ANOVA, factor genotype: F1,26 = 0.27, P = .87; 
Figure S6B) or to the tone presentation (two-way ANOVA, 
factor genotype: F1,26 = 1.58, P = .21; Figure S6B) over the 
entire observation periods. When we analyzed in 1-min in-
tervals, all mice showed the same freezing response (Figure 
S6C,D). Freezing before tone presentation (baseline) was 
low and similar between the two groups (Figure S6B). To 
evaluate whether individual differences in FC responses may 
be explained by differential basal pain sensitivity, KO and 
WT mice were tested in the hot-plate paradigm. Both groups 
of mice showed indistinguishable pain sensitivity expressed 
as the first latency (in sec) to paw licking (KO: 28.38 sec-
onds, WT: 25.33 seconds, MWU-test = 37, P = .0792).

There was an increase in arousal of macroH2A1.1−/− mice, 
as revealed in the acoustic startle paradigm (F1,26 = 8.315, 
P  =  0.007; Figure S7A). Both macroH2A1.1−/− and mac-
roH2A1.1Fl/Fl mice showed similar PPI levels (two-way 

F I G U R E  1   Behavioral characterization of macroH2A1.1−/− knockout (KO) mice and their respective control littermates (macroH2A1.1Fl/Fl).  
A, Forced swim test. Data are presented as mean ± SEM (n = 14-16 mice/group) regarding the mobility time expressed in seconds. B, Social 
interaction test. Data are presented as mean ± SEM (n = 10-12 pairs/group) of time of interaction expressed in seconds. C, Social investigation 
test. Data are presented as mean ± SEM (n = 14-16 mice/group) of time of interaction expressed in seconds.*P < .05,***P < .001, ##P < .01, or 
&&&P < .001 Tuckey post-hoc or unpaired t-test
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ANOVA, factor genotype F1,26 = 0.171, P = .89) that increased 
according to prepulse intensity (F3,78 = 18.562, P <  .001), 
with 74  dB eliciting the lowest response compared to 78, 

82 and 84 dB (Figure S7B). No gender difference was de-
tected in any of the above behavioral performances (data not 
shown). MacroH2A1.1−/− mice showed a significant increase 

F I G U R E  2   Long-term potentiation (LTP) in macroH2A1.1Fl/Fl and in macroH2A1.1−/− mice. A, Field EPSPs (fEPSPs) were recorded in the 
CA1 area of hippocampal slices; LTP was induced by HFS of Schaffer collaterals consisting in two trains of 100 Hz with 10 s interval between each 
train. B, Left panel: time courses of fEPSP slope after HFS in 8- to 10-week-old macroH2A1.1Fl/Fl and macroH2A1.1−/− mice; insets show fEPSP 
recorded in basal condition (1) and 60 minutes after HFS (2). Right panel: bar graph showing potentiation of fEPSP in macroH2A1.1Fl/Fl (n = 14) 
and macroH2A1.1−/− (n = 15) mice, 60 minutes after HFS (*P < .05 vsmacroH2A1.1Fl/Fl, unpaired Student t-test). C, Left panel: time courses 
of fEPSP slope after HFS in 12-month-old macroH2A1.1Fl/Fl and macroH2A1.1−/− mice. Right panel: bar graph showing fEPSP potentiation in 
macroH2A1.1Fl/Fl (n = 10) and macroH2A1.1−/− (n = 10) mice, 60 minutes after HFS (*P < .05 vs macroH2A1.1Fl/Fl, unpaired Student t-test)
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of mobility time in the FST as index of enhanced respon-
siveness to a stressful situation resulting in increased active 
coping behavior (t = 3.822, P < .001, Figure 1A). The above 
behavioral performance was not gender dependent since 
male and female macroH2A1.1−/− showed the same phe-
notype (two-way ANOVA, factor genotype: F1,26  =  12.93, 
P = .0013; factor gender: F1,26 = 0.08584, P = .7719; geno-
type × gender interaction: F1,26 = 0.0073, P = .9326; Figure 
S8A). In the SIT, as compared to the macroH2A1.1Fl/Fl an-
imals, macroH2A1.1−/− showed a better behavioral perfor-
mance, as described by the significant increase in time of 
interaction (t = 5.595, P < .001; Figure 1B). Interestingly, fe-
male macroH2A1.1−/− mice spent more time in the reciprocal 
social interaction than male macroH2A1.1−/− mice (P < .05), 
suggesting that deletion of macroH2A1.1 elicited a gender 
related effect in the improved social activity in the SIT (two-
way ANOVA, factor genotype: F1,18 = 50.83, P < .001; factor 
gender: F1,18 = 3.558, P = .0755; genotype × gender interac-
tion F1,18 = 9.454, P = .0065; Figure S8B). In the Sinv test 
although macroH2A1.1−/− (P  <  .001) and macroH2A1.1Fl/

