The long-lasting effects of early life adversities are sex dependent: the signature of miR-34a
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Abstract

Background. Exposure to early life adversities (ELA) can influence a plethora of biological mechanisms
leading to stress-related disorders later in life through epigenetic mechanisms, such as microRNAs (miRs).
MiR-34 is a critical modulator of stress response and stress-induced pathologies and a link between ELA and
miR-34a has been reported.

Methods. Here using our well-established model of ELA (Repeated Cross Fostering) we investigate the
behavioral long-term effects of ELA in male and female mice. We also assess basal and ELA-induced miR-34a
expression in adult mice and investigate whether ELA affects the later miR-34a response to adult acute stress
exposure across brain areas (medial preFrontal Cortex, Dorsal Raphe Nucle ) and peripheral organs (heart,
plasma) in animals from both sexes. Finally, based on our previous data dem~us. ating the critical role of Dorsal
Raphe Nuclei miR-34a expression in serotonin (5-HT) transmission, we a. 0 ir vestigated prefrontal-accumbal
5-HT outflow induced by acute stress exposure in ELA and Control fc male by in vivo intracerebral
microdialysis.

Results. ELA not just induces a depressive-like state as well as 'ndw 'ng changes in miR-34a expression, but
also alters miR-34a expression in response to adult acute stress -xclu.ively in females. Finally, altered DRN
miR-34a expression is associated with prefrontal-accumb 1 “-F T release under acute stress exposure in females.
Limitations. A translational study on humans is ne~=ss. *v to verify the results obtained in our animal models of
ELA-induced depression.

Conclusions. This is the first evidence showing long-..sting sex related effects of ELA on brain and peripheral

miR-34a expression levels in an animal mod~' 01 '»pression-like phenotype.

Introduction

Early life adversities (EL A) i1 ~lud , a broad range of negative experiences ranking from psychological or
physical abuse to alteration ot ttachment bond and adverse events in the family setting (Dong et al., 2004; Ports
et al., 2020; Berman et al., 2022). ELA has been reliably associated with several health problems across lifespan
(Afifi et al., 2017; McCrory and Viding, 2015; Gerin et al., 2019), including heart disease (Nilsson et al., 2008)
and cancer (Kelly-Irving et al., 2013). It has also the potential to cause widespread alterations in brain function
that persist over the lifetime increasing the vulnerability to the expression of psychopathologies (Babicola et al.,
2021; Bick and Nelson, 2016; Gapp et al., 2014; Cattane et al., 2019; Torres-Berrio et al., 2019; Bale, 2014;
Luoni and Riva, 2016; Provencal and Binder, 2015; Cattaneo et al., 2020; Carr et al., 2013; Allen and Dwivedi,
2020; Serafini et al., 2021; He et al., 2020), through epigenetic programming (Allen and Dwivedi, 2020;
Dwivedi et al., 2021).

Among epigenetic mechanisms, microRNAs (miRs) have recently been implicated in several mental illnesses
induced by ELA exposure (Gapp et al., 2014; Cattane et al., 2019; Allen and Dwivedi, 2020; McKibben and
Dwivedi 2021; Dwivedi et al., 2021; Serafini et al., 2021; Van Der Auwera et al., 2019). MiRs are small

noncoding RNA molecules that regulate the stability and translational efficiency of target messenger RNAs. As



master regulators of gene expression (McKibben and Dwivedi 2021; Issler and Chen, 2015; O'Connor et al.,
2016), miRs have the potential to fine-tune different biological pathways favoring (or not) organism’s
adaptation to stressful events (Lacal and Ventura, 2018; McKibben and Dwivedi 2021; Roy et al., 2020;
Zurawek and Turecki, 2021). To note, large subsets of miRs are evolutionarily conserved between rodents and
humans (McKibben and Dwivedi 2021), and peripheral miRs levels are currently being investigating as putative
biomarkers of illnesses in clinical and preclinical studies (Serafini et al., 2021; Van Der Auwera et al., 2019;
Jeyaseelan et al., 2008; Liu et al., 2010; Sorensen et al., 2014; Zurawek and Turecki, 2021; Bocchio-Chiavetto
et al., 2013).

Many ELA-related diseases are reported to have a different incidence in females and males (Keller and Roth,
2016; Seney and Logan, 2021; Bale, 2006; Murphy et al., 2017) and, notably, epigenetic modifications
(Alyamani and Murgatroyd, 2018) are increasingly being recognized as criti :al to understand sex differences in
brain development and response to early environment (Keller and Roth, 2010). ™ addition, sex was recently
suggested to be a key factor for understanding both miR and gene express on ci anges induced by ELA in the
brain (Morgan and Bale, 2012; Sharma and Eghbali, 2014; Labonté et al., . 917; Barko et al., 2019; Brivio et al.,
2020; Parel and Pefia, 2022; McKibben and Dwivedi, 2021). Howe " =r, surprisingly, studies investigating
modifications in miRs expression as a result of ELA experience (Ai 2n and Dwivedi, 2020; Mazzelli et al.,
2020; Cattaneo et al., 2020) have focused almost exclusively opr ma.~s, with a few exceptions (McKibben and
Dwivedi, 2021; Cattaneo et al., 2020), thus lacking sex di'rer¢r ces in the miRs and ELA literature (McKibben
and Dwivedi, 2021).

Overall, our understanding of how miRs contrib» .es t . sex related changes in diseases induced by ELA is so far
extremally limited (McKibben and Dwivedi, 2021).

Members of the miRNA-34 (miR-34) family arc ~ritical modulators of stress response and stress-induced
psychopathologies (Issler and Chen, 2015; )" o wor et al., 2012; Haramati et al., 2011; Bocchio-Chiavetto et
al., 2013; Andolina et al., 2016; 2018; T o Ia. *no et al., 2020a; Sun et al., 2016; Zurawek and Turecki, 2021).
We have previously unrevealed the 1-'e ot .niR-34a within the prefrontal-amygdala brain circuit in modulating
stress-coping behaviors (Andolina et . . 2016, 2018; Lo Tacono et al., 2020a), in vulnerability to depression-like
phenotype (Lo Iacono et al., 252 ~) and in response to fluoxetine treatment in mice (Lo Iacono et al., 2021a). In
addition, our recent paper . gg."*, the involvement of miR-34a in cardiovascular disease induced by stress
exposure (Andolina et al., 202" ).

