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ARTICLE INFO ABSTRACT

Keywords: Major depressive disorder (MDD) is the most common and widespread mental disorder. Selective serotonin re-
Major depression disorder uptake inhibitors (SSRIs) are the first-line treatment for MDD. The relation between the inhibition of serotonin
SSRI

reuptake in the central nervous system and remission from MDD remains controversial, as reuptake inhibition
occurs rapidly, but remission from MDD takes weeks to months. Myelination-related deficits and white matter
abnormalities were shown to be involved in psychiatric disorders such as MDD. This may explain the delay in
remission following SSRI administration. The raphe nuclei (RN), located in the brain stem, consist of clusters of
serotonergic (5-HT) neurons that project to almost all regions of the brain. Thus, the RN are an intriguing area for
research of the potential effect of SSRI on myelination, and their involvement in MDD. MicroRNAs (miRNAs)
regulate many biological features that might be altered by antidepressants. Two cohorts of chronic unpredictable
stress (CUS) mouse model for depression underwent behavioral tests for evaluating stress, anxiety, and
depression levels. Following application of the CUS protocol and treatment with the SSRI, citalopram, 48 mice of
the second cohort were tested via magnetic resonance imaging and diffusion tensor imaging for differences in
brain white matter tracts. RN and superior colliculus were excised from both cohorts and measured for changes
in miRNAs, mRNA, and protein levels of candidate genes. Using MRI-DTI scans we found lower fractional
anisotropy and axial diffusivity in brains of stressed mice. Moreover, both miR-30b-5p and miR-101a-3p were
found to be downregulated in the RN following CUS, and upregulated following CUS and citalopram treatment.
The direct binding of these miRNAs to Qki, and the subsequent effects on mRNA and protein levels of myelin
basic protein (Mbp), indicated involvement of these miRNAs in myelination ultrastructure processes in the RN, in
response to CUS followed by SSRI treatment. We suggest that SSRIs are implicated in repairing myelin deficits
resulting from chronic stress that leads to depression.

Chronic unpredictable stress
microRNA
Myelin

1. Introduction biological basis of depression results from a central nervous system
(CNS) imbalance or decrease in the neurotransmitter serotonin (5-HT)

Major depressive disorder (MDD) is a complex, common, and (Mohammad-Zadeh et al.,, 2008). This decrease might be due to
recurrent mental disorder (Sullivan et al., 2000) It is among the leading increased serotonin transporter (SERT) activity, reduced serotonin
global causes of disability (Lopez et al., 2006), affecting more than 250 synthesis in the CNS or damage to CNS serotonergic synapses following
million people annually (Depressive disorder), and is more commonly chronic stress conditions (Hirschfeld, 2000; Czéh et al., 2016). Thus, the
diagnosed in women than in men (Hasin et al., 2018). The monoamine current first-line treatment for MDD is selective serotonin reuptake in-
hypothesis of depression, formulated over 40 years ago, proposes the hibitors (SSRIs), which are antidepressant drugs that block serotonin
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reuptake by binding to SERT (Sangkuhl et al., 2009).

The monoamine hypothesis suggests that SSRIs relieve depression
symptoms mainly via blocking SERT, thereby increasing the availability
of serotonin in serotonergic CNS synapses (Hirschfeld, 2000; van Praag
et al., 1987; Price et al., 1990). However, while SERT inhibition is
achieved within a few days of initiating SSRI treatment, remission from
depression starts after about 4 weeks (Gelenberg, 2010; Rayner et al.,
2011; Cipriani et al., 2012). This discrepancy in time led to the sug-
gestion that recovery from depression involves synaptogenesis and
neurogenesis (Eisch and Petrik, 2012; Bambico et al., 2013; Mateus--
Pinheiro et al., 2013; Oved et al., 2013). However, it is unclear whether
SSRI-mediated SERT blockage is involved in these two processes
(Moncrieff et al., 2022).

The raphe nuclei (RN) are a cluster of nuclei found in the brain stem,
consisting of serotonergic synthesizing neurons which assemble the
major ascending serotonergic fibers projecting to the forebrain and
descending fibers that extend to the medulla and spinal cord (Steinbusch
and Nieuwenhuys, 1981; Commons, 2020). Through its ascending pro-
jections, the RN has an important role in the regulation of many phys-
iological functions, including learning, cognition, and mood (Michelsen
et al., 2008).

Myelin is a lipid-rich electrically insulating tissue crucial for elec-
trical communication and transmission of axon potentials between
neurons, and that provides metabolic support to the axons it ensheaths
(Nave, 2010). Oligodendrocytes are the myelinating cells of the CNS.
They are generated from oligodendrocyte progenitor cells and are
essential for myelin formation and regeneration, for example, in multi-
ple sclerosis (Bradl and Lassmann, 2010; Franklin and Ffrench-Constant,
2017). A main protein in myelin is myelin basic protein (MBP),
expressed on the cytoplasmic surface of the oligodendrocyte plasma
membrane (Kuhn et al., 2019). Oligodendrocytes express serotonin re-
ceptors and were shown to be affected by serotonin, 5-HT receptor ag-
onists and SSRI administration (Fan et al., 2015; Kurokawa et al., 2021).

Myelination related deficits, oligodendrocyte morphometry changes,
and white matter abnormalities were previously shown to be involved in
various psychiatric disorders such as schizophrenia, alcoholism, bipolar
disorder and MDD (Hakak et al., 2001; Tkachev et al., 2003; Hamidi
et al., 2004; Rajkowska et al., 2015, 2018; Miguel-Hidalgo et al., 2017,
2019; Miguel-Hidalgo, 2023). Most importantly, the prevalence of MDD
and anxiety disorders among individuals with multiple sclerosis, a
demyelinating disease of the CNS, highlights the connection between
myelin deficits and MDD symptoms (Joffe et al., 1987; Chwastiak and
Ehde, 2007). Certain studies showed no change in oligodendrocyte
density in MDD, suggesting unchanged morphology despite possible
organizational disruption (Williams et al., 2015; Ongiir et al., 1998). The
disruption might result from altered myelin-related gene expression or
splicing (Aston et al., 2005; Klempan et al., 2009a; Darbelli et al., 2017);
and consequently present in myelin related proteins, or as abnormalities
in transcription factors of myelin-related genes (Tham et al., 2011).

MicroRNAs are single-stranded, short endogenous non-coding RNAs
present in all cells and tissues that down-regulate gene expression at the
post-transcriptional level (Rukov and Shomron, 2011). Thousands of
miRNAs are encoded within the human or rodent genome (Londin et al.,
2015), and their dysregulation has been implicated in many chronic
diseases, including brain disorders (Modai and Shomron, 2016; Serafini
et al., 2014a). As changes in miRNA levels affect global gene expression
(Lim et al., 2005), miRNAs have been proposed as biomarkers for disease
diagnosis and treatment choice (Rukov et al., 2011, 2014), including for
CNS disorders (Gurwitz, 2019). MiRNAs have been related to
neuro-inflammation, altered neurogenesis, neuroplasticity, stress
response and circadian rhythms, and factors implicated in MDD patho-
genesis (Dwivedi, 2013; Forero et al., 2010; Fiore et al., 2008; Im and
Kenny, 2012); all of which may be affected by antidepressant treatment
(D’Sa and Duman, 2002).

