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1. INTRODUCTION

MicroRNAs (miRNAs) are small, non-coding RNAs that are typically about 18-
22 nucleotides (nt) in length. These small RNA molecules play a crucial role in
regulating gene expression by binding to the 3’ untranslated region (UTR) of their
target mRNAs, and inducing mRNA degradation and/or translation inhibition and
thereby influence various cellular processes (1,2). Numerous studies show that
miRNAs are involved in regulating central nervous system (CNS) processes, such
as neural cell proliferation and differentiation (3,4), apoptosis (5), neuroin-
flammation (6) and synaptic plasticity (7,8), animal behaviors (9), and in several
brain pathologies, including neurodevelopmental (10), neurodegenerative (11,12)
and psychiatric disorders (13,14).

The miR-146 family consists of two miRNAs, miR-146a-5p (later miR-146a)
and miR-146b-5p (later miR-146b), and has gained attention for its role in modu-
lating immune responses in a wide variety of conditions (15-17). These two
miRNAs differ only by two nucleotides and are encoded by distinct genes located
in different chromosomes (Chr) (18). The expression of miR-146a is mainly
induced via nuclear factor kappa B (NF-kB) pathway in canonical inflammation
(19), while signal transducer and activator of transcription (STAT)1 and STAT3
have been shown to drive miR-146b expression (20,21). Both miR-146a and
miR-146b (miR-146a/b) are known to negatively regulate immune responses and
are predicted to target the same or similar sets of genes (18). Two key miRNAs
targets are tumor necrosis factor receptor-associated factor 6 (TRAF6) and inter-
leukin-1 receptor-associated kinase (IRAK)1, which are important signaling
mediators in the NF-kB pathway (22).

In miR-146 family, miR-146a is well studied in numerous brain pathologies
due its predominant role on neuroinflammation (23—26), and high expression in
the microglia cells (27). miR-146a regulates inflammation and microglial polari-
zation by downregulating pro-inflammatory cytokines through IRAK1/TRAF6/
NF-kB pathways (28), and the miR-146a deficient mice are more vulnerable to
inflammatory marker expression upon lipopolysaccharide (LPS) induction (27).
Apart from microglial roles, miR-146a has been identified as a significant regu-
lator of cognitive functions (29,30). While miR-146a has been extensively
studied, the function of miR-146b remains less explored in the brain. Like miR-
146a, miR-146D is also involved in the inhibition of inflammatory responses via
suppression of NF-kB signaling (31). However, the crosstalk between miR-146a
and miR-146b in the regulation of neuroinflammation has yet to be investigated.
Furthermore, the functions of miR-146a/b are mostly studied in the microglial cells,
but less in non-immune cells of the brain. Previous research has established a link
between NF-«xB signaling, aging, and senescence-related mechanisms in the brain
(32,33), suggesting a potential interaction with the miR-146 family, but its specific
role in senescence remains poorly understood. In our studies, we employed behavio-
ral assays, molecular biology techniques, flow cytometry, and proteomics methods
to further characterize the multiple roles of miR-146 family in the brain functions.
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2. REVIEW OF LITERATURE

2.1 Introduction to miRNAs and their functions

2.1.1 miRNAs - discovery and biological functions

miRNAs are small, non-coding RNA molecules, usually 18 to 22 nt long. They
play a crucial role in gene expression regulation and are found in a wide range of
organisms, including plants, animals, and protozoans. Mature miRNAs are in-
volved in the post-transcriptional regulation of gene expression through the re-
pression of the translation or via degradation of target mRNA (Figure 1). Func-
tionally, miRNAs bind to their target mRNAs through partial complementarity,
typically within the 3° UTR, where a single miRNA can suppress the expression
of multiple mRNAs, and conversely, a single mRNA may be regulated by
multiple miRNAs (1,34). Although the highest number of miRNA binding sites
have been verified in the 3° UTR of target mRNAs, there is evidence suggesting
that miRNAs can also bind to other regions, such as the 5 UTR or the coding
sequence (35-37). The predominance of binding in the 3' UTR likely reflects its
role in regulating mRNA stability and translation, as well as the abundance of
complementary binding sites in this ribosome-free region (38,39).

The seed sequence, 7-8 nt of the miRNA is highly conserved among homo-
logous metazoan miRNAs, providing perfect complementarity to 3> UTR ele-
ments of the target mRNA. Additionally, other supplementary miRNA sequences
can also bind to the target mRNA, contributing to the regulatory complexity (40).
There are several tools, such as TargetScan and MiRanda, available for prediction
of target mRNAs based on miRNA seed sequence and additional features, such
as thermodynamic stability and site conservation. However, as the binding region
of miRNAs is very short, not all of the predicted targets can be proven experi-
mentally, indicating that they are either very weakly or not influenced in cellular
context (41).

The first miRNA, lin-4 was identified in C. elegans larvae, where scientists
discovered that lin-4 gene does not encode a protein but instead produces small
RNA transcripts complementary to the 3° UTR of the lin-14 mRNA (42). More-
over, it was shown that lin-4 reduces the LIN-14 protein level (43). Later, let-7
miRNA was found to control the timing of fate specification of neuronal and
hypodermal cells during larval development in C. elegans (44,45). Unlike lin-4,
which is not conserved in other species, let-7 was found to be evolutionarily con-
served across multiple species, including humans, marking a significant disco-
very in the field of miRNA research (46).

Currently, the miRBase database (www.mirbase.org, version 22) contains
1917 annotated different mature human and 1234 mouse miRNA sequences (ac-
cessed on February 1% 2025) (47). However, the function of many of them re-
mains to be discovered. Current knowledge indicates that miRNAs are implicated
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in a variety of cellular processes, including differentiation, apoptosis, prolifera-
tion, embryonic development, immune response regulation, inflammation, aging,
and stress response (48-52).

2.1.2 Biogenesis of miRNAs

miRNAs can be encoded by their own genes with dedicated promotor sequences
or in the intronic regions of protein-coding genes. Approximately half of the iden-
tified miRNAs, which predominantly originate from introns, are known as intra-
genic (53). In case of own genes, several miRNAs can be encoded from a single
primary transcript. These miRNAs are often related and share their mRNA tar-
gets, reflecting their cooperative roles in regulating gene networks (54). In
addition, miRNAs can be grouped into families based on their targeting proper-
ties, which depend primarily on the identity of their seed region. Members of the
same seed family are usually evolutionarily related and often target the same set
of genes (1).

The biogenesis of miRNA is a complex process that involves multiple steps
from transcription in the nucleus to maturation of miRNA in the cytoplasm. The
miRNA biogenesis occurs via two pathways: canonical and non-canonical, in-
volving distinct mechanisms and components. Both pathways start in the nucleus,
where RNA Polymerase Il transcribes the primary miRNA (pri-miRNA)
transcript, which forms a stem-loop structure (55). In canonical pathway, this
structure is recognized by the microprocessor complex that consists of Drosha
ribonuclease III (DROSHA), an RNase III enzyme responsible for cleaving the
pri-miRNA into a precursor miRNA (pre-miRNA), and DiGeorge Syndrome
Critical Region 8 (DGCRS), a double-stranded RNA-binding protein that acts as
a co-factor for DROSHA (56). The microprocessor complex cleaves the pri-
miRNA recognizing RNA secondary structure, generating a ~80 nucleotide pre-
miRNA with stem-loop structure, a 5’ phosphate, and a ~2 nt 3’ overhang (57).
The pre-miRNA is actively transported from the nucleus to the cytoplasm by
exportin-5 (XPOS5) bound to Ran-GTP (58). In the cytoplasm, the pre-miRNA is
further processed by DICER into miRNA duplex. The miRNA duplex is then
loaded onto of the argonaute (AGO1-4) proteins, most often AGO2. AGO2 pre-
ferentially binds one of the strands of the duplex known as the guide strand,
forming the RNA induced silencing complex (RISC), while the other passenger
strand is released and degraded (59,60). The guide strand, together with AGO2
and trinucleotide repeat-containing protein 6 (TNRC6), forms RISC, facilitates
post-transcriptional gene silencing by binding to complementary sequences on
target mRNAs, usually within their 3’UTRs. If the complementarity between the
miRNA and the mRNA is near-perfect, AGO2 cleaves the mRNA. When the
complementarity is imperfect, TNCR6 induces mRNA degradation by initiating
mRNA deadenylation and suppression of translation (60). Several studies have
shown that deadenylation-mediated mRNA decay is the most common mecha-
nism of miRNA-mediated gene regulation (61,62). When mRNA degradation is
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completed, the miRNA remains often intact and can guide the recognition and
destruction of additional mRNA molecules (63).

The non-canonical miRNA biosynthesis pathways are either DROSHA (64)
or DICER independent. In vertebrates, most of the miRNAs follow canonical
biogenesis pathway (65). Despite these alternative processing routes, the funda-
mental function of miRNAs in gene regulation remains unchanged, as mature
miRNAs generated via non-canonical pathways are still incorporated into the
RISC complex to mediate post-transcriptional gene silencing (66).