Fl (P <  .05) mice have higher interest for the tube contain-
ing the mouse, genetic deletion of macroH2A1.1 improved 
the social performance of mice since macroH2A1.1−/− mice 
spent more time than macroH2A1.1Fl/Fl (P < .001) to inter-
act with the social stimulus (two-way ANOVA: factor geno-
type: F1,18 = 50.83, P < .001; factor stimulus: F1,18 = 3.558, 
P  =  .0755; genotype  ×  animal interaction F1,18  =  9.454, 
P = .0065; Figure 1C). This effect was not gender dependent 
(three way-ANOVA: factor gender: F1,52 = 1.355, P = .2497; 
genotype ×  stimulus × gender interaction F1,52 = 0.06777, 
P =  .7956; Figure S8C). Interestingly, the better social ac-
tivity cannot be explained by changes in locomotor activity 
(Figure S9A,B).

3.2  |  Early-phase LTP in macroH2A1.1Fl/
Fl and macroH2A1.1−/− mice

Several studies suggested that the hippocampal function is 
implicated in mice performance in SIT and FST,36,37 which 
we found improved in macroH2A1.1−/− mice. To unravel 
whether macroH2A1.1 histone variant may impact hip-
pocampal synaptic transmission and synaptic plasticity, 
we recorded extracellular fEPSPs in the CA1 area of hip-
pocampal slices after stimulation of Schaffer collaterals in 
macroH2A1.1Fl/Fl and macroH2A1.1−/− mice (Figure 2A).

To evaluate synaptic plasticity, we delivered HFS to the 
Schaffer collaterals, a protocol known to induce LTP of 
the synaptic transmission in CA1 neurons.38 In our experi-
ments, we considered the magnitude of synaptic potentiation 
60 minutes after HFS, thus evaluating the early phase of LTP 
(E-LTP). In macroH2A1.1Fl/Fl mice HFS induced a prompt 
increase of fEPSP slope that, however, slowly declined 

60 minutes after HFS (117.3% ± 10.35%) (Figure 2B). On 
the contrary, in macroH2A1.1−/− HFS of the Schaffer collat-
erals resulted in a long-lasting significant increase of fEPSP 
slope (155.5% ± 9.97%, 60 minutes after HFS) with respect 
to basal values, which was statistically different from that 
of macroH2A1.1Fl/Fl (P = .013 Student's t test) (Figure 2B). 
Since the magnitude of LTP increases with age,39 and in 
order to observe E-LTP in macroH2A1.1Fl/Flwe repeated the 
experiments in hippocampal slices from 12 month-old ani-
mals. In this case, we found, 60  minutes after HFS of the 
Schaffer collaterals, a robust E-LTP in the pyramidal neu-
rons of the CA1 area not only in macroH2A1.1−/− mice 
(221%  ±  14.65% of the basal values) but also in macro-
H2A1.1Fl/Fl(177.6% ± 11.53% of the basal values). Also in 
this case, however, macroH2A1.1−/− mice show a significant 
increase in the magnitude of E-LTP with respect to macro-
H2A1.1Fl/Fl (P = .031, Student t-test, Figure 2C).