Here, we aimed to explore the interrelationships between the effects
of the SSRI citalopram on relief from depression-like symptoms, RN
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myelin integrity, and RN microRNA expression in the chronic unpre-
dictable stress (CUS) mouse model for depression. Our findings showed
that chronic stress caused depressive-like symptoms and RN defects in
myelin structure, which were prevented by daily citalopram adminis-
tration and were correlated with the expression levels of miR-30b-5p
and miR-101-3p, two miRNAs which target the gene Qki. Accordingly,
elevated Qki expression levels were observed in the RN of CUS mice,
which affected Mbp expression and myelin structure — all of which
prevented by citalopram. Our study suggests that the capacity of cit-
alopram to restore normal myelin structure may be implicated in its
mode of antidepressant action.

2. Materials & methods
2.1. Animals, treatment and CUS

A total of 23 male C57BL/6, 6 weeks old mice were tested in the first
cohort experiment, and 48 male C57BL/6, 6 weeks old mice were tested
in the second cohort. Male mice were used in order to avoid effects of
female hormonal cycles on the results. The experiment was designed
where in the 1st cohort, 6 mice were subjected to Chronic Unpredictable
Stress (CUS) and given water, 6 mice exposed to CUS and given cit-
alopram hydrobromide (10 mg/kg/day) in drinking water (0.1 mg/ml),
6 mice were given citalopram in drinking water and 5 mice were used as
controls and given water. In the second cohort, 12 CUS-exposed mice
were given vehicle via i.p. injection, 12 mice exposed to CUS were given
citalopram hydrobromide (10 mg/kg/day) (C7861, Sigma-Aldrich,
USA) via ip. injection, 12 mice were given citalopram via ip. injec-
tion and 12 mice were used as controls and given vehicle via ip.
injection.

CUS protocols entailed a randomized six-week schedule of daily mild
stressors, which started when mice were 6 weeks old. Treatment (vehicle
or citalopram) was given at the start of the fourth week (i.e. mice were 9
weeks old), for three weeks. Additionally, mice were weighed on the
first day of each of the six weeks of CUS and nestlet measurements were
made on the days following a “change to new cage” stressor.

Every mouse in a given cohort in the CUS groups, was exposed to the
same stressor on a given day. Stressful stimuli were administered at a
random time of day, though always during the light portion of the
controlled light/dark cycle. Following six weeks of CUS exposure,
behavioral tests were performed to quantify the effects of this stress.

Each stressed mouse was housed individually, while control mice
were group housed (maximum of 5 mice) and remained in their home
cages throughout, in the Vanderbilt Murine Neurobehavioral Core
during the first cohort, or in the conventional murine center at the
Faculty of medicine at Tel Aviv University during the second cohort,
with controlled 12-h light/dark cycles, freely available food and water,
and controlled temperature and humidity. All experimental procedures
were approved by the Vanderbilt Institutional Animal Care and Use
Committee under the protocol M/15/014, or by the Tel Aviv University
Institutional Animal Care and Use Committee under the protocol TAU-
MD-IL-2206-167-5.

2.2. Stressors

Each day was randomly assigned one of six possible stressors or as a
rest day (no stressor).

1 Changing to a New Cage. This stressor consisted of removing a mouse
from its home cage and rehousing it in a new, clean cage. No
bedding, food or water was carried over to the new housing. A nestlet
was placed in the new cage.

2 Confinement to Plastic Cylinder. This stressor consisted of removing
the mouse from its home cage and placing it in a restraint tube for 5
min. After the period of confinement, the mouse was returned to its
unaltered home cage.
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3 Shaking of Home Cage. This stressor consisted of shaking the mouse
home cage three times by hand for a duration of 30 s each, with a 1-
min interval between each shaking. The home cage is shaken with
enough force so that the mouse displays tonic immobility.

4 Exposure to Water. Each mouse was removed from its home cage and
placed in a 500 ml beaker containing 1 cm of water at room tem-
perature for 6 min. Mice were hand-dried and returned to their home
cage.

5 Swapping Home Cage of Two Mice. This stressor consisted of
removing two mice from their respective home cages and rehousing
them in each other’s home cages. No bedding, food or water were
replaced or swapped between cages. Mice remained in their new
home cage until the next cage swap stimulus, or until the conclusion
of the six weeks of CUS.

6 Tilt cage. In this stressor mice remained in their respective cages
while cages were tilted to 45° for a duration of 2 h.

7 Rest day. No stress stimulus was administered. Mice remained in
their unaltered home cages.

2.3. Behavioral testing

Animals were tested during the light phase, and acclimated to testing
room conditions for 30 min. All apparatuses were cleaned with chlorine
dioxide disinfectant (Vimoba, Quip Labs, Wilmington, DE) prior to the
first testing session and between sessions. Mice were tested in a ran-
domized order for each test. Test order was designed to minimize
carryover anxiety on subsequent assays. Individual tests were conducted
with a minimum of 24 h between each test.

2.3.1. Forced swim test (FST)

The forced swim test is used to evaluate depressive like behavior. The
apparatus is a clear Plexiglas cylinder, 24 cm high and 19 ¢m in diam-
eter, filled with approximately 16 cm of water at 23 °C. In the test, the
mouse was placed in the cylinder for 7 min and then moved to a heated
cage until the fur dried completely. Typically, the mouse gradually
stopped swimming before being removed. Water was changed and the
apparatus cleaned between each test. Inmobility duration, the time the
mouse remained floating motionless was measured during the last 5
min. All tests were filmed by video camera. A blind competent observer
scored immobility for the first cohort, while the second cohort was
tracked and analyzed using EthoVision XT (Noldus IT, Netherlands).
Latency to first immobile period and total immobility were recorded.

2.3.2. Elevated plus maze (EPM)

The elevated plus maze is used to evaluate anxiety like behavior. The
apparatus consists of a four-armed platform (+shape) elevated 40 cm off
the ground. Two arms are "closed" and confined by walls (15 cm high)
and two arms are "open" with no walls. Each arm is 35 cm long and 5 cm
wide, and similar arms face one another. In the test, each mouse is
placed at the center of the EPM facing toward one of the closed arms and
then allowed to move freely for 7 min. When the mice are placed on the
maze, the video-tracking system, EthoVision XT (Noldus IT,
Netherlands), starts. The respective number of entries into the open and
closed arms and the time spent exploring each arm are recorded for each
mouse. After 7 min of testing, mice were removed from the plus maze
and placed back in their home cage outside the testing environment. The
EPM was cleaned with Virusolve+ (Amity International, USA) before the
next test.

2.4. Magnetic resonance imaging (MRI) and diffusion tensor imaging
(DTD

Forty-eight twelve-weeks old mice underwent MRI-DTI scans. During
MRI sessions, anesthesia was induced and maintained using isoflurane
(1.5%) in pure oxygen. A heating system was used to maintain the an-
imal body temperature and their respiration was monitored and
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maintained at 30-50 breaths/min using a pneumatic balloon positioned
against the animal’s chest.