RNA

Pol Il DICER

miRNA gene
Transcription

pri-miRNA TNRC6 l
T\ S o W,
TR DROSHA AgoZ
Duplex loading
RNA processing
Passenger strand removal
Export
RISC
Partial match Extensive match
mRNA -
AAA AAA
Translational repression mRNA degradation

Figure 1: Canonical miRNA biogenesis pathway and biological function. miRNAs are
transcribed as pri-miRNA by RNA Polymerase II and processed in the nucleus by the
microprocessor complex, composed of DROSHA and DGCRS. The resulting pre-miRNA
is exported to the cytoplasm by XPOS5, further processed by DICER, generating miRNA
duplex. The miRNA duplex is loaded onto AGO2, which preferentially binds to the guide
strand, while the passenger strand is degraded. In association with TNRC6, AGO2 forms
the RISC complex, which is guided by miRNA to recognize and regulate the target
mRNAs. When RISC binds to target mRNA with partial complementarity, TNRC6 facili-
tates mRNA deadenylation and translational repression, followed by gradual mRNA
degradation. In contrast, when RISC binds with high complementarity, AGO2 directly
cleaves the mRNA, leading to rapid degradation.

The figure was modified from (60).
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2.2 Role of miRNAs in neuronal and microglial cells

2.2.1 The expression of miRNAs in the brain

In the central nervous system (CNS), approximately 70% of all known miRNAs
are expressed, suggesting that about 1600 different miRNAs may be present.
Brain miRNAs exhibit distinct expression patterns that vary across different cell
types, brain regions and developmental stages, highlighting their importance in
neurodevelopment and function (67). This diversity is crucial for the specialized
functions of various neuronal and non-neuronal cell types within the CNS. For
example, already an early study showed that miR-124 is predominantly expressed
in neurons and miR-23, -26, and -29 are specifically expressed in astrocytes (68).
Some miRNAs, such as miR-155 and miR-146a, have been identified to be highly
expressed in microglial cells (69,70). In addition to cell-specific expression,
miRNAs may exhibit region-specific expression pattern. For example, miR-132
is particularly enriched in the hippocampus (71), while miR-326 is predominantly
expressed in microglia within the brainstem, but is largely absent from spinal
microglia, indicating that miR-326 may influence immune responses differently
across neuroanatomical structures (72). Along with cell specific expression, neu-
rons also display differential intraneuronal miRNA distribution. For example,
miR-125b and miR-132 are enriched in synaptic compartments (73). Other stu-
dies have demonstrated that the expression of certain miRNAs changes during
development. For instance, in a recent study by Todorov et al. a small RNA
sequencing of cerebral cortex samples at various developmental stages (E14,
E17, and postnatal day PO) demonstrated that the expression of approximately
57% of miRNAs significantly changed during development. This research pro-
vided a detailed map of longitudinal changes in miRNA expression patterns
during corticogenesis, emphasizing the dynamic regulatory roles of miRNAs in
shaping brain development (74).

2.2.2 miRNAs in neurons and microglia and
their impact on brain health

miRNAs play crucial roles in the regulation of gene expression and cellular func-
tions in both neurons and microglia. In neuronal cells, miRNAs exhibit unique
expression patterns and are critical for neuron development and function. For
example, a study analyzing miRNA distribution across different CNS cell types
revealed that neuron-enriched miR-376a and miR-434 promote the diffe-
rentiation of neural stem cells into neurons, while glia-enriched miRNAs, like
miR-223 and miR-146a, inhibit this process (75). A unique feature of neuronal
miRNAs is their presence not only in the cell body but also in dendrites and
axons, enabling them to regulate peripheral protein synthesis in response to
synaptic activity. For example, miR-134 restricts dendritic spine growth by
repressing Limkl, a key modulator of actin dynamics. This localized and
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stimulus-driven miRNA activity highlights their pivotal role in fine-tuning
neuronal networks during learning and memory (76).

Microglia cells exhibit a distinct set of miRNAs compared to other CNS cell
types. A recent study identified nearly 300 miRNAs upregulated in microglial
cell, of which miR-146a, miR-223 and miR-142 were identified as most highly
expressed. This unique miRNA signature is crucial for defining microglial
identity and function (77). For example, miR-155 and miR-124 have been iden-
tified as *master regulators’ of activated and quiescent microglia (78—80), while
miR-146a and miR-155 have been shown to regulate immune activation and
polarization between pro-inflammatory and anti-inflammatory states, which is
essential for resolving inflammation and protecting neuronal health (81,82).
Microglial miRNAs also influence phagocytosis, exosome-mediated commu-
nication, and the release of cytokines (83).

Given their central regulatory roles, dysregulation of miRNAs in neurons and
microglia is recognized factor in CNS pathologies, including Alzheimer’s disease
(AD), Parkinson’s disease (PD), multiple sclerosis, and neuropsychiatric dis-
orders. Specific examples, along with their associated conditions and roles, are
summarized in Table 1.

Table 1: Dysregulated miRNAs in neurons and microglia contributing to CNS Pathologies

Disease miRNA Function References
Alzheimer’s miR-124 Targets BACE1 mRNA in neurons, (84)
disease contributes to AD
miR-155, Modulates microglial response to (85,86)
miR-146a amyloid beta and influences synaptic
pruning

miR-140-3p  Upregulated in AD, reduces neuro- 87)
and miR-122- protective protein SAPPa via targeting

5p ADAMI0 resulting cognitive decline
and impaired microglial function
Parkinson’s miR-126 Upregulated in SNpc dopaminergic (88)
disease neurons; increases vulnerability to
neurotoxins
miR-146a Upregulated in response to inflamma-  (89)

tion; involved in the regulation of
Parkin levels
Schizophrenia miR-19a Dysregulated in schizophrenia; (90)
associated with cognitive deficits and
treatment resistance, found in neuron-
derived EVs
Autism spectrum miR-130a Inhibits neurite growth and reduces 1)
disorder (ASD) dendritic spine density
miR-146a Overexpression leads to neurite out- 92)
growth and enrichment of ASD-linked
genes
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Disease miRNA Function References

Major depressive miR-124-3p  Downregulates Gria3 and Gria4 93)
disorder receptors, affecting AMPA receptor
leading to synaptic dysfunction in
neurons
miR- 146a/b, Markers of antidepressant response (14)
425-3p and
24-3p

Abbreviations used in the table: BACE: Beta-site amyloid precursor protein cleaving
enzyme; APP: Amyloid precursor protein; ADAMI10: A disintegrin and metallopro-
teinase domain-containing protein 10; SNpc: Substantia nigra pars compacta; EV: Extra-
cellular vesicles; AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid.

2.3 The miR-146 family and CNS associated functions

2.3.1 The miR-146 family

Among other miRNAs implicated in brain functions, the miR-146 family has
gained significant attention due to its critical role in neuroinflammation, immune
regulation, and microglial activity. miR-146a (named as miR-146) was identified
first in a study by Mariana Lagos-Quintana et al. published in 2002, through a
systematic approach involving the cloning of small RNAs from various mouse
tissues, particularly cardiac tissue (94). In the subsequent study by Cai et al. in
2005, the researchers utilized cDNA libraries prepared from size-selected small
RNAs derived from the human BC-1, body cavity-based lymphoma-1 cell line.
They classified the sequences using analyses of the GenBank database and the
Sanger miRNA registry, identifying 34 cellular miRNAs, including miR-146a.
This study emphasized that miR-146a is also conserved in human (95). In 2006,
Taganov et al. discovered that miR-146 family comprises of miR-146a and miR-
146b, which are induced in human monocytes upon exposure to endotoxins and
pro-inflammatory cytokines and found that miR-146a/b function as negative
regulators in immune signaling via downregulation of IRAK1 and TRAF6 pro-
tein levels in monocytes (96). Further studies have identified toll-like receptor 4
(TLR4) as an additional target of miR-146a/b, reinforcing their role in regulating
innate immune responses (97,98). Following, the foundational work of Taganov
et al. miR-146a has gained enormous interest in various immune system diseases
and conditions, but also in neurobiology.

2.3.2 Genomic location and structure

The genomic organization of the MIR146A4 and MIR146B genes has been reported
to be distinct across species. In humans, the MIR146A gene is found within area
encoding a larger long noncoding RNA in chr5, while MIRI146B is located in
human chr10. In mouse, miR-146a is encoded by chrl1, and miR-146b by chr19.
The mature miRNA sequences of miR-146a/b is highly conserved across species
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and share their seed sequence that’s allows them to target similar mRNAs.
However, they differ by two nucleotides in their supplementary region, which
may affect their specificity and binding affinity for some targets (Figure 2). From
two strands, the 5p strand is considered as the guide strand, responsible for the
regulatory functions of the miR-146a, while the 3p strand is the passenger strand
that is usually degraded and less frequently studied (99).