Interestingly, a recent study showed that reduced miR-34a peripheral expression correlated with the total
amount of adverse childhood experiences in depressed patients (Lo Iacono et al., 2020b), and the link between
the amount of adverse childhood experiences and miR-34a has been also reported in human and mouse sperm
(Dickson et al., 2018). Overall, although there is overwhelming evidence supporting the role of miR-34a in
stress response and stress-related pathologies in adulthood (Haramati et al., 2011, Andolina et al., 2016; 2018),
only few studies have investigated its role in the long-lasting consequences of ELA (Dickson et al., 2018; Wang
et al., 2021) and so far, no study investigated sex-related differences in peripheral and brain basal miR-34a
levels as well as ELA-induced expression changes.

Using our well-established paradigm of ELA (Repeated Cross Fostering (RCF)) to model the depression-like
behavior (D’ Addario et al., 2021; Di Segni et al., 2016; Lo lacono et al., 2021b; Luchetti et al., 2021) in

DBA/2J, here we assessed both basal and ELA-induced miR-34a expression in adult male and female mice.



Moreover, we also investigate whether ELA affects the later miR-34a expression in response to adult acute
stress exposure across brain areas and peripheral organs in animals from both sexes. Specifically, we evaluated
miR-34a expression in: (a) medial preFrontal Cortex (mpFC) and Dorsal Raphe Nuclei (DRN), two brain
regions playing a main role in stress response as well as in functional alterations associated with stress-related
pathologies (Andolina et al., 2016, 2018; Ventura et al., 2006; 2013; Di Segni et al., 2014; 2016); (b) heart, in
which miR-34a is highly expressed (Conception et al., 2012) and sensitive to stress exposure (Andolina et al.,
2021) and (c) plasma, in order to investigate the possibility to use miR-34a as a peripheral biomarker of ELA
effects. In addition, to challenge the interconnection between different system, the levels of miR-34a across
different brain areas (mpFC, DRN) and peripheral levels (heart, plasma) were correlated. Finally, based on
previous data demonstrating the critical role of DRN miR-34a expression in serotonin (5-HT) transmission
(Andolina et al., 2016; 2018, Lo Iacono et al., 2020a), we investigated the st ess-induced 5-HT outflow in some
projecting areas of DRN mpFC and nucleus accumbes (NAc)) which are know.. to be involved in the stress

response in ELA and Control mice by in vivo intracerebral microdialysis.

Methods

Animals

DBA2/J (DBA) male and female mice (purchased when 6/7 we .ks 0.1 from Charles River, Italy) were mated
when 12 weeks old. Mating protocol consisted in housing 2 “er ales with 1 male in transparent polysufone cages
(26.7 x 20.7 x 14.0 cm) with water and food availak'e . ' libitum. Room temperature (21 = 1 °C) and a 12:12 h
light—dark cycle (lights on at 07.00 PM) was kep cor stant. After 15 days, males were removed and pregnant
females were isolated, left in clean cages, and inspectc 1 twice a day for live pups. Adequate measures were
taken to minimize pain or discomfort of mice ~na ~1l experiments were carried out in accordance with Italian
national laws (DL 116/92 and DL 26/2014) o ( tt e use of animals for research based on the European
Communities Council Directives (86/6” /EEC and 2010/63/UE). Experimental protocol (no. 769/2017) was
approved by Italian Ministry of Healu. Mice 10—12 weeks old were used for both behavioral and molecular

experiments.

Early Life Adversity (ELA): " 2peated Cross Fostering procedure

As previously described (D’.* .nato et al., 2011; Ventura et al., 2013; D’ Addario et al., 2021; Lo Iacono et al.,
2021Db), litters born on the same day spent the first postnatal day (PNDO) with their biological mother. On
PND1, litters were randomly assigned to experimental (Repeated Cross Fostering, ELA groups) or control
(Cont) condition. From PND1 to PND4 pups of the same litter was moved into the home cage of different dams
whose pups had just been removed and moved to a different adoptive mother and pups were left until weaning
(PND28) with the last adoptive mother. In the Cont group, pups of the same litter were left together from PNDO
until weaning and were only picked up daily and reintroduced in their home cage. At weaning, animals were
separated by sex and housed in group of 4 littermates. All experiments were performed on 3-month-old adult
mice. Different cohorts were used for behavior, molecular and neurochemistry experiments. To prevent
potential estrous cycle group synchronization, experimental subjects for cross-fostered and control female
groups were sorted by collecting not > 2 individuals per cage/ litter (Ventura et al., 2013; Di Segni et al., 2016;
2017).



Acute stress protocol

Adult (PND 90) ELA and Cont animals from both sexes were randomly assigned to “basal” or “adult acute
stress” (AAS) condition; in the basal condition mice were extracted from their home cage and immediately
sacrificed, while in the acute stress condition, mice were sacrificed 1 hour after the end of AAS experience

(restraint, 2 hours) (Cabib et al., 1997; Di Segni et al., 2016).

Behavioral test

Saccharin Preference Test (SPT)

Saccharin solution was prepared using water and pure saccharin. Saccharin Preference Test (SPT) consisted of a
habituation day and an experimental phase, as previously described (Ventura et al., 2013; Di Segni et al., 2016;
D’Addario et al., 2021). During the habituation day, animals were moved ir o their own test cages with two
bottles containing water (100 mL); after 24 hours they were exposed to a doub.. choice drinking test (saccharin
solution 0.5% or drinking water) from graduated tubes (100 mL volume) « nd ir :ake was measured to the nearest
1 mL. The test cage was the same throughout the experiment. Only m’ :e di nking at least 1 mL on day 1 were
included in the study. The percentage of saccharin intake (saccharii. ‘utake (ml) *100/saccharin + H 20 intake

(ml)) was evaluated.

Forced Swimming Test (FST)

As previously described (Ventura et al., 2013; Di Segn: ~t al., 2016), mice were individually placed ina 18 cm
diameter glass cylinder (height 40 cm) containir 20 .m water at 28 + 2°C.