MRI was performed in the Strauss computational neuroimaging
center at Tel Aviv University, by a Bruker Biospec 7T/30 Scanner
equipped with a 660 mT/m gradient unit, using a cross coil configura-
tion of 86 mm transmissive Volume coil and mouse quadrature coil as a
receiver. The MRI scan protocol included structural T2 weighted (T2w)
images that were acquired with the rapid acquisition with relaxation
enhancement sequence (RARE) and Diffusion Tensor Imaging (DTI)
acquisition with a Diffusion-Weighted Spin-Echo Echo-Planar-Imaging
pulse sequence (DW-SE-EPI). T2w acquisition was done with the
following parameters: TR = 2500 ms; effective TE: 30 ms, RARE factor 8
with 8 repetitions. 20 coronal slices, 0.6 mm thick (no gaps), with in-
plane resolution of 0.1 mm2 covering the entire brain, and lasts 4:00
min. For DTI we have used TR/TE = 3000/22.3 ms, A/6 = 10/2.5 ms, 2
EPI segment, 30 gradient directions with b-value at 1000 s/mm2 and
three BO images. 28 axial slices, 0.6 mm thick (no gaps), with in-plane
resolution of 0.175 mm?2. The DTI acquisition took 10:00 min.

DTI dataset was corrected for head movement and eddy current
distortion using ExploreDTI (Leemans et al., 2009) platform within
MATLAB (2022a, The MathWorks, Inc., USA). Following the corrections,
the dataset underwent non-linear tensor estimation with structural
corrections to the anatomical T2w image. Several indices were extracted
from DTI analysis, such as fractional anisotropy (FA), mean diffusivity
(MD), and axial and radial diffusivities (AD and RD, respectively) that
were then co-registered and normalized to a template mouse brain using
SPM 12 (Statistical Parametric Mapping, London, UK). We performed an
ANOVA test based on DTI indices between four groups of mice, where
differences lower than alpha of 0.05 were considered significant. The p
values were than plotted upon the template brain.

2.5. Tissue collection

For RNA extraction and western blotting experiments, mice were
euthanized by rapid decapitation without anesthesia. For TEM experi-
ments, mice were perfused according to TEM protocol (see section 14).
Brains were harvested and midbrains were dissected by coronal
sectioning of the brain at Bregma —4.24 mm and —5.02 mm. Superior
colliculus and raphe-enriched sections were separated by making an
incision at the aqueduct (Interaural 3.44 mm), where the tissue below
the aqueduct was considered enriched in serotonergic cell bodies.
Samples aimed for RNA extraction and western blotting experiments
were snap frozen in liquid nitrogen, while samples for TEM or immu-
nofluorescence experiments were kept in 4 °C according to TEM
protocol.

2.6. RNA extraction

Twenty-three samples from the 1st cohort underwent RNA purifi-
cation using phenol-chloroform extraction: Tissue samples were first
homogenized with stainless steel beads and then lysed using TRIzol re-
agent (Thermo Fisher Scientific, USA), followed by RNA separation
using chloroform and isopropanol precipitation. The final RNA con-
centrations and purity were measured using a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Thermo Fisher Scientific,
USA).

2.7. miRNA profiling

The multiplexed NanoString nCounter miRNA expression assay
(NanoString Technologies, Seattle, WA, USA) was used to profile ~800
mice miRNAs (according to the miRNAs included in the NanoString
array) in the RN and SC derived RNA samples. The assay was performed
according to the manufacturer’s protocol (NanoString Technologies,
2020), and as was previously carried out in Shomron lab (Pillar et al.,
2017). Analysis included adjustment of p-values for genome-wide
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miRNA profiling, in order to prevent inflation of the false positive rate in
multiple testing.

2.8. Reverse transcription (RT)-PCR

Reverse transcription reactions for mRNA and for specific mature
miRNAs were performed using the High-Capacity cDNA Reverse-
Transcription Kit with random primers or TagMan miRNA assays,
respectively, according to the manufacturer’s recommendations
(Thermo Fisher Scientific, USA).

2.9. Polymerase chain reaction (PCR)

Amplification of specific mRNA regions was performed using cDNA,
by Polymerase Chain Reaction (PCR), using KAPA2G Fast HotStart
ReadyMix (KK5609, Sigma-Aldrich, USA) and custom planned primers
(Supplementary Table 1). PCR products were loaded and run through a
1.5% agarose gel. Bands signal was detected via FluorChem M camera
(Bio-techne, Minneapolis, USA) and analyzed using ImageJ software
(National Institutes of Health; NIH).

2.10. Real-time quantitative PCR

Real-time polymerase chain reaction (PCR) was performed to vali-
date top significant candidates obtained by mRNA sequencing and the
NanoString nCounter miRNA assay, according to the manufacturer’s
protocol (Thermo Fisher Scientific, USA). MiRNA and mRNA expression
was tested using TagMan universal PCR Master Mix (Thermo Fisher
Scientific, USA) and Quanta qPCR Gene Expression Master Mix (Quanta
Technology, USA), respectively. PCR amplification and analysis were
performed using the StepOne Real-Time PCR System (Thermo Fisher
Scientific, USA). Comparative critical threshold (Ct) values, obtained by
real-time PCR analysis, were used for relative quantification of gene or
miRNA expression, and determination of the fold-change of expression.
Fold change values were obtained by using the formula: 2—AACt
(Schmittgen and Livak, 2008). Normalization for miRNA and mRNAs
was performed compared to mouse SnoRNA202 and mouse Gapdh
expression, respectively, control genes which exhibited stable expres-
sion across the experimental groups (Supplementary Table 2 and 3).

2.11. miRNA transfection

For miRNA transfection experiments, SH-SY5Y (human bone
marrow-derived neuroblastoma) cells were seeded in 24-well plates at a
concentration of 8 x 10* cells/well and transfected with 500 ng of
miRVec-30b-5p, miRVec-101a-3p or an empty vector. Transfections
were performed in triplicate using Lipofectamine 2000 transfection re-
agent (Thermo Fisher Scientific, USA) according to the manufacturer’s
instructions. RNA was extracted following 48h for miRNAs and
following 72h for mRNAs. Transfection efficiencies were measured by
GFP fluorescence in all cells, indicating a transfection efficiency of
>20%.

2.12. Dual luciferase reporter assays

Fragments of ~700 bp from QKI 3'UTR, spanning the presumed
miRNA-binding sites, were cloned, downstream of the Renilla luciferase
reporter under the control of T7 promoter of the psiCHECK-2 plasmid
(Promega, USA), which also contains a firefly luciferase reporter (used
as a control) under the HSV-TK promoter. The negative controls of QKI,
in which miRNA-mRNA binding is abolished, were generated by
mutating three nucleotides in the seed binding region of the cloned QKI
3'UTR, using the QuikChange Lightning Site-Directed Mutagenesis Kit
(Agilent technologies, USA). For luciferase assays, HEK-293T human
cells were transfected using Lipofectamine 2000 transfection reagent.
Next, the cells were transfected with 5 ng of psiCHECK-2 plasmid
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containing the desired 3'UTR, with or without site-directed mutations,
and 485 ng miRVec containing the desired pre-miRNA or an empty
vector. At 72h following transfection, firefly and Renilla luciferase ac-
tivities were measured using the Dual Luciferase Reporter assay system
kit (Promega, USA) and the LUMIstar Omega Luminometer (BMG Lab-
Tech, Germany), according to the manufacturer’s recommendations.
Renilla luciferase results were normalized to the values of the firefly
luciferase. Significant results represent 3 biological replicates.