No gender difference was observed between the two gen-
otypes. Of note, basal synaptic transmission, evaluated with 
input/output curves and paired pulse facilitation ratio, was 
not different between macroH2A1.1Fl/Fl and macroH2A1.1−/− 
mice (Figure S10). Our data describe a new macroH2A1.1-
dependent action in the hippocampus, defined as a facilitation 
of long-term potentiation.

3.3  |  RNA-sequencing from hippocampi of 
macroH2A1.1 KO mice uncovers altered 
transcriptional signaling networks

To gain a mechanistic insight into hippocampal functions 
associated with decreased macroH2A1.1 expression, which 
could play a role in the phenotype of macroH2A1.1−/−, we 
performed transcriptome-wide RNA sequencing (RNA-
Seq) to identify differentially expressed genes (DEGs) be-
tween hippocampi isolated from macroH2A1.1−/− and 
macroH2A1.1Fl/Fl male and female mice. Heatmaps drawn 
for the commonly DEGs between the two genotypes revealed 
a strikingly different profile, if both genders were pooled 
together, or if only males or if only females were consid-
ered separately (Figure  3A). We identified 301 overall (in 
males + females), 423 (in males), 291 (in females) DEGs, of 
which 143 overall (in males + females), 123 (in males), 162 
(in females) were upregulated and 158 overall (in males + fe-
males), 129 (in females), 300 (in males) were downregulated 
in macroH2A1.1−/− compared to macroH2A1.1Fl/Fl controls 
(Figure  3B). When considering both genders, an unbiased 
Ingenuity Pathway Analysis (IPA) revealed that these genes 
significantly over-represented the adrenomedullin signaling 
pathway (GUCY2C,MYLK3,TFAP2B,TFAP2D), GABA 
receptor signaling (GABRA6,SLC6A12), and stem cell 
pluripotency (SALL4, WNT9B), as 3 top significant path-
ways (Table 1) (Figure 4A). When considering the genders 
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separately, the genes belonging to these pathways were still 
over-represented, (Figure 4B,C). In addition, Wnt/β-catenin 
and stem cell pluripotency signaling pathways were over-
represented in both genders (Figure 4B,C).

4  |   DISCUSSION

Here, we described for the first time the role of histone vari-
ant macroH2A1.1, a splicing isoform of the ubiquitous large 
histone macroH2A1, in the regulation of emotional behavior 
in mice in highly selective manner. Behavior is the result of a 
multitude of physiological and cognitive processes that have 
to be coordinated and fine-tuned within the organism. Thus, 
behavioral performance appeared to be a suitable read-out to 
test whether global deletion of macroH2A1.1 histone leaves 
a detectable behavioral phenotype. To this purpose we used 
an ad hoc knock-out (macroH2A1.1−/−) mouse model, which 

we recently characterized for macroH2A1.1′ cell autonomous 
contribution to the regulation of haematopoiesis.9 Growing 
evidence indicates that measuring stress related conditions 
from different tests could reflect different states of affective 
behaviors. This prompted us to use different behavioral para-
digms such as exploration-based tests and social paradigms, 
which primarily focus on reciprocal social interaction and 
on the preference for social stimulus, respectively, as well 
as tasks involving a strong mnemonic component, such as 
fear-based tests, to assess different aspects that could mimic 
symptoms of human stress-related disorders as agoraphobia, 
social phobia, or post-traumatic stress disorder.