The behavior exhibited by each animal during the ex,. ~rimental procedure was video-recorded for 10 minutes
before returning the mice in their home cage by « video camera placed frontally. The duration (s) of immobility
(total absence of movement) was manually score a using EthoVision (Noldus, The Nederlands) by a trained

observer blind to the animals’ treatment

Tail suspension test (TST)

Each mouse was suspended b- the tail at 60 cm above the ground in a white plastic chamber using adhesive tape
placed d <1 cm from the tip. 21 ..¢ tail according to Yan et al., (2015). Behavior was recorded for 10 min using
a digital camera placed front~!"y. The duration of immobility was manually scored using the “EthoVision”
software (Noldus, The Netherlands) by a trained observer blind to the animals’ treatment. Immobility was

defined as the period in which the animal stopped struggling for >1 s.

Brain, heart and plasma tissue collection

Brain tissue micro-punches of mpFC and DRN were obtained from frozen brain slices (coronal sections;
according to the atlas of Paxinos and Franklin (Paxinos and Franklin, 2019) not thicker than 300 pm using
stainless-steel tubes of 1.0 mm inner diameter and stored at -80 °C until the day of the assay. Heart tissue micro-
punches were obtained from frozen whole heart using stainless-steel tubes of 1.0 mm inner diameter and stored
at -80 °C until the day of the assay (Andolina et al., 2021). For plasma collection, blood samples were collected
after decapitation and immediately centrifugated (10 minutes, 1500 rcf, 4 °C). The supernatant was taken and

stored at -80 °C until the day of the assay.



RNA extraction and Quantitative real-time RT-PCR (qPCR)

qPCR was performed for the evaluation of miR-34a levels in mpFC, DRN, heart and plasma of Cont and ELA
female and male DBA mice, both in basal and following AAS exposure (restraint stress).

RNA from punches of mpFC, DRN, and heart as well as from plasma samples was extracted using microcolumn
from Total RNA purification Plus Kit (Norgen Biotek, Canada) and RNA quantity was determined by
absorbance at 260 nm using a NanoDrop UV-VIS spectrophotometer. Complementary DNA (cDNA) was
obtained using the High-Capacity Reverse Transcription kit (Applied Biosystems, USA). cDNA samples (1,66
ng) were amplified by qPCR using the 7900HT thermal cycler apparatus equipped with SDS software version
2.3 (Applied Biosystems, AB) for data collection. Each data point was obtained from 5 to 6 biological
replicates. Ct values were normalized to measures of SNO135 for brain and heart punches, and of miR-39 (C.
elegans) for plasma samples, to achieve ACt values. Relative expression wa- calculated as 2*-ACt. All data were

run in triplicate and expressed as means = SE.

In vivo microdialysis

The microdialysis experiment in mpFC and NAc was carried out as sre “~usly described (Di Segni et al., 2016).
Animals were anesthetized with Zoletil and Rompun and NAc p~.. ~ . plantation was counterbalanced in either
the right or left hemisphere. Vertical concentric dialysis probes w. =< prepared with AN69 fibers (Hospal Dasco,
Bologna, Italy) (Andolina et al., 2016). The coordinates fr... bregma (measured according to the atlas of
Paxinos and Franklin (2019) and Mouse Brain Atlases, he M juse Brain Library, www.nervenet.org) were:
mpFC, 2.0 AP, £0.6 L; NAc, 1 AP; £0.6 L. Differ .nt rob. length was used for mpFC and NAc (mpFC: 3 mm
shaft length, dialysis membrane length 2 mm o.d. v. 4 mm; NAc: 4.0 mm shaft length, dialysis membrane
length Imm o.d. 0.24 mm). The final depth 01 ‘e probe was 3 mm for mpFC and 5.0 mm NAc ventral to the
skull surface, respectively.

The day before use, the membranes wer’ . “teu to verify in vitro 5-HT recovery. The UHPLC system consisted
of an UltiMate 3000 (Thermo Fisher “,cic. *ific S. p.A. Italy) system and a coulometric detector (UltiMate 3000
ECD-3000RS) provided with an ana'ticul cell (6011RS ultra Coulometric Cell). The electrode 1 was set at 100
mV, and the electrode 2 at 250 mV. A C18 column (ACCLRSLC PA2 2.2U2.1X100, Thermo Fisher Scientific
S. p.A. Italy) maintained t 3. °C v/as used coupled with a Sentry Guard pre-column (ACCLAIM, V-2
GUARD). The flow rate was b 25 ml/min. The mobile phase consisted of 3% methanol in 0.1 M Na phosphate
buffer, 1.3 mM Na2 EDTA, 0.34 mM 1-octane sulfonic acid Na salt (Sigma Aldrich, USA), pH 3.5. The
detection limit of the assay was 0.1 pg. Experiments were carried out 48 h after probe placement. The mean
concentration of the 3 samples collected immediately before treatment (< 10% variation) was taken as baseline
concentration. Following, Cont and ELA mice were restrained. Dialysate was collected every 20 min for 120
min. Twenty microliters of the dialysate samples were analyzed by ultra-high-performance liquid
chromatography (UHPLC). The remaining 20 uL were kept for possible subsequent analysis. Concentrations

(20 pg/uL) were not corrected for probe recovery. Each experimental group was composed by 7-9 animals.

Probe placement
At the end of the experiments, mice were sacrificed. Brains were post-fixed overnight in PB 4%
paraformaldehyde solution to check the correct probe placement by visual inspection of the probe tracks on

Nissl-stained coronal sections (40 um). Only mice with correct probe placement in mpFC and NAc were



considered in the results.

Statistics

One sample Student's ¢ -test was performed for the time spent in immobility during FST and TST and for
percentage of saccharin intake in SPT for each sex.

One sample Student's ¢ -test was used for the relative expression of miR-34a in baseline within each brain
structures (mpFC and DRN), and peripheral tissue (heart and plasma) for each sex as well as to compare male
and female miR-34a expression. Two-factor ANOV A was used to compare miR-34a induced by AAS exposure
in ELA and Cont mice (pretreatment, two levels: Cont, ELA; treatment, two levels: unstressed, AAS) within
each sex. For microdialysis experiment, percent (%) changes from basal levels were analyzed by repeated
measures ANOV As with one between factor (pretreatment, 2 levels: Cont, FLA) and one within factor (time, 7
levels: 0, 20, 40, 60, 80, 100, 120). Individual between-groups comparisons we. > performed, when appropriate,

by post hoc test (Fisher’s LSD).