A B

I

?e_mm’eam_ hsa-miR-146a  5-UGAGAACUGAAUUCCAUGGGUU-3'
hsa-miR-146b  5-UGAGAACUGAAUUCCAUAGGCU-3'

ﬁ mmu-miR-146a 5-UGAGAACUGAAUUCCAUGGGUU-3'
mmu-miR-146b 5-UGAGAACUGAAUUCCAUAGGCU-3'

Human chr 5 { Exon 1 | I I

Human chr 10
Pre-miR-146b

Figure 2: Genomic organization human MI/R46A4 and MIR146B genes and sequences of
mature miR-146a/b. (A) The human pre-miR-146a encoding region is located on human
chr5 within exon 2, while pre-miR-146b encoding region is located in an intergenic region
of human chr10. (B) The sequences of mature miR-146a/b from human (hsa) and mouse
(mmu) are shown. The seed region is highlighted in red and bases 2—8 from the 5’ end.
Differences in the 3’ ends of miR-146a/b are highlighted in green.

2.3.3 Transcriptional regulation of miR-146a/b

In the original study by Taganov, the MIR146A4 and MIRI146B genes were found
to be induced by LPS and miR-146a was proven to be NF-«kB dependent. The
authors identified three putative binding sites for the NF-kB upstream of the first
exon of MIR1464 and verified in luciferase assay that two of them are important
for miR-146a expression. Additionally, two IRF3/IRF7 binding sites were pre-
dicted in the MIR146A promoter region. However, mutating these sites did not
significantly affect miR-146a induction in reporter assays, suggesting that [IRF3/7
does not play a primary role in miR-146a transcription in vitro (96). The study
by Liu et al. indicated that FOXP3 binds directly to the promoter region of
MIR146A, but not to that of MIR146B, indicating that FOXP3 induces the expres-
sion of miR-146a, which then negatively regulates the NF-kB activation through
the inhibition of IRAK1 and TRAF6 (100). In addition, the transcription factor
Ets-1 contributed to the regulation of miR-146a. Interestingly, genetic variant
(rs57095329) in the MIR146A promoter was shown to reduce Ets-1 binding and
was suggested to decrease expression of miR-146a in systemic lupus erythema-
tosus (SLE) patients, which then may lead to the abnormal activation of the type
I interferon pathway associated with SLE (101). In melanoma cells, it has been
found that increased BRAF-MEK-ERK signaling results in activation and
recruitment of MYC to the miR-146a promoter, which stimulates miR-146a
transcription (102).
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Less is known about the regulation of miR-146b expression, however, a study
by Curtale et al. demonstrated that IL-10 induces recruitment of polymerase I to
the miR-146b promoter most probably via transcription factor STAT3 (103). In
addition, it has been shown that miR-146b is transcriptionally regulated by the
C/EBPS transcription factor C/EBPB LAP2 isoform, which positively influences
its expression in esophageal squamous cell carcinoma (104), and transcription
factor SP1 in colorectal cancer cells (105).

2.4 Role of miR-146a in brain functions

miR-146a is one of the most widely studied miRNAs in the brain, and recent
literature suggests that miR-146a is a wide-reaching neuroinflammatory regu-
lator. miR-146a is primarily recognized for its role as a negative regulator of in-
flammatory responses in the CNS and has been implicated in various neurological
disorders. Again, also in the brain, miR-146a has been shown to target IRAK1
and TRAF6, which helps to attenuate the secretion of pro-inflammatory cyto-
kines, thereby protecting neurons from inflammation-induced damage (106,107).
A substantial body of evidence suggests that miR-146a plays a significant role
almost all major neurological disorders, encompassing cerebrovascular diseases,
neurodegenerative conditions, neuroautoimmune disorders, CNS viral infections,
peripheral neuropathy, and brain tumors (108). However, our focus is on the role
of miR-146a, specifically its impact on neuroinflammation and metabolic stress-
induced microglial senescence.

2.4.1 Functions of miR-146a in microglial cells

In the brain, miR-146a is particularly enriched in microglia cells (27), which are
antigen presenting cells capable of expressing major histocompatibility complex
(MHC) proteins and secretion of both pro-inflammatory cytokines, such as IL-
1B, and TNF, and anti-inflammatory cytokines. Like in peripheral immune cells,
miR-146a is also significantly upregulated in microglial cells in response to
stimulation with LPS followed by negative feedback regulation of neuroin-
flammation via TLR4/NF-«kB signaling pathway (109). Both TLR2 and TLR4
activation were shown to increase miR-146a level in microglia. In response to
TLR2 stimulation, miR-146a suppressed inflammatory responses, including NF-
kB and JAK-STAT signaling pathways. Two phagocytic mediators of the oxida-
tive burst, cytochrome b-245, alpha polypeptide and nitric oxide synthase 3, were
shown to be suppressed by miR-146a (110). In addition, miR-146a can switch
microglial phenotypes promoting neuroprotection and reduced cognitive deficits
(111). In response to LPS and cuprizone treatment, miR-146a knockout mice
exhibited altered inflammatory protein responses and impaired phagocytosis in
microglia, suggesting miR-146a is crucial for proper proteomic adaptation during
inflammation and demyelination. (27). Microglia also secrete exosomes con-
taining miR-146a, which have been shown to enter to neurons, where miR-146a
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targets Kriippel-like factor (KLF) 4, thereby suppressing neurogenesis and contri-
buting to cognitive deficits seen in conditions like depression (112). Zhao et al.
have reported that miR-146a knockout mice exhibit a mild reduction in explo-
ratory locomotor activity and an increase in anxiety-like behavior, while other
cognitive functions remain unaffected. Additionally, the absence of miR-146a led
to elevated levels of inflammatory cytokines and markers of oxidative stress in
the middle-aged mice brain, indicating that miR-146a is crucial for regulating
neuroinflammation and maintaining oxidative balance even without external in-
flammatory stimuli (113). Interestingly, in glioma progression, miR-146a shows
tumor suppressor function via targeting sterile alpha motif domain containing 4A
(SMAD4), a key mediator of the transforming growth factor beta (TGF-B)
signaling pathway, thereby influencing microglial behavior in the tumor micro-
environment (114). Thus, miR-146a is crucial for regulating neuroinflammation
and microglial function, with potential therapeutic implications for neuroin-
flammatory diseases.

2.4.2 Role of miR-146a in metabolic stress-induced senescence

The global rise in obesity rates has become a significant public health concern,
closely associated with an increased risk of metabolic disorders such as insulin
resistance, cardiovascular diseases, chronic inflammation, cancer, and neuro-
psychiatric disorders (115—-118). miR-146a plays a critical role in the body’s
response to metabolic stress, both in peripheral systems and the brain. In the peri-
phery, miR-146a expression has been shown to be decreased in high fat-induced
non-alcoholic fatty liver disease (NAFLD) mouse model (119). In vitro, over-
expression of miR-146a mimics suppresses hepatic stellate cell activation and
fibrotic signaling pathways, consistent with in vivo findings in nonalcoholic
fibrosing steatohepatitis models where miR-146a is downregulated and regulates
fibrosis-related pathways (120).

In the brain, chronic low-grade inflammation, often associated with obesity
and metabolic disorders, leads to the downregulation of miR-146a. This is ob-
served in mice upon chronic high-fat diet (HFD) in the nucleus accumbens, a
region involved in metabolism and energy balance (121). In models of chronic
type 2 diabetes mellitus, decreased levels of miR-146a negatively correlated with
elevated inflammatory mediators (COX-2, TNF-a, IL-1B) and markers of oxi-
dative stress, while reduced antioxidant proteins positively correlated with miR-
146a levels in the hippocampus (HP) and cerebral cortex (122). Under high
glucose conditions or glucose fluctuations, microglia tend to polarize toward the
pro-inflammatory M1 phenotype, which is associated with increased production
of pro-inflammatory cytokines and downregulation of miR-146a. However, when
miR-146a was overexpressed under glucose stress, BV2 microglial cells shifted
toward the anti-inflammatory M2 phenotype, accompanied by an increase in IL-
10 levels (82).

It has been reported that obesity leads to the accumulation of senescent cells
in the brain (123). Senescent cells display markers, including telomere-associated
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DNA damage foci (124), increased activity of lysosomal senescence-associated
B-galactosidase (SA-B-gal) (125), and increased expression of the cyclin-depen-
dent kinase inhibitor proteins, pl6Ink4a (p16) and p21Cipl (p21) (126). Addi-
tionally, senescent cells secrete several inflammatory cytokines, chemokines, and
SASP (the senescence-associated secretory phenotype) (127). Among these, the
pro-inflammatory components of SASP contribute to chronic systemic low-grade
inflammation, called “inflammaging,” which is one of the main risk factors for
the development of age-related diseases (128). HFD can also lead to increased
lipid content in cells, triggering oxidative stress and senescence in the brain,
especially in areas like the HP and amygdala, along with increased microglial
priming and impairs phagocytosis (129). The HFD also induces microglial sene-
scence and contributes to increased pro-inflammatory markers, such as IL-6, IL-
1B, and TNFa, via the NF-«xB signaling pathway (129). miR-146a is also found
to be increased in senescent cells (130) and suppress oxidative stress (131). how-
ever, the relationship between metabolic stress and microglial senescence that
may be influenced by miR-146a in brain remains unexplored.