The first novel result of the present study was that mac-
roH2A1.1−/− mice failed to show alterations in spontaneous 
exploration and locomotor behavior as well as they did not 
show any anxiety-like phenotype when tested in exploratory 
behavioral paradigms such as OFT and EPM, suggesting that 
macroH2A1.1 histone seems to not be involved both in the 

F I G U R E  3   A, Heatmaps representing 
the expression values of differentially 
expressed genes between macroH2A1.1−/− 
compared to macroH2A1.1Fl/Fl controls 
considering the (left) whole cohort of mice, 
(center) only females or (right) only males. 
B, VENN diagram showing the level of 
overlap between differentially expressed 
genes between macroH2A1.1−/− compared 
to macroH2A1.1Fl/Fl controls considering the 
(green) whole cohort of mice, (pink) only 
females or (blue) only males

(A)

(B)
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locomotor activity (whose modification could affect the emo-
tional behavior in rodents), as well as in the conflict between 
exploration and avoidance of a novel environment. Similarly, 
deletion of macroH2A1.1 did not affect spatial and work-
ing memory, as well as the extinction of aversive memories 
which this latter was not mediated by different basal pain sen-
sitivity, suggesting that, although the pronounced expression 
of macroH2A in the prefrontal cortex35 and in neurodegen-
erative disorders,4 its deletion failed to modify the cognitive 
performance of mice. Among human and animal behaviors, 
sociability is one of the most complex behaviors taking place 
between conspecifics and results in social relationship, which 
in turn plays a role in their physiological development.40 
Social withdrawal is a highly disabling, treatment-refractory 
symptom of different neuropsychiatric developmental disor-
ders such as autism and schizophrenia, whose biological basis 
is not fully understood. In the SIT, a test based on reciprocal 
social interactions it became apparent that macroH2A1.1−/− 
animals spent more time in reciprocal social interactions as 
the test continued, in a gender dependent manner since fe-
male KO showed better behavioral performance in terms of 
time of interaction with unfamiliar co-specific as compared 
to male macroH2A1.1−/−.

Another frequently used test to investigate social behavior 
is the social investigation approach test. This test focus on 
the preference for social stimulus while reciprocal social in-
teractions are intentionally avoided by allowing the test mice 
to explore all chambers while target mice are caged within a 
plastic tube.41 In this test, both genotypes show a significant 
preference for a mouse over the empty tube, with a significant 
prevalence in the social approach of macroH2A1.1−/− animals 
(P < 0.01vsFl/Fl). These findings indicate that macroH2A1.1 
deletion enhances the preference for social stimulus in male 
and female mice and strengthens the interpretation that social 
behavior is not modified as a result of changes in exploratory 
and/or anxiety-like behavior, as confounding factors.

Immobility behavior in FST is thought to reflect either 
a failure of persistence in escape-directed behavior (that is, 
behavioral despair) or the development of passive behavior 
that disengages the animal from active forms of coping with 

stressful stimuli.42,43 Therefore, the increased mobility of 
macroH2A1.1−/− mice in the FST, might rather reflect en-
hanced responsiveness to a stressful situation resulting in in-
creased active coping behavior.

Efficient hippocampal synaptic transmission plays a crit-
ical role by forming relational memory representations that 
underlies cognition and social behavior both in rodents44 and 
in humans.45 Experiences modify behavior through activity 
dependent, long-lasting changes of synaptic strength, which 
are the basis of synaptic plasticity, in particular in hippo-
campal CA1 and CA2 regions.46–49 LTP is the major form 
of synaptic plasticity in the CNS, it is thought to play a role 
in the mechanisms of learning and memory and in the early 
development of neural circuitry,50 and dysregulation of hip-
pocampal LTP underlies a large number of neuropsychiatric 
disorders.32,51–53 In the present study we found a significant 
improvement of E-LTP in the CA1 area of the hippocampus 
in macroH2A1.1−/− with respect to control mice. Actually, 
in young macroH2A1.1Fl/Fl mice HFS did not induce a long-
lasting potentiation of synaptic transmission. This finding 
was somehow unexpected, even though differences in the 
induction and expression of LTP in CA1 area of hippocam-
pal slices from 8- to 12-week-old mice have been reported 
among different inbred mouse strains, with C57BL/6 mice 
showing the highest percentage of potentiation after HFS and 
129/SvEms, on the contrary, no significant potentiation.54 
Our macroH2A1.1Fl/Fl and macroH2A1.1−/− mice have 
been generated in a mixed C57BL/6-129S1/Sv background. 
Electrophysiological findings suggest that the influence of 
the 129S1/Sv strain is presumably preponderant with re-
spect to C57BL/6, and stronger stimulation protocols should 
probably be used to induce LTP in macroH2A1.1Fl/Fl mice. 
However, the protocol we used (2 trains, 100 Hz, 10 seconds 
interval) allowed us to unravel facilitation in synaptic plas-
ticity in macroH2A1.1−/− with respect to macroH2A1.1Fl/Fl 
mice, a difference that could be difficult to highlight with a 
stronger stimulation. In order to observe a long lasting po-
tentiation of synaptic transmission also in macroH2A1.1Fl/Fl, 
we repeated electrophysiology experiments in 12-month-old 
mice, since higher LTP magnitude was observed in older 