Principal component analysis (PCA)

To investigate the association among brain structures and peript eral issues with regards to the miR-34a
expression, a Principal Component Analysis (PCA) was applied on “e entire dataset. The Bartlett’s test of
sphericity was used to test whether the correlation matrix e s2‘es from an identity matrix, and thus could be
meaningfully subjected to PCA. The Scree test was usc¢:' to uctermine the number of components to be
extracted.

The extracted components were then varimax rotateu ‘o preserve their statistical independence. The estimated
factor scores on each of the rotated principal co.. nonents were estimated through the regression method, and
then analyzed in a sex (male vs female) by v -t1 ;atment (control vs RCF) by treatment (baseline vs stress)

ANOVA design.

Results

ELA affects behavior in a sex dep. ndent manner

ELA affects the behavior p..~no., pe exclusively in female mice. ELA female mice show a significant increase
of immobility in FST (t(14)--? 578; p< 0.05) and TST (t(12)=2.992; p<0.05), and a reduced sucrose
consumption (t(12)=4.151; p<0.01) in SPT (Fig. 1 A,C,E) in comparison with Cont females. No significant
difference between ELA and Cont was evident in male mice (FST (t(12)=0.244; n.s.); TST (t(10)=0.545; n.s.);
and SPT (t(12)=0311; n.s.) (Fig. 1 B,D,F)).

Heart and plasma miR-34a basal expression is higher in females than males

No significant difference in the level of miR-34a expression is found between sexes in mpFC ((9)=0.273; n.s.)
(Fig. 2A), and a not significant trend is evident in DRN (t(9)=1.967; p=0.08) (Fig. 2B). However, miR-34a
expression is significantly higher in the heart (t(8)=2.776; p<0.05) (Fig. 2C) and plasma (t(8)=2.346; p<0.05) of
females than males (Fig. 2D).

ELA affects miR-34a expression exclusively in females



We test whether ELA (pretreatment) and the AAS (treatment) exposure could alter miR-34a expression in a sex-
dependent fashion. Concerning female data, two-way ANOVA shows no significant pretreatment x treatment
interaction for mpFC (F(1, 17)=0,6309; p=0,4380). However, a significant effect of pretreatment (F(1,
17)=6,726; p<0.05) and treatment (F(1, 17)=7,463; p<0.05) is evident. T-test analysis reveals a significant
increase of miR-34a in ELA in comparison with Cont female mice (t(9)=3.07; p<0.05), and a significant
increase of miR-34a in Cont exposed to adult acute stress (Cont+AAS) compared to unstressed Cont females
(t(8)=2.838; p<0.05) (Fug. 3A). A significant pretreatment x treatment interaction is evident for DRN (F(1,17)
=6,755; p<0.05). Post hoc analyses reveals significantly higher miR-34a levels in ELA female mice in
comparison with Cont females (t(17)=2.857;p<0.05) and a significant decrease in stressed ELA (ELA+AAS) in
comparison with unstressed ELA females (t(17)=2.340;p<0.05) (Fig. 3B). No significant pretreatment x
treatment interaction is evident for heart (F(1, 16)=1,196; p=0,29) (Fig. 3 C’. A significant pretreatment x
treatment interaction is evident for plasma (F(1, 16)=12,16; p<0.01). Post hoc « ~alysis reveals significantly
higher miR-34a levels in ELA female mice compared to Cont (t(16)=4.04 1;p<( .001), a significant reduction of
miR-34a in ELA+AAS in comparison with unstressed ELA (t(16)=2.¢ 34;p “0.05), and a not significant trend for
increased miR-34a levels in Cont+AAS female mice compared to v stressed Cont (p=0.052) (Fig. 3D).
Differently from females, miR-34a levels are unaltered by both <L.A and AAS exposure in male mice. Two-way
ANOV A shows no significant pretreatment x treatment interact >n .~ mpFC (F(1,18)=0.593;p=0.451) (Fig.
3E), DRN (F(1,18)=0.334;p=0.57) (Fig. 3F), heart (F(1,1¢)=".,.#33;p=0.518) (Fig. 3G) and plasma
(F(1,17)=0.001;p=0.972) (Fig. 3H).

Prefrontal-accumbal 5-HT release induced by adult . ~ute stress in female mice

We measured 5-HT release in mpFC and NAc a. ving the AAS in control and ELA female mice. Repeated
measures ANOVA shows a significant pret e7 ar cnt x time interaction (F(6,84)=4.132; p<0.01) for mpFC. Post
hoc analysis indicates increased 5-HT o 1tflo = in Cont mice at time 20 and 40 min, and decreased 5-HT release
in ELA female mice at time 20 min. * foreo ver, a significant difference between ELA and Cont mice is evident
at 20, 40, 100 and 120 min (Fig. 4A). " To significant difference was evident for basal levels (Fig. 4B).
Repeated measures ANOVA i 2 TAc data shows a significant pretreatment x time interaction (F(6,72)=2.385;
p<0.05). Post hoc analysis ‘~di. ~*_s a significant increase of 5-HT release in Cont mice at 20, 40, 80 and 100
min in comparison with basal ! :vels. No significant effect is evident in ELA mice. Moreover, a significant
difference between ELA and Cont mice is evident at 20 and 40 min (Fig. 4C). No significant difference was

evident for basal levels (Fig. 4D).

Principal Component Analysis (PCA)

The Bartlett’s test of sphericity suggested that the correlation matrix is significantly different from an identity
matrix (X26=16.245, p=.012). The Scree test (Eigenvalues = 1.780, .961, .772, .487) suggested a two-
component solution that, after being varimax-rotated, accounted for the 68.5% of the total variance. The first
component, accounting for the 34.4% of the total variance, was significantly saturated by the miR-34 expression
in DRN and Plasma (Table 1); the second component, accounting for the 34.1% of the total variance, was
significantly saturated by the miR-34a expression in the mpFC and Heart (Table 1).