2.13. Western blotting

Thirty-six raphe nuclei and superior colliculus samples from the 2nd
cohort were homogenized in solubilization buffer (50 nM HEPES PH =
7.5, 10 nM NaCl, 10% glycerol, 1% Triton x-100, 1 mM EDTApH =38, 1
mM EGTA pH = 8, 1.5 mM MgCl2, 200 pM Na3VO4, and protease in-
hibitor cocktail 1 diluted 1:100 (Merck by Mercury Ltd., Rosh Ha’ayin,
Israel)). Equal amounts of protein from each sample were loaded and
resolved by SDS-polyacrylamide gel electrophoresis through 12.5% gel.
The gel was electrophoretically transferred to a nitrocellulose mem-
brane in transfer buffer (25 mM Tris, 190 mM glycine, and 10% meth-
anol absolute). Membranes were blocked for 45 min in TBST buffer
(0.05 M Tris HCl pH = 7.5, 0.15 M NaCl, and 0.1% Tween 20) with 6%
skimmed milk, and blotted overnight with rat anti-MBP antibody
(MAB386, Merck), rabbit anti-p-Tubulin (AB108342, Abcam by Zotal
Ltd., Tel Aviv. Israel) and mouse anti-QKI (MA5-27651, Thermo Fisher
Scientific, USA) in TBST bulffer, followed by a secondary antibody linked
to horseradish peroxidase, goat anti-rat, goat anti-rabbit, and goat anti-
mouse respectively (AP136P, AP132P, AP130P, Sigma-Aldrich, USA).
Immunoreactive bands were detected with the enhanced chem-
iluminescence reagent.

2.14. Transmission electron microscopy (TEM)

Twelve-weeks old mice from the 2nd cohort were deeply anes-
thetized with isoflurane, transcardially perfused with 15 ml ice-cold PBS
solution followed by 15 ml fresh ice-cold fixative solution containing
2.5% glutaraldehyde (G5882, Sigma-Aldrich, USA) + 2% PFA (EMS, PA,
USA) in 0.1 M sodium cacodylate buffer (pH 7.4) (C0250, Sigma-
Aldrich, USA). Brains were dissected and Raphe nuclei areas were
kept in the fixation solution overnight at 4 °C and then moved to a so-
lution containing 2.5% glutaraldehyde, 0.1M cacodylate buffer and
Phosphate-buffered saline (PBS) (Biological Industries, Israel). After
several washings in PBS, brain tissues were post fixed in 1% osmium
tetroxide (OsO4) in PBS for 2 h at 4 °C. Dehydration was carried out in
graded ethanol solutions (10 min each; 50, 70, 90 and 2 x 10 min 100%)
and embedding in Glycid ether (Serva, Heidelberg, Germany). Ultra-thin
sections (approximately 70 nm) were cut, stained with uranyl acetate
and lead citrate, mounted on Formvar/Carbon coated grids and were
examined in Jeol 1200EX transmission electron microscope (Jeol,
Japan). Images were captured using SIS Megaview III and iTEM the Tem
imaging platform (Olympus). For quantifying the number of myelinated
axons and characterize the g-ratio, ten images were taken from each of
three different locations, to cover multiple regions of the Raphe nuclei.
For quantifying the g-ratio, approximately 100 myelinated axons per
mouse were analyzed, by manually measuring the ratios of the axons
diameter and the myelinated axons diameter.

2.15. Statistical analysis

All data was analyzed using GraphPad Prism software v.9 (San
Diego, CA, USA). Normality of data distribution was evaluated using the
Shapiro-Wilk test; Outliers were detected by the Grubbs test. For
behavioral data, each experimental cohort was analyzed independently,
as soon as behavioral measurements were finished, to assess effects of
treatment and stress. The contribution of stress and citalopram treat-
ment was analyzed using a two-way ANOVA and Tukey corrections for
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multiple testing between categories. Continuous variables between two
groups were analyzed by the Student’s t-test. Continuous variables be-
tween more than two groups were analyzed by the One- or Two-way
ANOVA tests. P-values <0.05 were considered significant.

3. Results
3.1. Stress and citalopram affect behavior in CUS mice

The first cohort consisted of male C57BL/6 mice (aged 6 weeks at the
start) exposed to CUS in order to impose alterations in depressive and
anxiety behaviors. These behaviors were measured by the forced swim
test (FST). CUS induced a significant decrease in the latency to immo-
bility. These effects were modified by citalopram dosing (Fig. 1A). Two-
way ANOVA analysis of the behavioral data revealed significant inter-
action effects in latency to immobility (F(1,19) = 9.86, p = 0.005) and
significant effects of CUS (F(1,19) = 16.89, p = 0.0006) and treatment (F
(1,19) = 4.45, p = 0.048). Significant differences were found between
the control group and all the other groups (control/vehicle; p = 0.008,
stress/vehicle; p = 0.0004 and stress/treatment; p = 0.002), though
stress/vehicle and stress/treatment groups did not differ significantly.
Significant differences were not observed in the total inactive time
across the four groups (Fig. 1B).

Based on the trend seen in the first cohort, a second, larger cohort
was established, which also consisted of 6-week-old mice exposed to
CUS, citalopram or both, for 6 weeks. Alterations in depressive and
anxiety behaviors in this cohort were measured by the FST and the
elevated plus maze (EPM) tests. Two-way ANOVA analysis of the FST
behavioral data revealed a significant effect of treatment on latency to
immobility (F(1,43) = 4.24, p = 0.045), and CUS induced a decrease in
latency to immobility (Fig. 1C). Two-way ANOVA analysis of the
behavioral data revealed interaction effects in the total inactive time (F
(1,43) =5.81, p = 0.020) and an effect of treatment on the total inactive
time (F(1,43) = 4.42, p = 0.041). Specifically, the inactive duration was
increased in the stress/vehicle group compared to the stress/treatment
group (p = 0.016) (Fig. 1D). Two-way ANOVA analysis of the EPM
behavioral data revealed significant interaction effects on the total dis-
tance moved (F(1,43) = 13.82, p = 0.0006); a larger distance was moved
in the stress/treatment group than in the stress/vehicle group (p =
0.001) (Fig. 1E). Analysis of the time in the EPM open arms revealed
significant interaction effects (F(1,43) = 7.152, p = 0.010); the time in
open arms was lower in the stress/vehicle group than in the control/
vehicle or stress/treatment groups (p = 0.001 and p = 0.021, respec-
tively) (Fig. 1F). Both FST and EPM indicated that citalopram attenuated
the effects of CUS.