Pathway Gene
log2FC in mH2A1.1−/− vs 
mH2A1.1Fl/Fl P value

Adrenomedullin GUCY2C 1.54 .0479

Adrenomedullin MYLK3 2.88 9.44E−07

Adrenomedullin TFAP2B 2.10 .0446

Adrenomedullin TFAP2D 2.08 .0476

GABA GABRA6 −2.52 .0481

GABA SLC6A12 −1.62 .0007

Stemness SALL4 −1.77 .0205

Stemness WNT9B 1.77 .0460

T A B L E  1   Differential expression 
of genes overrepresented in the top 
three significant pathways enriched 
in macroH2A1.1−/− compared to 
macroH2A1.1Fl/Fl controls, considering the 
whole cohort (males + females)
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animals with respect to young.39 In this case, we found a sig-
nificant long-lasting potentiation of synaptic transmission in 
the CA1 area of hippocampal slices both in macroH2A1.1Fl/

Fl and in macroH2A1.1−/− mice. However, the magnitude 
of E-LTP was significantly higher in macroH2A1.1−/− than 
in macroH2A1.1Fl/Fl, thus further demonstrating that the 
depletion of histone variant macroH2A1.1 increases hippo-
campal E-LTP in older mice too. These results suggest that 

the histone variant macroH2A1.1 is strongly involved in the 
regulation of CA1 hippocampal neurophysiology, which, at 
least, could play a role in the social behaviour.

Social behaviour is a complex phenomenon based on 
the ability of humans and animals to properly communicate 
with conspecifics, whose disruption is a shared symptom of 
several neuropsychiatric disorders such as schizophrenia, 
autism, social anxiety, and it is mediated by several brain 

F I G U R E  4   Top five significant pathways enriched by differentially expressed genes between macroH2A1.1−/− compared to macroH2A1.1Fl/Fl 
controls, considering (top) the whole cohort, (center) only males, or (bottom) only females

(A)

(B)

(C)
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areas (so called “social brain”), including the hippocampus.40 
Among hippocampal main sub regions that could have a role 
in the social activity, several data suggest that CA2 is mostly 
involved in integrating the complex stimuli necessary for the 
recognition process in the social memory.46,55,56 The inter-
action with conspecific involves also the CA1 area of the 
ventral hippocampus, as described by Rao and colleagues57 
showing that ventral CA1 region responds to the interaction 
with conspecific, but not to the object presence. In our study, 
we did not dissect the specific involvement of hippocampal 
regions in the social activity of macroH2A1.1 KO mice or the 
role of ventral hippocampus. Thus, future studies investigat-
ing the ventral hippocampus or the CA2 area will be neces-
sary to understand the mechanisms involved in the enhanced 
social activity of macroH2A1.1 KO mice.