2.4.3 Functional role of miR-146a in neuronal cells

In the mouse brain, miR-146a is expressed in the cortex, HP, and amygdala as
evidenced by in situ hybridization. During embryonic development, miR-146a
initially exhibits high and widespread expression, which becomes restricted to
some cellular layers in postnatal brain regions (132). Another study demonstrates
that miR-146a is essential for the differentiation of neural stem cells, promoting
the transition from progenitor cells to mature neurons by targeting pathways, such
as Notchl, which is crucial for cell cycle exit and neuronal identity (133). In
embryonic stages, miR-146a loss impairs the differentiation of radial glial cells
and disrupts the neurogenesis process. More specifically, the absence of miR-
146a leads to significant developmental defects, including impaired neurite
extension detected at embryonic day 14.5 (E14.5). However, these effects do not
persist into later developmental stages, as there is no observed change in neuronal
ratios in the adult brain. Interestingly, behavioral assessments reveal that mice
lacking miR-146a exhibit notable learning and memory deficits at three months
of age, suggesting that miR-146a is essential for early neural lineage determina-
tion and maintaining cognitive functions thorough adulthood. miR-146a modu-
lates the expression of KlIf4 and thereby influence adult hippocampal neuro-
genesis and cognitive functions in the mouse model of AD (134). Additionally,
overexpression of miR-146a in primary hippocampal neurons leads to down-
regulation of N-methyl-D-aspartate receptor (NMDA) subunits, GluN2A and
GIluN2B, further injecting miR-146 into rat hippocampus caused cognitive de-
ficits and decreased protein levels of NMDA receptor subunits (30). A study iden-
tified miR-146a, as a negative regulator of glial cell line-derived neurotrophic
factor (Gdnf) via interaction with its 3’UTR (135). Gdnf is an essential neuro-
trophic factor implicated in dopaminergic neuron survival and neuroprotection,
maintaining the nigrostriatal dopamine system, protection against neurotoxic
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damage in Parkinson’s disease models (136). This regulation highlights a poten-
tial mechanism by which miR-146a influences neuronal survival and function,
particularly in conditions affecting the dopaminergic system.

2.5 Role of miR-146b in brain functions

The function of miR-146b in the nervous system has been less explored compared
to miR-146a, with most existing literature focusing on its roles in glioma and
neuroinflammation. Like miR-146a, miR-146b has been shown to be upregulated
upon LPS treatment in microglial cells. Notably, transfection of miR-146b into
microglial cells significantly reduced LPS-induced microglial activation, down-
regulated IRAK1, and prevented cognitive deficits in models of perinatal in-
flammation (137). Similarly, overexpression of miR-146b modulated inflamma-
tory responses by suppressing NF-kB signaling in the brain in rat encephalopathy
models (31). Furthermore, miR-146b was shown to be upregulated in other
neuroinflammatory conditions, such as brain white matter lesions from multiple
sclerosis patients and experimental autoimmune encephalomyelitis model in
mice (138), as well as in microglia from amyotrophic lateral sclerosis (6). These
findings collectively highlight the immunomodulatory and neuroprotective
potential of miR-146b in various pathological contexts.

Besides possible function in neuroinflammation, miR-146b may play a signi-
ficant role in neuronal function and neurodegenerative processes. It has been
shown to be expressed at significantly higher levels in the rat HP (139), but lower
levels in mature neurons, where it is associated with critical neuronal processes,
such as axon guidance in rats (140). The brain-derived neurotrophic factor
(BDNF) Val66Met genetic variant leads to lower levels of miR-146b in the HP
of mice, accompanied with increased expression of neuronal genes like Per/ and
Npas4 at mRNA level (141). Given the essential role of BDNF survival and
phenotypic maintenance of mature, fully developed neurons, its dysregulation
may contribute to neurodegenerative diseases by disrupting these pathways
(142). In rats, miR-146b overexpression via lentiviral vectors inhibited the proli-
feration of primary hippocampal neural stem cells, emphasizing its regulatory
role in neurogenesis (143). In neurodegenerative diseases, miR-146b is im-
plicated in AD and PD. miR-146b levels were significantly altered in cerebro-
spinal fluid extracellular vesicles in AD, influenced by sex and apolipoprotein E
(APOE) genotype, with distinct differences between males and females. Pathway
analysis linked miR-146b dysregulation to neurodegenerative mechanisms, such
as autophagy and senescence (144). Similarly, serum miR-146b levels were
markedly decreased in patients with early-stage PD, distinguishing them from
healthy controls and highlighting its potential as a biomarker for early detection
of the disease (145). Another study demonstrated that low levels of miR-146b,
alongside other miRNAs, could effectively differentiate PD from multiple system
atrophy (146). miR-146b also may play a pivotal role in neuronal repair and
regeneration, particularly in peripheral nerves. Inhibition of miR-146b increased
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the proliferation and migration of Schwann cells by enhancing the expression of
KIf7, a transcription factor critical for axonal growth. Silencing of miR-146b in
rat promoted axonal outgrowth, improved nerve conduction, and enhanced the
expression of neuronal markers such as neurofilaments and myelin proteins,
underscoring its potential in neuronal repair following sciatic nerve injury (147).
In the context of acute ischemic stroke, serum levels of miR-146b are signifi-
cantly elevated within 24 h after stroke onset (148). In line with this, over-
expression of miR-146a/b improved endothelial progenitor cells function and
vascular repair by downregulation of IRAK1 and TRAF6, promoting a more
favorable environment for cell proliferation and angiogenesis in mice (149).
Furthermore, miR-146b has been shown to exert protective effects in rat cerebral
infarction models by modulating the SIRT1/FOXOI1 signaling pathway, and
reducing oxidative stress and neuronal apoptosis (150).

In gliomas, miR-146b is downregulated across all grades, contributing to in-
creased cell proliferation and decreased apoptosis by targeting TRAF6 (151).
Other studies highlight that miR-146b negatively regulates glioblastoma cell
invasion and migration by targeting matrix metalloproteinases (152) and that
miR-146b downregulation is associated with resistance to temozolomide therapy
(153). Conversely, there are observations of upregulation of miR-146b in re-
current glioblastoma multiforme cases, where it may contribute to immune
suppression and tumor recurrence (154). This suggests a complex role for miR-
146b in glioma, where its expression can vary depending on the tumor stage and
context.

2.6 Vitamin D analogs and miR-146a

Vitamin D is naturally acquired primarily through ultraviolet B-irradiation in-
duced synthesis in the skin (vitamin D3), and to a lesser extent by food (vitamin
D2 and D3) (155). The primary supplemental form of vitamin D3 is also known
as cholecalciferol. This form serves as a precursor to the biologically active form
of vitamin D, which is 1,25-dihydroxyvitamin D3 (1a,25(OH)2D3) or calcitriol.
Calcitriol mediates its biological effects by binding to and activating the vitamin
D receptor, a member of the steroid hormone nuclear receptor family that func-
tions as a transcription factor upon activation (156). Calcitriol is also known to
impact protein expression, oxidative stress, inflammation, and cellular meta-
bolism through various genomic and non-genomic mechanisms (157). It should
be noted that supplemental vitamin D3 exerts its immunomodulatory actions at
supraphysiological concentrations, which similarly to the administration of
calcitriol, leads to hypercalcemia, hypercalciuria, and renal dysfunctions (158).
In the periphery, vitamin D3 treatment induces miR-146a expression in hepatic
stellate cells and during skin wound healing in diabetic mice (159). Additionally,
vitamin D3 has demonstrated anti-inflammatory effects in TNF-a-stimulated adi-
pocytes and the adipose tissue of inflammatory mouse models, partly by regu-
lating miR-146a expression (160). In the brain, vitamin D has emerged as a
neurosteroid hormone and has been shown to act as a regulator of a variety of
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brain functions, such as neuroprotection, anti-epileptic and anti-calcification ef-
fects, neuro-immunomodulation, and interplay with neurotransmitters and hormo-
nes (161). Vitamin D also promotes neuronal differentiation, provides trophic
support and improves cognition (162), prevents oxidative stress (163), and is
neuroprotective on dopaminergic neurons by attenuating inflammation through
shifting microglial polarization from M1 to M2 in PD mouse model (164). Today,
more than 3000 synthetic vitamin D analogs have been developed by various
pharmaceutical companies and academic research groups, with the main goal to
identify compounds with a lower calcemic effect (165). One such analog, Elo-
calcitol (BXL-628 or Ro-26-9228, referred to as Elo), is a synthetic vitamin D
analog derived from calcitriol. The key modification in Elo occurs at the side
chain of calcitriol, it features a 2-substituted (2-(5-hydroxy-5,5-dimethylpentyl))
side chain, which alters the interaction with the vitamin D receptor (166,167). Elo
has been known for its anti-inflammatory, anti-proliferative, and bone-protective
properties in both preclinical and clinical studies (168,169). Although miR-146a
and vitamin D are both known to exhibit anti-inflammatory activity, it remains
unknown whether the immunomodulatory effects of vitamin D and analogs are
mediated through miR-146a.