3.2. Stress and citalopram affect brain diffusivity

To examine changes in brain white matter we used MRI-DTI scans.
This revealed lower FA in stressed mice than in control mice or stressed
mice treated with citalopram. These results may indicate axonal
degeneration, demyelination or less dense axonal packing in stressed
mice brains. Comparing control and stressed mice (Fig. 2B) showed a
significant (p < 0.05) effect of stress on FA in five regions, including the
RN area (—28%), brain stem area (—19%), retro-spinal cortex (—30%),
corpus callosum (—24%) and caudate-putamen (—23%). Comparing
stressed mice to stressed mice treated with citalopram showed a sig-
nificant (p < 0.05) effect of stress in six regions, including the RN area
(—30%), brain stem area (—21%), corpus callosum (—23%), caudate-
putamen (—28%), dentate gyrus (—32%) and globus pallidus (—24%).

MRI-DTI also revealed lower axial diffusivity in stressed mice than in
stressed mice treated with citalopram (Fig. 2D), indicating axonal
injury. The effect of stress was significant (p < 0.05) in three regions,
including the RN area (—12%), thalamus (—13%) and caudate-putamen
(—13%).

T2 relaxation images were used to assess volumetric changes in the
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brain following stress or citalopram treatment. Neither of them signifi-
cantly affected the examined brain region volumes.

3.3. Stress and citalopram alter miR-30b-5p and miR-101a-3p expression
in the raphe nucleus

As we were interested in changes in the serotonergic center of the
brain, twelve raphe nucleus (RN) and twelve superior colliculus (SC, i.e.
control area) RNA samples from the first cohort were sent for miRNA
profiling via the NanoString platform. We used principal component
analysis (PCA) to assess whether global miRNA expression can distin-
guish between the four mouse groups in each tissue. PCA for SC revealed
no distinction between the groups (data not shown). However, PCA for
RN distinguished stress/citalopram samples from the other groups; and
mildly distinguished between the three other groups (Supplementary
Fig. S1). To evaluate whether a miRNA-based risk classifier pattern can
be identified, we compared miRNA expression between the groups
(control vs. stress, stress vs. stress/citalopram). Many miRNAs were
differentially expressed between the groups; and for several miRNAs
whose responses to stress and to stress/citalopram were inversely
correlated, statistical significance (p < 0.05) was shown (Fig. 3A and B).
The two miRNAs (miR-30b-5p and miR-101a-3p) with the most signif-
icant change were selected for further evaluation.

Real-time PCR was conducted to validate the results, utilizing 11
additional samples from the first cohort that had not been analyzed by
the NanoString assay. One-way ANOVA analysis for miR-30b-5p and
miR-101a-3p verified that these miRNAs demonstrated the same trend
as seen in the NanoString assay: reduced expression following stress and
increased expression following stress and citalopram treatment (miR-
101a-3p, p = 0.020, and miR-30b-5p, p = 0.026) (Fig. 3C).

3.4. miR-30b-5p and miR-101a-3p target Qki

Next, we searched for mouse genes that were targeted by both
miRNAs. For this purpose, we considered genes as miRNA targets if they
were predicted as a target-gene by at least three of four established
prediction tools: Target Scan (TargetScanHuman 8), Diana (DIANA
TOOLS), miRDIP (Tokar et al., 2018) and Pita (Lab). This resulted in four
target-genes for both miR-30b-5p and miR-101a-3p: Cpeb3, Fndc3a,
Edem3 and Qki. The expression levels of the mRNAs of all four genes
were tested in the RN tissue by qPCR. Cpeb3, Fndc3a and Edem3 showed
no significant change (Supplementary Fig. S2). Only Qki showed an ef-
fect of treatment (p = 0.0006); expression levels were inversely corre-
lated with miRNAs in both the stress and stress/citalopram groups (p =
0.0003) (Fig. 4A).

To validate the predicted interaction of miR-30b-5p or miR-101a-3p
with Qki, we quantified the levels of the relevant mRNA after trans-
fection of each miRNA. Two miRNA vectors that expressed miRNA of
miR-30b-5p or miR-101a-3p were transfected into the SH-SY5Y cell line
for 72 h. Real-time PCR reactions that were carried out on each trans-
fectant revealed the three-fold overexpression of miR-30b-5p, and the
1.5-fold overexpression of miR-101a-3p (p = 0.006 and p = 0.040,
respectively, Fig. 4B). Further, overexpression of miR-30b-5p and miR-
101a-3p reduced Qki levels by 23% and 12%, respectively (p = 0.014
and p = 0.030, respectively, Fig. 4C).

To demonstrate the direct functional regulation and binding of miR-
30b-5p or miR-101a-3p to Qki, a luciferase reporter assay was con-
ducted. Negative controls were generated by performing site-directed
mutagenesis reactions that resulted in changes of three nucleotides of
the respective 3'UTR miRNA-binding sites of Qki in the seed region
(Fig. 4D). After 72 h of co-transfection of Qki 3'UTR construct and
miRNA vector plasmid in HEK-293T cells, Renilla luciferase and firefly
luciferase expression was measured. Fig. 4E shows that transfection of
plasmids containing the wild-type 3'UTR of Qki resulted in lower lucif-
erase activity than that observed following transfection of plasmids
containing the mutant 3' UTR (luciferase activity was reduced to 0.66
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Fig. 1. CUS exposed mice display depressive-like and anxiety-like behaviors in the forced swim test (FST) and the elevated plus maze (EPM). (A) latency to
immobility and (B) inactive duration in the FST for the first cohort. (C) latency to immobility and (D) inactive duration in the FST for the second cohort. (E) distance
moved and (F) duration in the open arms in the EPM for the second cohort. The data are shown as means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Two-way
éNOVA test. (A-B) n = 5 control, n = 6 per each of the other groups. (C-F) n = 12 per each of the groups. S, seconds; cm, centimeter.
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Fig. 2. Voxel-based analysis of MRI-DTI. (A) MRI-DTI brain FA maps comparing between control and stressed mice (two left brains) and between stressed mice and
stressed mice treated with citalopram (two right brains). (B) Analysis of fractional anisotropy between all four groups. (C) MRI-DTI brain AD maps between stressed
mice and stressed mice treated with citalopram. (D) Analysis of axial diffusivity between all four groups. (A,C) Statistically significant (p < 0.05) clusters are overlaid
on coronal maps (posterior to anterior, from left to right). The red-yellow color bar indicates the degree of significance (p-value). (B,D) The data are shown as means
+ SEM. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA test. n = 12 per each group.

and 0.63 relative to mutant levels, by miR-30b-5p and miR-101a-3p, p = Plpl and Mag showed no significant effect of CUS (Supplementary
0.004 and p = 0.013, respectively). Fig. $3). In contrast, myelin basic protein (Mbp) showed significantly
decreased mRNA expression levels in the stress condition, and increased
levels in the stress and treatment condition (p = 0.001). The expression
levels of Mbp were inversely correlated to Qki (stress/vehicle Qki vs.
Mbp; p < 0.0001) (Fig. 5A).