MacroH2A1.1 did not appear to be involved in hippocampus-
dependent forms of memory, but we observed changes in  
E-LTP. Although some data suggest that LTP changes match 
with analogous modifications of memory processes, many 
studies investigating different genetically modified mouse 
strains report clear dissociation of LTP and memory, challeng-
ing the causal relationship between these two processes.58–60 
Consistent with these studies, in macroH2A1.1−/− mice an in-
creased hippocampal E-LTP is not associated with enhanced 
cognitive performance. This apparent discrepancy at least 
could be sought in the complexity of the processes and mul-
titude of cerebral areas interacting each other in information 
storage. Our IPA analysis on the transcriptomes of isolated 
hippocampi from the whole cohort of macroH2A1.1−/− and 
macroH2A1.1Fl/Fl mice, uncovered a significant enrichment 
of a discrete number of DEG involved in the adrenomedullin 
signaling pathway, GABA receptor signalling, and stem cell 
pluripotency. We found increased expression of adrenomedul-
lin pathway associated genes (GUCY2C, MYLK3, TFAP2B, 
TFAP2D) in the hippocampi of macroH2A1.1−/−mice, which 
display increased sociability and active stress coping behav-
ior. Consistently, behavioral analysis of mice with no adre-
nomedullin showed anxiety, and lower survival under stress 
conditions.61 In macroH2A1.1−/− we observed a significant 
decrease in the gene expression levels of GABRA6 and the 
betaine-GABA transporter SLC6A12, which play complex 
roles in the induction of GABA-dependent long-term poten-
tiation and long-term depression in hippocampal inhibitory 
synapses.62 We identified two DEG involved in stem cell plu-
ripotency in the hippocampi of macroH2A1.1−/− compared 
to macroH2A1.1Fl/Fl mice: SALL4 (significantly decreased), 
WNT9B (significantly increased). SALL4 is implicated in 
the control of the differentiation of cranial motor neurons,63 
but its role in hippocampal plasticity is unknown. WNT/β-
catenin signaling is a principal regulator of adult hippocampal 
neurogenesis and function, and induces the proliferation and 
self-renewal of hippocampal stem/progenitor cells.64 Our data 
cannot conclude that macroH2A1.1 hippocampal expression is 

sufficient for the required for the elevated LTP as well as for the 
observed behavioral changes: other macroH2A1.1-depleted 
tissues other than the brain may contribute; further studies 
using strains using the Cre-recombinase under the promoter of 
genes specifically expressed in mouse hippocampal CA1 (ie, 
CaMKIIα) or CA2 (ie, Amigo2-Cre) regions are warranted.

A main limitation of our study relies in its observational 
nature, without the identification of a specifying signalling 
pathway playing a major role in macroH2A1.1 dependent 
hippocampal and social behavioural effects. Histones have a 
wide genome binding distribution. Our previous deep epigen-
etic analyses performed in cell models of liver cancer and of 
adipogenesis revealed complex patterns, where the changes 
in genome occupancy of macroH2A1 isoforms did not cor-
relate significantly with the induced changes in gene expres-
sion, suggesting a differential cooperation with transcription 
factors in altered physio-pathological states, which are dif-
ficult to dissect through an hypothesis-based approach.65,66 
Uncovering the protein interactome and the post-translational 
modifications of macroH2A1 isoforms in other mice mod-
els of hippocampal-dependent social behaviour, where the 
histones remain expressed, will likely provide more in-
sight on the observed phenotype of macroH2A1.1−/− mice. 
Interestingly, in the cortex of the mouse line BTBR/J, a strain 
that shows lower sociability compared to the C57BL/6J and 
thus is often utilized as a model for ASD, macroH2A1 gene 
expression is significantly upregulated.67

In conclusion, our work establishes a pervasive epigene-
tic role for the histone variant macroH2A1.1 in the positive 
regulation of social behavior. Further behavioral and molec-
ular studies are necessary to assess if and how macroH2A1 
histone variants could play a role in the development of neu-
ropsychiatric disorders.
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