The ANOVA on the factor scores on the first component (Table 2), reflecting the miR-34 expression in the



DRN and plasma, showed a significant main effect of sex (F1,32=4.574, p=.04, observed power=.546), due to
the scores on the first component being higher in the female animals than in the male animals. Also, the
pretreatment by treatment (F1,32=7.325, p=.01, observed power=.747) and the sex by pretreatment by treatment
(F1,32=5.206, p=.03, observed power=.6) interactions were significant. The second order interaction was due to
pretreatment by treatment interaction being different for female and male animals.

For the female animals in the control condition there was no difference between the factor scores on the first
component between the baseline and the stress conditions (F1,10=3.361, p=.104), whereas in the RCF condition
the factor scores on the first component were significantly smaller in the stress condition compared to the
baseline (F1,10=8.5, p=.019) (Fig. 5A).

For male animals in the control condition there was no difference between the factor scores on the first
component between the baseline and the stress conditions both in the contre’ condition (F1,10=.348, p=.572),
and in the RCF condition (F1,10=.004, p=.95) (Fig. 5B).

The ANOVA on the factor scores on the second component, reflecting the miR 34 expression in the mpFC and
heart, showed significant main effects of sex (F1,32=25.924, p<.001, « bsexr ‘ed power=.99), and treatment
(F1,32=6,773, p=.01, observed power=.714). The main effect of se." was aue to the scores on the first
component being higher in the female animals than in the male : nim. Is. The main effect of treatment was due to
the scores on the second component being higher in the stress ¢ na. “on than in the baseline condition (Fig.
5B,D). Also, the sex by treatment (F1,32=6.690, p=.01, o' se" v~d power=.708) interaction was significant.

This interaction was due to the female animals in the s!* »ss cuondition showing higher scores than female animals
in the baseline condition (F1,18=8,996, p=.007). whe' :as there was no difference between male animals in the

baseline and stress condition (F<1).



Discussion

Using our well validated model of ELA, here we confirm the pro-depression behavioral effects of RCF
exclusively in female mice, as previously reported (Di Segni et al., 2016; Lo lacono et al., 2021b).

Most importantly, our results provide the first evidence of sex related differences of miR-34a expression in basal
condition and following ELA exposure across different tissues. ELA exposure not just produces enduring
changes in miR-34a expression in a sex-dependent manner, but also alters the modulation of miR-34a
expression that occur in response to adult acute stress. Finally, altered miR-34a expression in DRN is
functionally associated with prefrontal-accumbal 5-HT release under acute stress exposure in females.

First, we show a differential basal expression of miR-34a through two (DRN, plasma) of the four tissues
investigated between males and females, with females showing higher miR-34a expression in plasma and heart
and male mice higher expression in DRN. This is, to our knowledge, the firs: evidence of a different basal sex-
related miR-34a expression.

MiRs are important regulatory molecules of several physiological process s, su :h as cell growth and
differentiation, metabolism, morphogenesis, maturation, and apoptosic (Ka rich et al., 2013; Li et al., 2018;
Zhang et al., 2009; Giraldez et al., 2005; Poy et al., 2004). Because nales and females of inbred strains do not
vary in genetic sequences except for the Y chromosome, the trai scry, tional regulatory action of the miRs could
play an important role in sex-specific differences (Sharma and Fzh. ~li, 2014; Morgan and Bale, 2012;
Warnefors et al., 2017). Sex hormones and sexual chromc so7.1¢s-linked genes can have an influence in the
biogenesis of miRs. Males and females differ for gonac 1 steioid production, such as dihydrotestosterone,
progesterone, and estradiol. These neurohormonr s res alate genes expression through nuclear hormone
receptors, which are ligand-activated transcription ta. *ors (Kininis and Kraus, 2008; Pandey and Picard, 2010;
Bethke et al., 2009). This suggests that they can . 'so regulate the expression of miRs, directly by binding their
promoter elements, or indirectly regulating 1c wi stream target genes that, in turn, can induce or repress miRs
expression (Yang and Wang, 2011). In ‘act, - ormones like estradiol can regulate the ribonuclease Drosha and
Dicer, that are part of a protein comg ' *x regulating miRs biogenesis and maturation (Gregory et al., 2004; Bhat-
Nakshatri et al., 2009). Therefore, bas. ! differences in miR-34 expression between sexes may represent an
important factor helping to el ... “te some mechanisms underlying different neurobiological processes in males
and females. Interestingly, ~x '*~.orphism is observed in a wide range of human diseases, such as immune,
cardiovascular or neurodegene ative pathologies, as well as in psychopathological conditions like depression
(Dorak and Karpuzoglu, 2012; Maas and Appelmen, 2010; Whitacre, 2001; Eid et al., 2019).

Second, here we demonstrate that ELA affects the long lasting miR-34a expression exclusively in female mice.
We have previously demonstrated that exposure to an early-life adverse experience interfering with the mother-
pups attachment bond development (RCF (ELA)) induces in DBA female mice increased long-term passive
coping strategy and depression-like state (Di Segni et al., 2016; Lo Iacono et al., 2021b). Here we confirm these
data, showing that ELA impacts adult coping strategy selectively in females, while no effect is evident in males.
Interestingly, a parallel effect of ELA is evident on miR-34a expression exclusively in females. Notably,
epigenetic modifications (Alyamani and Murgatroyd, 2018) are recognized to be critical factors to understand
sex differences in brain development and response to early environment (Keller and Roth, 2016), and sex has
been recently suggested to be a key actor for shedding light on both miRs and gene expression changes induced

by ELA in the brain (Labonté et al., 2017; Barko et al., 2019; Brivio et al., 2020; Parel and Pefa, 2022;



McKibben and Dwivedi, 2021). However, surprisingly, only few studies investigated sex differences in miRs
expression (McKibben and Dwivedi, 2021; Cattaneo et al., 2020) in animals precociously exposed to aversive
life events (McKibben and Dwivedi, 2021; Cattaneo et al., 2020), thus currently lacking sufficient reports
regarding sex differences in the miRs-ELA literature (McKibben and Dwivedi 2021).