Thirty-six raphe nuclei samples from the second cohort were used to
investigate changes in protein levels. Compared to stressed mice that
were not treated with citalopram, stressed mice that were treated

3.5. Correlation between Qki and Mbp in the mouse raphe nucleus

AS Qki is expressed in oligodendrocytes and involved in myelination
processes and their maintenance (Klempan et al., 2009b; Ebersole et al.,
1996; Zhou et al., 2020), we looked for myelin-related genes that might
be affected by Qki. The tested genes were Cnp, Plp1, Mag and Mbp. Cnp,
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Fig. 3. miRNA expression analysis following 6 weeks of CUS in mice. Log mean expressions of 302 microRNAs that passed quality control filters of NanoString
analysis, compared between (A) the stress/vehicle and the control groups and (B) the stress/citalopram and the stress/vehicle groups. Each dot represents a specific
miRNA. Red dots represent miRNA with significant downregulated differential expression. Blue dots represent miRNA with significant upregulated differential
expression. (C) Real-time gPCR analysis of miR-30b-5p and miR-101a-3p. (C) The data are shown as means + SEM. *p < 0.05, ***p < 0.001. One-way ANOVA. (A-B)
n = 3 per each mouse group, (C) n = 5 control, n = 6 per each of the other mouse groups.

showed significantly lower (p = 0.044) QKI protein expression (Fig. 5B).
Although not significant (p = 0.209), the opposite trend was shown for
MBP protein expression, namely lower expression following stress, and
higher expression following citalopram treatment.

As previous studies emphasized the involvement of the nucleic iso-
form of Qki, which includes exon 8 (Qki-5), in affecting levels of Mbp in
oligodendrocytes (Larocque et al., 2002), we tested the level of this
isoform in our samples. Although not statistically significant, a trend
was seen by which levels of Qki-5 were higher in stressed mice, and
lower in stressed mice treated with citalopram (Fig. 5D). To ensure that
these changes were specific for the Qki-5 isoform, levels of the cyto-
plasmic isoform Qki-7 (which includes exon 7) were tested as well. The
level of Qki-7 was higher in control mice than in control mice treated
with citalopram (p = 0.034); however, Qki-7 levels were similar between
stressed mice and stressed mice treated with citalopram (Fig. 5E).

3.6. Unchanged mRNA or protein levels in the mouse superior colliculus
(SO

Following the original NanoString analysis, which showed no change
in miRNA expression following stress or citalopram treatment in the SC
tissue, we sought to examine mRNA and protein expression for Qki and
Mbp. SC tissue from stressed mice showed similar mRNA and protein
expression levels of Qki and Mbp to those of control mice. SC tissue from
stressed mice treated with citalopram showed similar expression levels
of Mbp mRNA and protein to those of control mice. Qki mRNA expres-
sion was significantly higher in the stressed mice than in the stressed
mice that were treated (p = 0.020) (Supplementary Fig. S4A). However,
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no such difference was observed in the expression of Mbp mRNA, or in
QKI and MBP proteins (Supplementary Fig. S4B).

3.7. CUS impairs myelin ultrastructure

We next investigated whether the abovementioned molecular defi-
cits affect myelin structure in CUS mice. Analysis of myelin ultrastruc-
ture (Fig. 6A) revealed a significantly decreased g-ratio, a parameter
used for assessment of axonal myelination, for stressed mice compared
to control mice, and compared to stressed mice treated with citalopram
(p < 0.0001 for both comparisons). This indicates increased myelin
thickness in stressed mice. However, in images of the axon ultrastructure
(Fig. 6B), the myelin diameter of axons of stressed mice was not thicker.
Notably, the myelin sheaths in these axons were less compressed
together, with gaps formed between them. Citalopram treatment
restored normal compacting of the myelin sheaths.

4. Discussion

Chronic stress is well-established as a common trigger for the onset of
depressive symptoms (McGonagle and Kessler, 1990; Iniguez et al.,
2014; Zhu et al., 2014), via its effect on the hypothalamic pituitary
adrenal axis (Gold, 2015; Hammen, 2005). Chronic stress can also lead
to changes in brain function and morphology (Pandya et al., 2012;
Schoenfeld and Gould, 2012; Woo et al., 2021; Disner et al., 2011),
which are neurological aspects of MDD that are not easily accessible for
molecular studies in living humans. Abundant studies in both humans
and rodents showed that miRNA expression profiles are altered during
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Fig. 4. miR-30b-5p and miR-101a-3p directly regulate Qki mRNA. (A) Qki expression profile assessed by RT-qPCR. Significantly increased expression levels of
Qki mRNA in RN of stressed mice compared to stressed and treated mice. (B) Real-time PCR analysis of miRNA following two repeated 24h transfections and of (C)
QKI mRNA expression following 72h of the indicated miRNA transfection relative to a control plasmid transfection, in the SH-SY5Y cell line. (D) Sequences of the
mature miR-30b-5p and miR-101a-3p and the Renilla/firefly luciferase psiCHECK2 constructs (WT and mutant) under the regulation of QKI 3'UTR, around the miR-
30b-5p and miR-101a-3p binding sites. The miR-mRNA binding sites are shown in bold. Mutated nucleotides are shown in red. (E) Significantly higher luciferase
activity levels of the mutated QKI 3'UTR construct, 72h following transfection with miR-30b-5p or miR-101a-3p in HEK-293T cells, compared to the activity levels of
the WT luciferase construct. The data are shown as means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. (A) One-way ANOVA (B-D) Two-tailed Student’s t-test. (A) n
= 5 control, n = 6 per each of the other mouse groups (B-D) n = 3. WT, wild type. Mut, Mutant.

chronic stress (Lekman et al., 2008; Volk et al., 2016; Khandelwal et al.,
2019), and that dysregulation of their levels may affect the expression of
genes related to the etiology of MDD (Serafini et al., 2014a; Dwivedi,
2011; Garbett et al., 2015).

The monoamine hypothesis of depression relies on the conception
that SSRIs relieve depression symptoms mainly via blocking SERT (van
Praag et al., 1987; Price et al., 1990). The delay of at least three weeks in
relief from MDD symptoms led to the suggestion that alleviating
depressive symptoms involves synaptogenesis and neurogenesis (Eisch
and Petrik, 2012; Bambico et al., 2013; Mateus-Pinheiro et al., 2013;
Oved et al., 2013). Moreover, recent studies show no support for, and
even refute, the idea that depression is caused by lowered serotonin
levels or less effective serotonin signaling (Moncrieff et al., 2022; Albert
et al., 2012; Albert and Benkelfat, 2013; Kendrick and Collinson, 2022).
This study focused on the RN, which consist of clusters of serotonergic
neurons (Hornung, 2003) that project to almost all cortico-limbic re-
gions and regulate many physiological functions (Michelsen et al., 2008;
Hamon and Blier, 2013).

Behavioral tests showed that the CUS protocol applied here resulted
in mice that presented depressive-like symptoms, and citalopram alle-
viated these symptoms. Our MRI-DTI scans showed decreases in FA and
axial diffusivity in brains of stressed mice, in areas that included the RN,
brain stem, corpus callosum, caudate putamen and thalamus. These
changes may suggest axonal degeneration, demyelination or less dense
axonal packing in brains of chronically stressed mice. Most studies that
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examined changes in frontal cortico-limbic areas of individuals with
MDD reported lower FA in the corpus callosum, thalamus and caudate
(Dillon et al., 2018; Jiang et al., 2017; Tymofiyeva et al., 2017; Yuan
et al., 2007). However, a smaller number of MRI-DTI studies reported
changes in more posterior brain areas. One such study showed lower FA
in the RN of MDD non-remitters (DeLorenzo et al., 2013). Another recent
study, which applied TEM, reported reduced volumes of the myelin
sheaths in the CAl region of the hippocampus in rats following four
weeks of CUS, but did not examine their RN tissues (xia et al., 2022). Our
findings support the importance of the RN in the etiology of MDD, the
possible effects of chronic stress on CNS myelin structure, and the
tentative role of SSRI treatment in correcting these effects.