2.7 Summary of review of literature

Previously, versatile actions of miR-146a have been extensively studied in rela-
tion to neuroinflammation, brain tumors, neuron development and some roles in
metabolic stress. miR-146a is primarily recognized as a negative regulator of
neuroinflammation in the brain and extends its various roles in developmental
disorders, like autism, neurodegenerative disorders, like AD, and in brain tumors.
Depending on the cellular or pathological environment, miR-146a levels fluc-
tuates. Its expression is mostly upregulated in acute inflammation and down-
regulated in chronic metabolic stress or neurodegenerative conditions. In micro-
glial cells, miR-146a acts as a negative regulator of immune response, regulates
phagocytosis, and promotes microglial polarization to provide neuroprotection.
miR-146a is also found in the exosomes secreted by microglia and thereby
mediates intercellular communication. It also plays critical roles in neuronal
development and more importantly in embryonic development, where its higher
expression controls radial glia differentiation and neurogenesis. Loss of miR-
146a also affects cognition later in life. In the context of metabolic stress, miR-
146a was downregulated in animal HFD and diabetes models, while inflamma-
tory mediators and markers of oxidative stress were elevated. Interestingly, miR-
146a knockout mice exhibit increased oxidative stress without any external
stimuli. It is also known that factors that influence HFD linked brain damage are
oxidative stress and inflammation, of which oxidative stress is the inducer of
cellular senescence indicating that neuroinflammation may be closely linked to
metabolic dysfunction, underscoring the importance of studies on molecular
mechanisms of HFD induced changes in microglia. While miR-146a role in

24



regulating neuroinflammation and oxidative stress is well-documented, its func-
tion in HFD-induced microglial senescence remains unclear.

Besides miR-146a, miR-146b is emerging as a significant player in neuroin-
flammation, neurodegeneration, and glioma, although its functions remain less
explored compared to miR-146a. miR-146b is upregulated in neuroinflammatory
conditions and similarly to miR-146a, it targets genes from the NF-kB pathway.
Overexpression of miR-146b has been shown to reduce microglial activation,
improve cognitive deficits in perinatal inflammation models, and attenuates in-
flammatory responses in rat encephalopathy models. miR-146b also is expressed
in HP and targets genes involved in neuronal processes like axon guidance and
neuronal repair. miR-146b is downregulated in case of genetic variants in BDNF,
and this is associated with dysregulation of neuronal gene expression, while its
overexpression inhibits hippocampal neural stem cell proliferation. Although
miR-146b has been shown to influence inflammatory pathways and neural stem
cells in the brain, the downstream effects on brain cells, as well as to cognitive
and behavior phenotypes are not fully elucidated. This leaves a critical gap in
understanding how the miR-146b affects neural circuits, inflammatory responses,
and cognitive functions. Also, several previous studies have primarily used miR-
146b overexpression in disease models, yet the consequences of miR-146b defi-
ciency on neuroinflammation and associated outcomes have not been adequately
addressed. This thesis aimed to address these gaps by investigating the distinct
roles of miR-146b in cognition, neurogenesis, and inflammation, as well as to
study the influence of miR-146a in cellular senescence under conditions of HFD-
induced metabolic stress. To achieve this, we used miR-146b and miR-146a
knockout mice and interventions, such as systemic LPS, HFD with or without
vitamin D analogue, Elo, performed behavioral studies, and examined cellular
functions in the brain.
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3. AIMS OF THE STUDY

The aim of the study was to elucidate the regulatory roles of the miR-146a/b in
cognition, neuroinflammation, and microglial senescence using miR-146b and
miR-146a knockout mouse models.

Specific aims of the study were the following:

1. To measure the CNS cell specific expression of miR-146a/b in the mouse
brain and to characterize and evaluate the cognitive behavior, brain cell altera-
tions and adult hippocampal neurogenesis using miR-146b deficient mouse
model (publication I).

2. To evaluate the impact of microglial expression of miR-146a/b and their
crosstalk in the neuroinflammation induced by LPS in miR-146b knockout
mice (publication II).

3. To define the role of miR-146a in the hypothalamic cellular senescence upon
HFD challenge using miR-146a knockout mice with or without elocalcitol
intervention (publication III).
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4. MATERIALS AND METHODS

4.1 Experimental design (Publications I-III)

Experimental approach used in the thesis is provided in Figures 3-5.

Publication 1:
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Figure 3: Experimental strategy for publication I. (A) To measure the expression of miR-
146a/b in different CNS cell types, WT male mouse brains (n = 3) were subjected to
percoll gradient centrifugation to isolate microglia, astrocytes and neuronal enriched cell
populations. (B) To characterize the Mir-146b-/- mice, we used two cohorts: the first
cohort (male WT n = 12, Mir-146b-/- n = 15) was used for novel object recognition test
(NORT) followed by flow cytometry or qPCR, and the second cohort (male WT n = 10,
Mir-146b-/- n = 11) was used in contextual fear conditioning (CFC) model to evaluate
adult hippocampal neurogenesis. In CFC, conditioned stimulus (CS, tone) and was paired
with an unconditioned stimulus (US, foot shock) to induce associative learning. The
second cohort received three bromodeoxyuridine (BrdU) injections in a total dosage of
300 mg/kg with 2 h intervals, to determine the survival/differentiation of neurons, the
animals were killed after three weeks at day 31. Figure is created with BioRender.
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Publication II:
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Figure 4: Experimental strategy for publication 1I. Male WT (n = 40) and Mirl46b-/-
mice (n = 44), were randomly assigned to experimental groups. The Body weight was
measured and 1.5 mg/kg of LPS was administrated at 0 hr. Assessment of sickness
behavior, such as locomotor activity and tail suspension test were carried out after 20 h
and body weights were recorded after 24h, followed by collection of tissues. The animals
were tested for LPS-induced changes in microglial profile, as well as mRNA (qPCR) and
protein expression (IHC) of microglial cells. Figure is created with BioRender.
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Figure 5: Experimental design for the publication III. The first cohort of 6-week-old male
C57BL/6J mice (obtained from Envigo RMS B.V., Horst, Netherlands) was used to study
the effects of a HFD on body weight and miR-146a expression. Mice were divided into:
(1) Low-fat diet (LFD) group (n=19), and (2) HFD group (n=19) and were fed these
diets for 18 weeks. The second cohort was used to study the impact of miR-146a defi-
ciency and Elo treatment. Male WT (n=40) and miR-146a knockout mice (Mirl46a-/-)
(n=40) were randomly assigned to one of eight experimental groups (n=10 in each
group): (1) WT LFD, (2) WT HFD, (3) Mirl46a-/- LED, (4) Mirl46a-/- HFD, (5) WT
LFD + Elo, (6) WTHFD + Elo, (7) Miri46a-/- LFD + Elo, and (8) Miri46a-/- HFD + Elo.
Elo (30 pg/kg, SML23-95, Sigma Aldrich, Germany) was administered intraperitoneally
twice a week, while control groups received vehicle. Following an 8-week dietary and
treatment period, behavioral experiments were conducted, after which the animals were
euthanized for tissue collection and further analyses. Created in BioRender.
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4.2 Animal models and housing conditions

All mouse lines were maintained and bred in the Laboratory Animal Centre at the
Institute of Biomedicine and Translational Medicine, University of Tartu, fol-
lowing institutional regulations and the principles of laboratory animal care
(Directive 2010/63/EU). The mice were group-housed under a 12-h light/dark
cycle, with food and water provided ad libitum. All the behavioral experiments
were performed between 9 am to 6 pm in the light phase. Before starting the
behavioral experiments, animals were allowed to habituate in the experimental
room for about 30 mins and conducted blinded to the animal groups.

4.2.1 Mir146b-/- mouse line (Publications I, 1)

The Miri46b-/- mouse line on C57BL/6J background was generated by deletion
of miR-146b encoding gene from mouse Chr19 as previously described in (170).
Mirl46b-/- and corresponding WT mice used for this study were obtained by
crossing Mirl46b+/- heterozygous mice. 2—3 months old male littermates were
used for all experiments. The Animal Experimentation Committee at the Estonian
Ministry of Agriculture approved the experimental protocol (no. 183, 2021).
Mice were genotyped using the primer sequence:

146b locus 5’ forward primer- 5 CTCACACTCTTGTTCTTACCCAGTTCTT 3;

146b locus 3’ reverse primer- 5' CAAACAAACAAACAAAAGGTTCAGCTAAG 3/,

146D locus internal reverse primer-5’ACACACAGGGCATATGAGATCAGTTGGTT 3'.

4.2.2 Mir146a-/- mouse line (Publication II, Il)

Publication III: The Mirl46a-/- mice originally purchased from Jackson Labo-
ratory (Bar Harbor, US)), were housed and bred in the laboratory animal facility
of University of Tartu. The C57BL/6J WT and MirI46a-/- cohorts were crossbred
during maintenance, and to generate Miri/46a-/- and corresponding WT mice
Miri46a+/- heterozygous mice were crossed. The experimental protocol was
approved by the Animal Experimentation Committee at the Estonian Ministry of
Agriculture (No. 177, 2020 and 1.2-17/166, 2023). Genotyping was performed
using the following primers:

146a forward primer- 5 ACCAGCAGTCCTCTTGATGC 3’

146a reverse primer- 3° GACGAGCTGCTTCAAGTTCC 5°.