MiR-34, and specifically a and ¢ isoforms, are involved in adult stress response and stress-related behaviors
(Haramati et al., 2011; Andolina et al., 2018). Moreover, a recent study reported an association between
exposure to early life stressful events and sperm levels of different members of miR-34 family, both in animals
and humans (Dickson et al., 2018). In addition, peripheral miR-34a expression in depressed adults correlates
with the number of negative events (neglect/abuse) experienced in childhood (Lo Iacono et al., 2020b), thus
suggesting the possibility that miR-34 represents a biomarker of early adversities. Unfortunately, no study has to
date investigated sex related differences in miR-34a following ELA exposur:. Here we find, for the first time,
increased central (DRN, mpFC) and peripheral (plasma and a not significant tic ~d in hearth) miR-34a levels
exclusively in ELA females. This pattern seems to be related to depressiv. -like phenotype shown by ELA
female mice (Di Segni et al., 2016). In support of this hypothesis, we “ind 1 » alterations in miR-34a expression
in ELA males which, accordingly, don’t show a depressive-like sta: (Lo 1acono et al., 2021b and present data).
Overall, these data point to the potential role of miR-34a as a se .-re.. ted biomarker of depressive-like state
induced by ELA.

Third, similarly to ELA, exposure to acute adult stress im ac.s miR-34a expression exclusively in females DBA
mice as demonstrated by higher expression of miR-34¢ 'n mpr'C and plasma of Control females subjected to
restraint stress (stressed) compared to unstressed .em- ies. Again, adult stress exposure does not induce
alterations in miR-34a levels in males. These results, “rgether with data from ELA experiments, strongly
suggest miR-34a as a sex-related factor of stress ~ffects ‘vulnerability.

In addition, our data indicate that ELA is al ‘0 ab ¢ to modulate the subsequent miR-34a response to adult stress
exposure in a sex-related manner. In fac:, w..'le ELA females respond to adult stress differently compared to
Control females, no effect of ELA o1 'ater .tress exposure is evident in males. MiR-34a expression is increased
in mpFC and plasma of stressed Conu ~! 1n comparison with unstressed Control female animals, while a
significant reduction is observ_.u - both DRN and plasma of stressed ELA compared to unstressed ELA
females. We can speculate hav . early manipulation has dysregulated the miR-34a “system” in female mice
making females not able to res ,ond later when subjected to a subsequent aversive experience in adulthood. This
observation is further supported by functional data by in vivo microdialysis experiment. In fact, while Control
females respond to adult acute stress (AAS) with increased prefrontal-accumbal 5-HT release, accordingly to
literature concerning stress effects on serotoninergic transmission (Andolina et al., 2016; Tao et al., 2017), no
significant augmentation is evident in ELA females. These data indicate that reduced DRN miR-34a expression
in ELA females is associated to reduced prefrontal 5-HT release under acute stress, according with previous
reports showing that genetic deletion of miR-34 family members prevents 5-HT release in mpFC under stress
exposure (Andolina et al., 2016). The DRN, the origin of central 5-HT system, plays a pivotal role in stress-
induced 5-HT modulation through the complex network of its forebrain projections, including the mpFC
(Waselus et al., 2011; Andolina et al., 2018). Interestingly, among the brain regions mostly involved in the
stress-related behaviors, the miR-34a displayed the strongest expression in DRN (Andolina et al., 2018). We

have also recently investigated a possible mechanism through which miR-34 could contribute to the stress-



induced 5-HT mpFC release (Andolina et al., 2018). The corticotropin-releasing factor receptors (CRFR 1 and
2) are critical in mediating the mpFC-5-HT response to stress (Andolina et al., 2018; Waselus et al., 2011), and
the CRFR1 is a target of miR-34a (Haramati et al., 2011). Thus, in a previous study, we have hypothesized that
the miR-34a-dependent modulation of CRFR1 expression may be involved in the DRN-5-HT regulation. In line
with this hypothesis, we have reported that genetic deletion of miR-34 family in mice leads to increased DRN
CRFRI that, in turn, inhibits the 5-HT-DRN system and blunts prefrontal 5-HT release (Andolina et al., 2018).
Finally, several genes that have been identified as miR-34a targets, such as the 5- HT2c receptor (Lo Iacono et
al., 2021a), encode for proteins that contribute to modulate 5- HT release (Lo lacono et al., 2020a).
Interestingly, CRFR1 and 5-HT2C in the DRN are expressed in GABAergic neurons and it has been
demonstrated that increased activity of these receptors enhances GABAergic response (Waselus et al., 2011;
Spoida et al. 2014). Serotonergic activity is finely controlled by local GAB/. release and increased DRN-
GABAergic activity causes an inhibition of serotonin tone (Hernandez-Vazquez ~t al., 2018). Thus, based on this
evidence, it is possible to hypothesize that the reduced expression of miR- 34a i1 the DRN induced by RCF
induces an increase in the expression of CRFR1 and 5-HT2C enhancir g D."N-GABAergic activity. This
mechanism would explain the reduced release of prefrontal 5-HT iz RCr mice.

In addition, here we show that reduced miR-34a expression in I RN 5 also associated with decreased accumbal
5-HT release induced by acute stress. 5-HT-DRN neurons proje 'ti,, to NAc play an important role in
motivation interacting with dopamine transmission and re su! «t'ng its release (Parsons and Justice, 1993).
Damped serotonergic responsivity under stress conditic 1s seems to be involved in depressive phenotype (De La
Garza and Mahoney, 2004), and chronic antidepr sssa’ t treatment normalizes accumbal 5-HT-DA interaction as
well as depressive behavior in FST (Zangen et al., 2. "1). Notably, we have previously demonstrated reduced
dopamine release in the NAc of adult ELA fema!~s exposed to acute stress (Di Segni et al., 2016). It is possible
to speculate that the reduced serotonin and !0 »a) .ine neurotransmission responsivity to adult aversive
experiences in NAc contributes to modt late ‘e vulnerability to depressive-like phenotype shown by adult ELA
female mice.