Using global miRNA expression analysis, we identified several
miRNAs that were differentially expressed between the stress and stress/
citalopram groups, while some miRNAs had an inversely correlated
response to stress and to stress/citalopram. Two mouse miRNAs, miR-
30b-5p and miR-101a-3p, exhibited the most significant reduced
expression. This was validated in all the RN samples by real-time qPCR.
These findings emphasize that CUS can alter the expression levels of
miRNAs in the RN, and that SSRI treatment, such as citalopram, can
restore RN expression of these miRNAs to normal levels in the mouse
CUS model.

Changes in expression of miR-101a-3p were previously linked to
epilepsy (Ghafouri-Fard et al., 2022; Geng et al., 2021), to improving
spinal cord injuries (Zhang et al., 2022) and to cerebral injury following
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Fig. 5. Qki and Mbp expression in raphe nuclei (RN) tissue following 6 weeks of CUS in mice. (A) Real-time qPCR analysis of Qki and Mbp mRNA in RN tissues
from the four mice groups. (B) Western blot analysis of QKI and MBP protein in all four mice groups. The quantification was done upon normalization to Tubulin
housekeeping protein expression. (C) Western blots of MBP and QKI isoform expression levels in the RN of control mice, stressed mice, and treated mice (both control
and stressed). (D) Expression levels of Qki-5 and (E) Qki-7 isoforms in all four mice groups following PCR amplification. The data are shown as means + SEM. *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. One-way ANOVA test. (A, D-E) n = 5 control, n = 6 per each of the other groups. (B) n = 9 per each group.

ischemia-reperfusion (Fan et al., 2023). Moreover, increased expression
levels of miR-101a-3p in the amygdala were found to increase
anxiety-like behavior in rodents (Cohen et al., 2017). Most importantly,
miR-101a-3p was downregulated in the total plasma of individuals with
MDD compared with controls (Homorogan et al., 2021). This suggests
the involvement of miR-101a-3p in MDD pathophysiology. Our results
support this idea, as miR-101a-3p levels were down-regulated following
chronic stress, and were upregulated and restored to normal levels
following citalopram treatment.

MiR-30b-5p expression was previously linked mainly to various
types of cancer (Zhang et al., 2018; Adam-Artigues et al., 2021; Chen
et al., 2022; Wu et al., 2020), as a tumor suppressor. In regard to the
CNS, miR-30b-5p was proposed as a free circulating miRNA biomarker
in both Alzheimer’s and Parkinson’s diseases (Dong et al., 2021; Serafin
et al., 2015), and its association with MS suggests a role as a general
marker of neuro-axonal injury (Ebrahimkhani et al., 2017). Moreover,
the expression level of miR-30b-5p, as well as other miR-30 family
members, was downregulated in the dentate gyrus of stressed mice
(Khandelwal et al., 2019). This suggests that miR-30b-5 may be impli-
cated in a chronic stress-induced depression-like phenotype, by altering
neuroplasticity. This may be relevant also to our study.

We identified four protein coding mouse genes that are regulated by
both miR-30b-5p and miR-101a-3p, namely: Cpeb3, Fndc3a, Edem3 and
Qki. Only one of them, Qki, was inversely correlated to both miRNAs
under both the stress and the stress/citalopram conditions. Qki (quaking
gene) is highly expressed in brain tissue, and is involved in oligoden-
drocyte and myelination processes (Ebersole et al., 1996). A specific
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known mutation in this gene results in severe deficits in myelin, a
deficiency that is more pronounced in the brain than in the spinal cord
or the peripheral nervous system (Friedrich, 1974). Qki is an
RNA-binding protein with a number of isomers, which regulates
pre-mRNA splicing, export of mRNAs from the nucleus, protein trans-
lation and mRNA stability (NCBI. QKI). Qki was shown to affect RNA
processing of the genes encoding Mbp and Mag in oligodendrocytes
(Larocque et al., 2002; Li et al., 2000).

Our study, using luciferase assays, revealed the direct regulation of
Qki by both miR-30-5p and miR-101a-3p. Furthermore, we showed that
reduced Qki expression, by 23% and 12% (by miR-30b-5p and miR-101-
3p, respectively). In contrast, expression of miR-30b-5p and miR-101a-
3p was increased (by 3-fold and 1.5-fold, respectively) following miRNA
transfection of both miRNAs in SH-SY5Y cells. These findings may
suggest the involvement of Qki, and hence its Mbp mRNA target, in
dysregulated myelination processes, subsequent to downregulation of
miR-30b-5p and miR-101a-3p.

In Qk" (quaking viable) mice, which carry a certain mutation in Qki,
the rate of synthesis of MBP by oligodendrocytes was shown to be un-
affected (Brostoff et al., 1977), but the level of Mbp mRNA was reduced
(Li et al.,, 2000). This suggests that the QKI protein might regulate
myelination in the CNS via alternative pathways to oligodendrocyte
differentiation. Oligodendrocytes of wild-type mice express three major
Qki mRNA isoforms, encoding Qki-5, Qki-6 and Qki-7. While Qki-6 and
Qki-7 are cytoplasmic, Qki-5 is nucleic (Larocque et al., 2002). QKI RNA
binding proteins bind a short element in the Mbp 3'UTR. Elevated levels
of Qki-5 were shown to cause nuclear export defects of Mbp mRNA in
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Fig. 6. CUS mice showed impaired myelin ultrastructure. (A) The g-ratio of myelinated axons in the RN of the four mice groups. (B) Representative images of
myelin ultrastructure in the RN of the four groups. Scale bars: upper = 5 pm; middle = 500 nm; lower = 100 nm ****p < 0.0001. One-way ANOVA. A. n = 203 axons
from two control mice, n = 285 axons from three control mice treated with citalopram, n = 216 axons from two stressed mice, n = 274 axons from three stressed mice

treated with citalopram.

oligodendrocytes, leading to lower levels of MBP protein levels, espe-
cially at distal branching sites (Larocque et al., 2002).

Our findings suggest similar results, in the context of stress and SSRI
treatment. Stressed mice that showed higher RN levels of Qki mRNA,
showed lower RN levels of Mbp mRNA. This effect was reversed under
citalopram treatment. Furthermore, the same effects were seen in pro-
tein levels of both QKI and MBP. Expression levels of the Qki-5 isoform
were higher, though without statistical significance, in the RN of
stressed mice than in citalopram treated mice, while Qki-7 isoform levels
were similar for both groups. This suggests that nuclear retention of Mbp
mRNA by Qki-5 might be the reason for myelin deficits in chronically
stressed mice.

Interestingly, Mbp mRNA levels were significantly lower in control
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mice treated with citalopram, than in control mice that were not treated,
despite the lack of difference in the expression levels of miR-30b-5p,
miR-101a-3p or Qki mRNA. The expression level of Qki-7 isoform was
also lower in the control group that was not treated; however, MBP
protein levels did not differ between the control groups. One explanation
might be that citalopram treatment of non-stressed mice might cause
changes in Mbp mRNA levels, but an alternative mechanism prevents
these changes from affecting the MBP protein level.