Publication II: Miri46a/b double knockout mice were generated by crossing
Miri46a-/- and Mirl46b-/- lines. These mice were used in a single experiment
evaluating LPS-induced sickness behavior and pro-inflammatory cytokine
expression.
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4.2.3 Diet and drug treatment (Publications I-I11I)

In publication I, WT and Miri46b-/- mice received three BrdU injections (100 mg/kg,
1.p, Sigma Aldrich, Berlington, MA, USA) for a total dosage of 300 mg/kg, given
at 2h to assess evaluate cell survival and differentiation. In publication 11, WT,
Mir146b-/- mice were injected intraperitoneally (i.p.) with 1.5 mg/kg bodyweight
of LPS (derived from E. coli serotype O55:BS5; Sigma-Aldrich, St. Louis, MO,
USA) solution in 0.9% NaCl (saline) and control group received injection of an
equal volume of saline. In publication III, the animals received either LFD, fat
constituting 10% of total energy (3.61 kcal/g) or HFD, fat constituting 45% of
total energy (4.65 kcal/g). The main source of fat in both diets was lard (Ssniff
Spezialdidten GmbH). The animals were fed this diet starting at six weeks of age
for a duration of eight weeks and Elo (30 pg/kg, SML23-95, Sigma Aldrich, Ger-
many) was administered intraperitoneally twice a week to the respective groups,
while others received vehicle.

4.3 Behavioral experiments (Publications I-11I)

4.3.1 Novel object recognition test (Publications I)

NORT was performed as described by (171) in wood open chamber 50 cm x 50 cm
x 50 cm (L x W x H). The objects utilized were glass cups with comparable
textures and colors but differing in size and shape. They were sufficiently heavy
to ensure that the mice could not move them. In the habituation phase, the animals
were given 5 min to explore the arena without any objects present. Twenty-four
h later, during the training phase, two identical objects were positioned diagonally
(each placed 10 cm from a corner), and each mouse was given 5 min to explore
the field. The time spent by each mouse exploring both objects was recorded. In
the retention phase, conducted either 2 or 24 h later, the mice explored the arena
containing one familiar object and one novel object to assess short-term recogni-
tion memory (STM) and long-term recognition memory (LTM), respectively.
The preference ratio for each mouse was calculated as the percentage of time
spent exploring the novel object: (Tnew x100)/(Tf + Tnew), where Tf and Tnew
represent the time spent exploring the familiar and novel objects, respectively.
An observer, who was “blind” to the genotypes, recorded the exploration times
during and between trials. To maintain consistency, the objects were cleaned with
a 5% ethanol solution after each trial. Exploration was defined as sniffing or
making contact with the object using the nose or forepaws.

4.3.2 Contextual fear conditioning and tone fear recall
(Publication I)

The procedure was adapted from (172,173). The setup consisted of an experi-
mental chamber measuring 22 cm % 22 cm % 35 cm (L x W x H), housed within
a larger noise-attenuating box. A built-in ventilation fan provided background
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noise. The chamber’s floor was composed of stainless-steel rods suitable for mice
and connected to a scrambled shock generator (TSE Systems), which included a
speaker for emitting audible tones. The CFC experiment was conducted over
seven consecutive days. On day 0, the mice were given 3 min to freely explore
the conditioning chamber, during which baseline freezing behavior was recorded.
Following this, a conditioned stimulus — a tone (75 dB, 2 kHz, lasting 30 seconds) —
was paired with an unconditioned stimulus — a foot shock (1 second, 0.50 mA,
constant electric current). This pairing was automatically administered three
times at 1 min intervals through the grid floor. After the conditioning session, the
mice were returned to their home cages. On day 1, contextual fear retention was
evaluated 24 h after conditioning by placing the mice in the conditioned context
for 3 min without the tone or foot shock, during which their freezing duration was
recorded. Contextual fear memory extinction was assessed from days 2 to 6 by
placing the mice in the same context for 3 min each day and measuring their
freezing time. On day 7, tone fear recall was tested by placing the mice in a novel
context for 3 min to record baseline freezing. Following this, a tone (75 dB, 2 kHz,
30 seconds) was presented, and freezing time was measured over the subsequent
3 min.

4.3.3 Body weight and locomotor activity assessment
(Publications Il and III)

In publication II, body weight was measured before and 24 h post LPS or saline
injection in WT and Miri46b-/- mice. The effect of LPS on locomotor activity
was monitored for 60 or 30 min by using PhenoTyper apparatus (Noldus, Lees-
burg, VA) with Ethovision XT live video tracking software (Version 8.0, Noldus
Information Technologies, Leesburg, VA). Total distance traveled in the whole
arena was measured.

In publication III, body weight was monitored throughout the duration of the
dietary and pharmacological interventions, starting from week 0 and continuing
until week 16.

4.3.4 Tail suspension test (Publication Il)

Tail suspension test was performed as previously described (174). Each mouse
was suspended by its tail using adhesive tape attached to a wooden beam, with
each placed in a separate compartment of the wooden test apparatus. The total
duration of immobility during the 6-min testing period was manually recorded
with a stopwatch. Immobility was defined as the complete absence of movement,
except for respiration, minor forelimb movements, or swinging resulting from
prior activity.
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4.4 Flow cytometry (Publications I-III)

Mice were euthanized using CO2, and their brains were dissected and mecha-
nically dissociated through 70 pm cell strainers (352350, BD Bioscience, San
Jose, CA, USA) in ice-cold flow buffer (phosphate-buffered saline (PBS) with
1% fetal calf serum). The isolated cells were then blocked with either 10% rat
serum or ice-cold flow buffer for 1 h at 4°C. FcR blocking was performed using
a mouse FcR blocking reagent (BD Pharmingen™ Purified Rat Anti-Mouse
CD16/CD32, Mouse BD Fc Block™). The cells were stained with the appropriate
antibodies or corresponding isotype control antibodies in flow buffer for 1 h, as
detailed in Table 3. After staining, cells were fixed with 4% paraformaldehyde
(PFA), permeabilized with PBS containing 0.05% TritonX-100 at 4°C for 30 min
and incubated with an antibody for intracellular staining or the Cell Event
Senescence Green flow cytometry assay kit (Thermofisher Scientific, Waltham,
MA, USA) following the manufacturer’s instructions. The cells were then
washed, resuspended, and acquired using a LSRFortessa™ flow cytometer (BD
Bioscience). Data analysis was conducted using Kaluza v2.1 software (Beckman
Coulter).
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4.4.1 Gating strategy for flow cytometry

Publication I:
(ungated) FSC-A/FSC-H

(Singlets) FSC-A/FSC-H  (Brain cells) FSC-H/GLAST  (Non-astrocytes) Cd11b/o4  (Neurons) Vglut2+/FSC-A

ww{Astrocytes «»]OPC 5
= Vglut2+cells

T < - ™ 5w v
A g : N 3, -
‘% b | Microglia
s oytes :
FSC-A FSC-H Cd11b Vglut2

Figure 6: Gating strategy for determining brain cell abundancy. The astrocytes were first
identified by flow cytometry based on Glast expression. The remaining non-astrocyte
fraction was then analyzed to distinguish microglia, oligodendrocyte precursor cells
(OPCs), and neurons. Microglia were identified by Cd11b expression, while OPCs were
gated based on 04 expression. Neurons were isolated through negative selection. Intra-
cellular staining for Vglut2, a marker of glutamatergic neurons, was performed among
the neuron population. Representative dot plots illustrating the gating strategy for these
brain cell populations are shown.

Publication II .

FSC-A/FSC-H (Singlets) (Brain cells) Microglia
* ) % Microglié ]
b s Fm Brain cells =" Kgmee
1 o b . .
8@ b 8 Microglia
w %)

FSC-A ** " "FSCA o Cd11b " vgiutz”

Figure 7: Gating strategy for microglial phagocytosis analysis. Brain-resident cells were
selected based on FSC-A vs SSC-A. Microglia were then identified as Cd11b+ Cd45low
cells. Within this microglial population, intracellular staining for Vglut2 was used to
quantify the proportion of Vglut2+ microglia, representing phagocytosis activity.

Publication III:

[Ungated] FSC-A / FSC-H

[CD11b+CD45+ microglial cells]
[Brain cells] CD11b / CD45 B8-gal / FSC-A

CD11b+CD45+ microglial cells| B-gal+ microglial cells: 7,40%

SSC-A

CD45
FSC-A
g8 B

11
FSC-A FSC-A cote 8-gal

Figure 8: Gating strategy to measure SA-B-gal in microglial cells. The microglial cells
were gated based on the expression levels of Cdl1b and Cd45 markers. Within the
Cd11b+Cd45 population, we gated Cd11b+Cd45 intermediate as microglia and we used
Cell Event Senescence Green flow cytometry assay kit to detect SA-B-gal in microglial
cells.
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4.5 Isolation of brain cells (Publications | and II)

Tissues were homogenized and passed through a 70 pm nylon cell strainer
(352350, BD Bioscience) using approximately 10—15 mL of 1X DPBS supple-
mented with 0.2% glucose. To prepare isotonic Percoll, stock Percoll (GE Health-
care, 17-0891-01, Chicago, IL, USA) was diluted at a 9:1 ratio with 10X PBS to
create stock isotonic Percoll (SIP), considered to be 100% SIP. Percoll layers
were created by diluting the 100% SIP with 1X Dulbecco’s Phosphate Buffered
Saline (DPBS) to generate 70%, 50%, and 35% SIP solutions. The homogenate
was then centrifuged at 600x g for 6 min at room temperature (RT), and the pellet
was resuspended in 6 mL of 70% SIP. This resuspended homogenate was trans-
ferred to a 15 mL tube, and 3 mL of 50% SIP was carefully layered on top,
followed by 3 mL of 35% SIP, and 2 mL of 1X DPBS was added on top of the
35% SIP. The tubes were then centrifuged at 2000x g for 20 min at RT. After
centrifugation, three distinct layers were formed. Microglial cells were collected
from the interface between the 70-50% SIP layers, while astroglial cells were
obtained from the 50-35% SIP interface. The top layer, consisting of myelin and
other cells, was collected and used for characterizing neuronal marker. All iso-
lated cells were resuspended in sterile 1X DPBS and centrifuged at 600x g for 6
min at RT to remove any remaining Percoll. The washed cells were then eva-
luated for purity using qPCR and flow cytometry, with Glast used to verify astro-
cyte purity, Cx3crl and Slcl7a6 to confirm microglial and neuronal purity,
respectively.