Finally, to investigate the association . mong brain structures and peripheral tissues with regards to the miR-34a
expression, a PCA was perforr..c.’ 'L nis analysis strongly reveals correlations between the brain areas/tissues
investigated. Two compon.ts ~~.e extracted: DRN-plasma (factor 1; 34.4 %) and mpFC-heart (factor 2;
34.1%), overall accounting for 38.5 % of the total variance. The DRN-plasma relationship appears specially
interesting, allowing us to speculate that peripheral miR-34a expression could be used as peripheral biomarker
of brain expression. However, deeper analysis is needed to investigate this possibility in the future.
Interestingly, over the past few years ELA has been established as the major risk factor for major depression,
and epigenetic factors are the main candidates for ELA effects. MiRs are global modulators of gene expression
and thanks to their role, they have emerged as a key regulator of neural plasticity shaped by environment.
Moreover, circulating miRs are attracting interest because of their potential correlation with brain levels and
with the pathogenesis of psychiatric disorders. Our data suggest the possibility to use miR-34a plasma levels as
peripheral indicators of DRN miR-34a expression, although future experiments are needed to deeply investigate
this chance. A translational study on humans is necessary to verify the results obtained in our animal models of
ELA-induced depression and to test the possibility to use miR-34a plasma levels as biomarker.

Several clinical studies have highlighted the relationship between miRs alterations and psychiatric conditions.



Genetic association studies reported chromosome deletions, insertions, duplications or copy number variations
in region encoding miRs biogenesis-related proteins, as well as specific miRs, that are associated with
susceptibility to psychiatric disorders. Moreover, SNPs in miRs biogenesis-related genes or in specific miR-
encoding loci have been associated with increased risk for psychiatric disorders (Geaghan and Cairns, 2014;
Hommers et al., 2015; Issler et al., 2014; Lopez et al., 2014). Furthermore, studies on circulating miRs have
highlighted the possible relationship between the expression of central and peripheral miRs, thus suggesting the
possibility to using peripheral miRs as biomarkers.

(Lopez et al., 2014; Rao et al., 2013; Issler and Chen, 2015). The present data support this correlation also
pointing to miRs alterations as potential biomarkers of genetic and/or environmental vulnerability to disease
expression.

This kind of approach would allow to monitor the neurobiological mechanis ns underlying the development of
psychiatric conditions, the adherence, and the efficacy of the treatment. Morco. ~r, patients-specific miRs
expression profiles could be a useful tool to assess the appropriate pharme ~olog ical treatment for a given
patient, as part of the personalized medicine approach. Our data suppc t th, * point of view, showing how sex
differences should be taken in consideration in order build up a mo. * accurate diagnosis and effective
pharmacological approach.

Overall, despite some limitations mainly related to animal mode’s, « " results provide, to our knowledge, the
first evidence of sex related differences in both basal and ":L 1 induced levels of miR-34a across different brain
areas and peripheral levels. In addition, we show that E A miodulates the subsequent response of miR-34a to
acute stress in adulthood in a sex-related manner

Uncovering sex-related miRs characteristics specific '~ ELA and to identify peripheral biomarkers of disease
susceptibility will aid in designing more effectiv .~ personalized, and preventive treatments (Allen and Dwivedi,

2020; McKibben and Dwivedi, 2021).
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Figure legends

Fig. 1. ELA induces a depressive-like behavior in female mice only

Effects of ELA on immobility in FST and TST and on preference for saccharine (SPT) in female (A,C,E) and
male mice (B,D,F).

A. Significant difference in immobility in FST between ELA and Control females (Con7) (Cont n=8, ELA n=8)
(*p<0.05) (mean = SEM) B. No significant difference in immobility in FST between ELA and Cont males
(Cont n=7, ELA n=7) C. Significant difference in immobility in TST between ELA and Control females (Cont
n=7, ELA n=7) (*p<0.05) (mean + SEM) D. No significant difference in immobility in TST between ELA and
Cont males (Cont n=6, ELA n=6) E. Significant difference in increase of percentage of sucrose consumption
between ELA and Control females (Cont n=7, ELA n=7) (**p<0.01) (mear + SEM) F. No difference in
increase of percentage of sucrose consumption between ELA and Control m~les ‘“ont n=7, ELA n=7) .

All data are expressed as mean time spent (in second) +SEM. *P < 0.05 in ~omparison with the respective

Control (Cont) group.

Fig. 2. miR-34a is differently expressed in male and female - ice

Relative expression (fold changes) of miR-34a in mpFC (A), DN (.0), heart (C) and plasma (D) of naive
female and male mice. The relative expression level of m R. 34 1 was evaluated with respect to male mice.

A. No significant difference in miR-34a expression ‘< ¢ . ‘dent between female and male mice in mpFC (males
n=6, females n=5). B. A not significant trend, » *h r (R-34a levels higher in males than females, is evident in
DRN (male n=6, female n=5). C. A significantly highc. expression of miR-34a is observed in both hearth
(*p<0.05) (mean + SEM) and (D.) plasma (¥»<0..5) (mean = SEM) (males n=5, female n=5) of females than

males.

Fig. 3. miR-34a expression is affect. ' by ELA only in female mice

A. Relative expression (fold cha: oes) ..{ miR-34a in mpFC, DRN, heart and plasma of unstressed and stressed
(AAS) Control (Cont) and EI A tec male (A,B,C,D) and male mice (E,F,G,H). The relative expression level of
miR-34a was evaluated wit.. “espect to the unstressed Cont group within each sex.

ELA affects miR-34a exprec ~un in the mpFC of female mice. AAS increases miR-34a expression in Cont
females (Cont n=5, ELA n=6; Cont+AAS n=5; ELA+AAS n=6). B. ELA affects miR-34a expression in the
DRN of female mice. AAS decreases miR-34a expression in in ELA mice (Cont n=5; ELA n=6; Cont+AAS
n=5; ELA+AAS n=5). C. ELA and AAS doesn’t affect miR-34a expression in the heart (Cont n=5; ELA n=5;
Cont+AAS n=5; ELA+AAS n=5). D. ELA affects miR-34a expression in plasma. AAS increases and decreases
miR-34a expression in Cont and ELA, respectively (Cont n=5; ELA n=5; Cont+AAS n=6; ELA+AAS n=5).
ELA and AAS do not affect miR-34a expression in the mpFC (E) (Cont n=5; ELA n=5; Cont+AAS n=5;
ELA+AAS n=6), DRN (F) (Cont n=5; ELA n=5; Cont+AAS n=5; ELA+AAS n=6), hearth (G) (Cont n=6; ELA
n=5; Cont+AAS n=6; ELA+AAS n=5) and plasma (H) (Cont n=5; ELA n=5; Cont+AAS n=6; ELA+AAS n=5)
of male mice. *p<0.05; ***p<0.0001

Fig. 4. miR-34a alteration in DRN modulate 5-HT release in mpFC and NAc



A. 5-HT release induced by restraint (2h) in mpFC of Cont (continuous line) and ELA (dashed line) female
groups. B. Basal 5-HT outflow of Cont (red bar) and ELA (white bar) groups (Cont n=9, RCF n=7). C. 5-HT
release induced by restraint (2h) in NAc of Cont (continuous line) and ELA (dashed line) groups. D. Basal 5-HT
outflow in Cont (red bar) and ELA (white bar) groups (Cont n=7, RCF n=7). Animals undergo to adult acute
stress (AAS) at time 0. Data are expressed as percentage changes from baseline level of each group (A,C) and
raw concentration (pg/20ul) (B,D) *p < 0.05; **p < 0.01 (between groups), #p < 0.05; ##p < 0.001; ###p <
0.001 (within group, Cont), §p < 0.05 (within group, ELA) (mean + SEM).