To verify that the observed changes were unique to the RN, we also
tested mRNA and protein levels of Qki and Mbp in the SC, a tissue located
above the RN, but involved in a completely different circuit (Basso et al.,
2021). Neither mRNA or protein expression levels of Qki or Mbp differed
in this tissue between stressed mice and stressed mice treated with
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citalopram. These results imply the specific and unique impact of SSRIs
on the RN in treating myelination defects through regulated expression
of Qki.

To investigate the effect of the observed molecular changes on CNS
myelin structures, we performed TEM imaging and analysis of the RN
tissue from mice of all four groups. The g-ratio of axons from stressed
mice was significantly lower than that of control mice, or than stressed
mice that were treated with citalopram. As a lower g-ratio represents
higher myelin thickness in specific axons, the g-ratio indicated thicker
myelin in stressed mice than in control mice, or than stressed mice
treated with citalopram. However, images of the axons revealed a
different picture, in which myelin sheaths of axons in stressed mice were
not compressed and gaps appeared between the myelin sheaths. This
effect did not present in myelin of axons from control mice or from
stressed mice treated with citalopram. These gaps cause the myelinated
axons to show "thicker' myelin. MBP is known as essential for
compaction of adjacent membrane surfaces into dense myelin stacks
(Stadelmann et al., 2019). This is primarily based on the observation of
loosely compacted myelin in shiverer mice that carry a mutation in the
MBP gene (Roach et al., 1983, 1985). Nuclear retention of Mbp that leads
to less MBP protein in the distal areas of oligodendrocyte branching sites
seems to be the cause of the loosely compacted myelin sheaths observed
in mice following the CUS protocol. Properly compacted myelin in RN
axons of stressed mice treated with citalopram suggests a mechanism by
which SSRIs can affect and ameliorate depression, by directly affecting
oligodendrocytes and correcting myelin deficits, and not only through
serotonin levels and reuptake.

Based on our findings, we suggest a role for miR-30b-5p and miR-
101a-3p, and their target gene Qki, in the antidepressant mode of ac-
tion of SSRI therapeutics, such as citalopram. Our hypothesis (Fig. 7)
relies on the knowledge that SSRIs block the reuptake of serotonin by
pre-synaptic SERT, but that depression symptoms are not immediately
alleviated (van Praag et al., 1987), and that Qki is highly expressed in
brain oligodendrocytes, and affects myelination processes (Ebersole
et al., 1996; Bockbrader and Feng, 2008; Wu et al., 2001; Zhao et al.,
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2006). We therefore suggest that chronic stress affects the RN, which
causes reduced expression of miR-30-5p and miR-101a-3p, via yet un-
known pathways. This in turn causes the overexpression of Qki, one of
their gene targets, specifically isoform Qki-5, which induces nuclear
retention of Mbp mRNA, and lower levels of MBP protein at distal areas
of the oligodendrocytes. As the MBP protein is required for correct
myelin ensheathing of axons (Larocque et al., 2002), this leads to
insufficient compacting of the myelin sheaths. These deficits in oligo-
dendrocyte and myelin function may disturb signal transduction from
the RN along their projections to further limbic system tissues, which
may, in turn, instigate depressive symptoms.

A second aspect of our hypothesis suggests that SSRI treatment
causes increased transcription of RN oligodendrocytes miR-30b-5p and
miR-101a-3p, which in turn restores lower levels of Qki mRNA and
protein. This results in reduced nuclear retention of Mbp by Qki-5, which
enables sufficient amounts of Mbp mRNA to move from the oligoden-
drocyte’s nucleus to the cytoplasm, and allows normal levels of MBP
protein at distal areas. Adequate amounts of MBP protein enhance
myelin repair processes, specifically correcting stress-induced dense
compacting of myelin sheaths. This aids in recovering correct signal
transduction in the projections that ascend from the RN, and amelio-
ration of depressive symptoms instigated by chronic stress of affected
individuals.

Antidepressant drugs were suggested to act by affecting neuro-
genesis, synaptogenesis and synaptic plasticity (Price et al., 1990;
Gelenberg, 2010; Eisch and Petrik, 2012; Hanson et al., 2011; Serafini
et al., 2014b). Our hypothesis adds to this knowledge, by suggesting the
involvement of antidepressant drugs in myelination processes of RN
neuronal axons. Our work showed that Qki, a gene expressed in oligo-
dendrocytes that interferes with proper myelination by inhibition of
extra-nuclear transport of Mbp mRNA to the cytosol, is regulated by both
miR-30b-5p and miR-101a-3p. Indeed, under chronic stress, both these
miRNAs were downregulated and Qki was upregulated. This resulted in
impaired MBP protein levels and an adverse effect on RN neuron mye-
lination. Consistent with this tentative mechanism of action, SSRI
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Fig. 7. A hypothetical model depicting a potential role of miR-30b-5p and miR-101a-3p, and their target gene Qki, in the mode of action of SSRIs in MDD.
(A) Under CUS conditions for 6 weeks, miR-30b-5p and miR-101a-3p are downregulated in the raphe nucleus (RN). This results in higher expression of Qki, which in
turn causes lower levels of Mbp mRNA and protein. This causes looser compacting of myelin sheaths of RN neurons. (B) Under CUS conditions for 6 weeks and
citalopram treatment for 3 weeks, miR-30b-5p and miR-101a-3p are up-regulated in the RN, resulting in lower expression of Qki. This in turn causes higher levels of
Mbp mRNA and protein. The latter results in denser and correct compacting of myelin sheaths of RN neurons. Created with BioRender.com.
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treatment affects oligodendrocytes and upregulates the expression of
both the abovementioned miRNAs. This in turn downregulates Qki and
restores normal levels of Mbp mRNA and myelin functions. Our hy-
pothesis concurs with studies that showed no support for the idea that
depression is caused by lowered serotonin levels or activity (Moncrieff
et al., 2022; Albert et al., 2012; Albert and Benkelfat, 2013; Kendrick
and Collinson, 2022). Moreover, it corroborates explanations of the
delay, by weeks to months, in the antidepressant response to SSRIs, and
in the restoration of normal levels of MBP protein at distal areas of the
oligodendrocyte in conjunction with the re-compacting of the myelin
sheaths (Gelenberg, 2010; Rayner et al., 2011; Cipriani et al., 2012;
Simons and Nave, 2016). In addition, our hypothesis presents a new
explanation to the mechanism underlying the antidepressant response to
SSRIs.

In conclusion, we detected specific gene and miRNA changes in RN of
stressed mice, who were or were not treated with citalopram. Moreover,
we identified changes in myelin compaction in RN of stressed mice.
Therefore, we propose miR-30b-5p and miR-101a-3p, together with Qki,
as SSRI response biomarkers in the RN of mouse MDD model. Further
studies are required for validating our hypothesis on dysfunctional axon
myelination in MDD, and its correction by SSRI drugs. Expanding our
knowledge on axon myelination deficits in MDD may open new venues
for developing oligodendrocyte-targeted antidepressant therapeutics,
possibly including miRNA mimics.
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