4.6 Quantification of miRNA expression (Publications I-111)

Total RNAs were extracted using TRI Reagent® (TR 118) (Molecular Research
Center, Inc., Cincinati, OH, USA) and quantification of miRNA expression was
carried out using TagMan® MicroRNA Assays hsa-miR-146a (Assay ID:
000468, Life technologies) and TagMan® MicroRNA Assays hsa-miR-146b
(Assay ID: 001097, Life technologies) according to the manufacturer’s instruc-
tions. For cRNA synthesis, TagMan® MicroRNA reverse transcription kit
(4366596, Thermo Scientific) and for qPCR, 5% HOT FIREPol® Probe qPCR
Mix Plus (ROX) (Solis BioDyne) were used, respectively. U6 snRNA (Assay ID:
001973, Life Technologies) was used for the normalization of RT-qPCR. Abso-
lute quantification was carried out according to the manufacturer’s instructions
(Qiagen) using miRCURY LNA RT Kit (Cat. No. 339340) for cDNA synthesis
and miRCURY LNA PCR Assays (Assay IDs: YP00204688, YP02119310) in
combination with QI Acuity EG PCR Kit (Cat. No. 250111) for detection of miR-
146a and miR-146b. The samples were run and analyzed on QIAcuity One dPCR
System using QIAcuity 26k Nanoplates (all from Qiagen).
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4.7 Immunohistochemistry (IHC) and image analysis
(Publications I-III)

Animals were deeply anesthetized with chloral hydrate (300 mg/kg, i.p.) and
transcardially perfused with 0.9% saline followed by 4% PFA in PBS (pH = 7.4).
After the brain was fixed in PFA for 24 h, 40 pm-thick sections were cut using a
Leica VT1000S vibro-microtome (Leica Microsystems Pvt Ltd., Wetzlar, Ger-
many) and stored at —20°C in a cryoprotectant solution (30% ethylene glycol,
30% glycerol in PBS; pH 7.4). The sections were washed in PBS and treated with
a 2% H202 solution for 20 min, followed by incubation in 0.01 M citrate buffer
(pH 6.0) at 85°C for 30 min in a water bath, then left for 30 min at RT. The
sections were washed again, blocked with 5% goat serum, 0.5% Tween-20, and
0.25% Triton X-100 in 100 mM PBS for 1 h, and incubated with the respective
primary antibodies in blocking buffer. The antibodies used in this study, along
with the regions investigated and detection methods, are listed in Table 4. After
incubation with primary antibodies, the sections were washed three times with
PBS, followed by secondary antibody treatment. For negative control, the pri-
mary antibody incubation step was omitted.

4.7.1 Image analysis

Ionized calcium binding adaptor molecule 1 (Iba-1) and neuronal nuclear antigen
(NeuN) analysis: the counts of Iba-1- or NeuN-positive cells were obtained from
images according to the algorithm described previously in (175). Briefly, images
were converted to 8-bit format, background was subtracted, and the obtained
images were thresholded, binarized and counted using “analyze particles” com-
mand in ImageJ software.

Microglial morphology: the morphological characteristics of Ibal+ microglia
(cell size, cell body size, size dendritic processes), were analyzed using image
analysis software (ImageJ 1.48v, http://imagej.nih.gov/ij), an algorithm previous-
ly described (176) was used. Briefly, images were converted into binarized 8-bit
format and “adjusted threshold” and “analyze particles” functions were used to
apply intensity thresholds and size filter. To measure the total cell size, the thres-
hold was maintained at the level that was automatically provided by the ImageJ
program, and size filter of 150 pixels was applied. To measure the total cell body
size, the threshold was lowered by 40 points and no size filter was applied (Publi-
cations I-1I1).

4.7.2 Assessment of neurogenesis

Neuronal cell proliferation and survival assessment was performed according to
(177). In brief, mice were administered three BrdU injections (100 mg/kg, i.p.,
Sigma Aldrich, Burlington, MA, USA) for a total dose of 300 mg/kg, with 2h
intervals between injections. For the survival and differentiation studies, the
animals were sacrificed three weeks after the injections, and their brains were
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sectioned and stored in a cryoprotectant solution. Ki67-, NeuN-, DCX-, BrdU-
and Ibal-positive cells were visualized using peroxydase method and the sections
were dried, cleared with xylol and cover-slipped with mounting medium (Vector
Laboratories, Newark, CA, USA). For BrdU + calbindin and BrdU + GFAP co-
localization confocal microscope (LSM 710 Duo, Carl Zeiss Microscopy GmbH,
Oberkochen, Germany) equipped with an argon laser was used to visualize
fluorescent signals. 3D images were constructed from series of scans taken at
1.5 pum intervals from the dentate gyri, using 40x objective and 2x digital zoom.
Ki67 and BrdU-positive cells were counted in every sixth section within the
dentate gyrus (DG). Total number of doublecortin-positive cells in a given region
was obtained from every 24 h section. To determine the phenotype of the newly
generated cells, two sections from each animal were analyzed for co-expression
of BrdU and neuronal (calbindin, a marker for mature neurons) or glial (glial
fibrillary acidic protein, GFAP, a marker for astrocytes) markers. Confocal
microscope (LSM 710 Duo, Carl Zeiss Microscopy GmbH, Oberkochen, Ger-
many) was used to visualize fluorescent signals. 3D images were constructed
from series of scans taken at 1.5 um intervals from the dentate gyri, using 40x
objective and 2x digital zoom. (Publication I).
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4.8 RNA Extraction and RT-qPCR (Publications I-Ill)

Total RNAs were extracted from brain tissues (hippocampus or hypothalamus
(HT)) by using TRI Reagent® (TR 118) (Molecular Research Center, Inc.,
Cincinati, OH, USA). To measure mRNA expression, cDNA was synthesized
using RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific)
followed by qPCR using 5 x HOT FIREPol® EvaGreen® qPCR Supermix (Solis
BioDyne, Tartu, Estonia) on a QuantStudio 12KFlex instrument (Thermo Fisher
Scientific) according to the instructions of the respective manufacturers. Primer
sequences for target genes are shown in the table 5. To analyze relative mRNA
expression, AACt calculations was used. Gapdh was used as housekeeping gene
for normalization. The data were analyzed relative to the mean value of one of
the samples as a calibrator, which was normalized to 1.

Table 5: RT-qPCR Primers used in this study

Gene name Primer Sequence 5°-3’

Cx3crl Forward GAGTATGACGATTCTGCTG
Reverse CAGACCGAACGTGAAGACG

Slc17a6 (Vglut2) Forward GCTGGAAAATCCCTCGGACAG
Reverse TCGCATAGCGGAGCCTTCTT

Gdnf Forward CAAAAATCGGGGGTGCGTTT
Reverse TCACAGGAACCGCTGCAATA

Bdnf Forward CATCTGTTGGGGAGACAAGAT
Reverse CTTGTCCGTGGACGTTTACTT

Irakl Forward TGTGAGGACACAAGGTGCAA
Reverse TAGGCTGGGTGCTTTTCAGG

Gapdh Forward GTCATATTTCTCGTGGTTCACACC
Reverse CTGAGTATGTCGTGGAGTCTACTG

111b Forward TGAAGAAGAGCCCATCCTCTG
Reverse GGAGCCTGTAGTGCAGTTGT

Tnf Forward GTAGCCCACGTCGTAGCAAA
Reverse TTGAGATCCATGCCGTTGGC

118 Forward TCAAAGTGCCAGTGAACCCC
Reverse GGTCACAGCCAGTCCTCTTAC

116 Forward CTGCAAGAGACTTCCATCCAG
Reverse AGTGGTATAGACAGGTCTGTTGG

Irf7 Forward CGGGGACCTCTTGCTTCAG
Reverse CAAGGCTGCGCTCAGGA

Smad4 Forward TGTCTCACCTGGAATTGATCTC
Reverse GACGGCTGTCCTTCAAAGTC
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4.9 Western blot (publication II)