Fig. 5. Principal Component Analisys (PCA)

A. Average Factor scores on the first (DRN and plasma) Principal Component as a function of treatment and
pretreatment conditions, in female (left) and male (right) animals. B. Averace Factor scores on the second
(mpFC and heart) Principal Component as a function of treatment and pretreau. ent conditions, in female (left)

and male (right) animals.



Table 1. Varimax rotated factor structure for the entire dataset

Components
1 2
DRN 0.779 0.248
mpFC 0.079 0.8
Heart 0.165 0.813
Plasma 0.859 0.022




Table 2. Average scores on the first component and standard error as a function of sex, pretreatment, and

treatment.
95% Confidence Interval
sex treat pretreatment Mean Std. Error
Lower Bound Upper Bound
Baseline Cont -0.524 0.381 -1.301 0.252
RCF 1.508 0.381 0.731 2.284
Females
Acute
Cont 0.414 0.381 -0.363 1.19
Stress
RCF -0.244 0.381 -1.021 0.533
Baseline Cont -0.425 0.381 -.202 0.352
RCF -0.303 0.381 -1.78 0.473
Males —
Acute
Cont -0.159 0.381 | -0.935 0.618
Stress :
RCF -0.266 0.381 ! -1.043 0.511




Highlights
Early life adversity induces a depressive-like state in female mice

Early life adversity affects miR-34a expression only in female mice
Early life adversity modulates miR-34a response to adult acute stress exposure in female mice

MiR-34a expression in DRN correlates with plasmatic miR-34a levels



FST

® < i o <
° = o e =
° w - o |0 1]
(7))
[ ] -t T -t
° (@] (&)
I T T I T T
o o o o o o o o
o o o o o o
™ N - ™ N -
(09s) A1jiqoww - (09s) Ajiqoww
[ )
<
3 e -
wl T ° w
* S*
) o )
(&) L4 (&)
I T T I T T
o o o o o o o o
o o o o o o
™ N - ™ N -

(99s) Ajiqoww)

(99s) Aqowiwy

L

SPT

o|"
Cont

T
ELA

100

SPT

* %

1 I I I
(=] o o o o
[~2] 0 < N

@yejul 8s0.IINS 9,

ELA

vﬂ-
- S

Cont

1
o
o
-

I I 1 I
o o o o o
o] © < N

9)ejul 9s04Ins 9,

Figure 1



3.5-

S 3.0

&

£ 2.5-

3

T 2.0-

o

WL 1.5-

3

™ 1.0-

14

'S 0.5-
0.0-

(@

miR-34a Fold Change

S o > =2 M DhD W
© 1 © 1 © »un ©°©
1 1 1 1 1 1|

mpFC

Male Female

Heart

Male Female

Figure 2

miR-34a Fold Change

miR-34a Fold Change

DRN

3.5-
3.0- p=0.08
2.5-
2.0- o
1.5
1.0
0.5-
0.0

Male Female

Plasma

Male Female



7
° - o '_"/% Y
& o, .,
(1] . n
= . — QAL b)& ‘% ° .y/ 053‘ >
né %, = e ® xl"o
L] L ) -
TR 5.29 % o . b>\9 )
-l e
o 1 1 1 1
L (L <lr clq é © <t o~ o
abuey? pio4 epe-yiw T aBuey pjo4 epe-yiw
%
x 2
/ ) i O
2 i N 5 =,
g. o 2 e ol b>x’°o * A>\9 O‘b
L v
. > }('O
10 )
w ¢ | OO O) T T T
T T 1 © < o~
@ ~ N © abuey9 pjo4 epg-yiw

DRN
\
’
@\/
X
\
;.

&

L] x}o g XI
e ot e - (o) o (7
()
* * b>~9 0 g g o oo o o -b> v}
a © >

* k%

abuey) plo4 epg-yiw

1 1 I
©0 < o~N

o 0 abuey) pjo4 epg-yiw

6_
4_.
2_
[ ]
il
&
[é
o0
X
<

\y
"Lx& ) .
2 * "m' S8, » £ . fo—] 7 s, %
o x [F) x
%, ’ #
E * o l%—o.. = 529 OO I O.IQ — 529 o(b
¢ ‘ “ . 2,
° 0.
. : "V o . . : | °
< © < o~ o © < o~ o

abuey) p|o4 epg-yiw
abuey) pjo4 epyg-yiw



¥ 24n314

(unw) awiy

& & & @& @ ¢ o

(unw) swiy
& & e & ¢ o

L 1 1 J %
-00L- S r004-
g
[
L
-0 o o
:
ol
0oL -001
vi13a -v- m V13 -v-
[oju0) -e- i = [ojuoD -e-
002 .m -002C

ih6d

OVN

ndino ases|al | H-G [eseq Jo %,



Swy -o-
auleseg —o-

~0°}-

*
<

m<< e =
auleseg —o-

-
-

- -

-

T
o
<

0~
20~
—-0°0
~-¢'0

-0

$8109G Ssi0)oe abelany

Belany

@

S9.100¢G S.10)oe4

G 24n314

w<< c 0=
auleseg —o-

w<< « 0=
aulpseg —o-

Vi3
]

Juog
1

0'}-
>
<
o
Q)

«Q
(1]
i
Q
a
o
)
»

=" m
@
7]

Loz

S9109G S10}oe abeloAy