Hippocampal tissues were lysed in lysis buffer (#ab113474; Abcam, UK) and
protein concentration was determined using the Bradford reagent kit (#B6916;
Sigma-Aldrich, Germany). Samples containing 20 pg of total protein were run in
15% sodium dodecyl sulfate polyacrylamide gels (SDS-PAGE) and transferred
onto a nitrocellulose membrane (Merck Millipore, US). The membranes were
blocked with TBS Blocking Buffer (Li-Cor Biosciences, US) for 60 min at RT,
then incubated for 48h at 4°C with the primary antibody for Ibal (Rb, #ab178846,
1:1000; Abcam, UK) or TLR4 (Ms, #s¢-293072, 1:500; Santa Cruz Biotechno-
logy, USA) in TBS. After washing thrice with TBST (50 mmol/L Tris, pH 7.6;
0.9% NaCl; and 0.1% Tween-20), the membranes were incubated with the
secondary antibody (IRdye800, aRb, #C40721-02, 1:10000; Li-Cor Biosciences)
for 1h at RT. Loading control B-actin (Ms, #039M4768V, 1:10000; Sigma-
Aldrich, US) was detected by incubating membranes overnight and followed by
incubation with IRDye conjugated secondary antibody (IRdye680LT, aMs,
#C60301-03, 1:10000; Li-Cor Biosciences). For determination of NF-kB p65
protein, nuclear extract was prepared from the hippocampal tissues according to
manufacturer’s protocol (Abcam nuclear extraction kit, ab113474). The anti-
rabbit NF-kB p65 (Abcam antibody, ab 16502), anti-rabbit histone-4 (Abcam
antibody, ab 10158) and anti-mouse beta-tubulin antibody (MAB1637, Milli-
pore) was used. Secondary antibodies (1:10000, either goat anti-rabbit IRDye
800CW or 680LT or goat anti-mouse IRDye 680LT, all from Licor Biosciences)
were used and Odyssey Infrared Imaging System was used in all western blots
followed by densitometry analysis by Image studio Ver 2.0.

4.10 Statistical analysis (publications I-Iil)

In all the publications, GraphPad (8.0.1 and 9.4.1) was used for statistical ana-
lyses and graphical presentations. In publication I, statistical analysis was per-
formed using Student’s t-test, one-way, or two-way ANOVA with Tukey’s test
for post-hoc comparisons. For publication II and publication III, data sets were
first tested for normality using the Shapiro-Wilk test and for homogeneity of
variances using the Brown-Forsythe test (publication II). If the data passed these
tests, two-way ANOVA followed by Tukey’s test for post-hoc comparisons was
applied. If normality or homogeneity was violated, data were transformed using
logl10 (Y = Log(Y)) and analyzed with Mann-Whitney test (for two groups) or
one-way ANOVA with Tukey’s test (for multiple groups). For publication II, if
homogeneity was not met, Welch’s ANOVA followed by Dunnett’s test was
used. The results were considered statistically significant at p < 0.05 when
Student’s t-test was used, or at corrected p < 0.05 (all other analyses). Data are
shown as mean + standard error of the mean (SEM).
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5. RESULTS

5.1 Functional roles of miR-146b in neurons (Publication I)
5.1.1 miR-146b is highly expressed in neuronal cells

To better understand the role of miR-146b in the brain, we first measured hippo-
campal expression of miR-146a and miR-146b and found that they both were
expressed at similar levels in the hippocampal tissue (p = 0.8472) (Figure 9A).
Next, whole brain tissue was processed using a percoll gradient to isolate micro-
glia, astroglia, and other brain cell fractions. Purity was assessed by evaluating
Cx3crl mRNA, which was enriched in the microglial fraction, while flow cyto-
metry staining for the astroglial marker GLAST revealed a high number of
GLAST+ cells in the astroglial fraction. The remaining cell fraction, defined as
neuronal cells, showed elevated expression of Slc/7a6 mRNA, a marker of
neuronal cells (178). Within these fractions, miR-146a was found to be enriched
in microglial cells (p = 0.0012), but almost absent in neuronal cells, and less
expressed in astroglial cells (Figure 9B). In contrast, miR-146b was highly
expressed in neuronal fractions (p = 0.0073), with lower expression in microglial
and astroglial fractions (Figure 9C). These results indicate distinct cellular dis-
tributions of miR-146a/b in the brain, with miR-146a being primarily associated
with microglia and miR-146b predominantly expressed in neurons.
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Figure 9: miR-146a/b expression in the hippocampal tissue and in CNS cellular fractions.
(A) Hippocampal expression of miR-146a/b in the WT mice, N = 8-9, Student’s t-test.
(B, C) Relative expression of miR-146a/b in microglia, astroglia and neuronal cells. N =
3, one-way ANOVA followed by Tukey’s multiple comparison test. Data are represented
as mean = SEM; * p <0.05, ** p <0.01.
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5.1.2 Increased number of neurons in the HP and frontal cortex
(FC) of Mir146b-/- mice

Since miR-146b was highly expressed in neurons, we next examined brain cell
abundance in Mir146b-/- mice, to investigate whether its loss influences the com-
position of major brain cell types, including astrocytes, microglia, OPCs, parti-
cularly neuronal cells, in the HP. Using flow cytometry, we first identified diffe-
rent brain cells and the gating strategy is illustrated in (Figure 6, Section 4.4.1).
Analysis of hippocampal cells in Miri46b-/- mice revealed a significant reduc-
tion in astrocyte numbers (p = 0.0010) (Figure 10A), whereas microglia and
OPCs showed no significant changes (Figure 10B, C). In contrast, neuronal cells
were significantly increased (p =0.0033) (Figure 10D), as evidenced by increased
Vglut2+ glutamatergic neurons in the HP (p = 0.0019) (Figure 10E) and an in-
creased density of NeuN+ neurons in the FC of Miri46b-/- mice (p = 0.0084) (Fi-
gure 10F, G). Collectively, these findings indicate that miR-146b deficiency leads
to an increase in neuronal populations in both the hippocampus and frontal cortex.
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Figure 10: Brain cell abundancy is altered in the HP and FC of Mir/46b-/- mice. (A)
Number of astrocytes among total brain cells. (B) Number of microglia, (C) OPCs and
(D) Neurons among non-astrocytes and (E) Vglut2+ cells among neurons in HP. (F)
Representative immunohistochemistry of the FC NeuN+ sections at 40x and 200x magni-
fication and (H) Quantification of NeuN-positive cells in the frontal cortex of WT and
Mirl46b-/- mice. N = 5-7, Student’s t-test. Data represented as mean + SEM; ** p <0.01,
**% p <0.001.
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5.1.3 Increased adult hippocampal neurogenesis
in Mir146b-/- mice

As we observed an increased number of neurons in Mir146b-/- mice and previous
studies have shown that miR-146b overexpression inhibits the proliferation of
primary hippocampal neural stem cells, highlighting its regulatory role in
neurogenesis (143), we next investigated adult hippocampal neurogenesis in
Mirl46b-/- mice. To assess different stages of neurogenesis, we used various
markers. First, we evaluated cell proliferation, by counting the number of Ki67+
cells in the DG and found a significant increase in Mirl46b-/- mice compared to
WT mice (p = 0.0075) (Figure 11A, C). For cell survival analysis, we ad-
ministered BrdU intraperitoneally and collected brains three weeks later for IHC
to visualize BrdU+ cells in the DG. Consistent with the proliferation results,
Miri46b-/- mice exhibited a significantly higher number of surviving BrdU+
cells compared to WT mice (p = 0.0281) (Figure 11B, D). To assess neuronal
differentiation, we examined DCX expression and found a significant increase in
Miri146b-/- mice compared to WT (p = 0.0252) (Figure 11E, F). To further in-
vestigate the fate of BrdU+ cells, we performed colocalization analysis with the
neuronal marker calbindin and the astroglial marker GFAP (Figure 11G). While
the percentage of BrdU+ cells co-localized with GFAP showed no significant
difference between groups (Figure 11H), the percentage of BrdU+ cells co-loca-
lized with calbindin was significantly higher in Mir/46b-/- mice compared to WT
(p = 0.0002) (Figure 11I). These findings demonstrate that miR-146b deficiency
enhances adult hippocampal neurogenesis by promoting the proliferation,
survival, and differentiation of progenitor cells into the neuronal lineage.
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Figure 11: Adult hippocampal neurogenesis is enhanced in Mirl46b-/- mice. (A)
Representative IHC image of the hippocampal Ki67+ cells at 100x magnification and
inserted microphotographs at 1000x magnification. (B) Depictive microphotographs of
the hippocampal BrdU+ cells at 100x magnification and inserted microphotographs at
1000% magnification. (C-D) Number of Ki67 and BrdU+ cells. (E-F) Representative
microphotographs of doublecortin positive cells at 100x magnification and its quantifi-
cation (G) Illustrative images of BrdU, GFAP and calbindin signal and their co-locali-
zation in the HP. (H-I) % of costaining of BrdU+ cells with GFAP (H) or calbindin (I) in
the DG. Scale bar =20 um. N = 6, Student’s t-test. Data are represented as mean + SEM;
*p <0.05, ** p<0.01, *** p <0.001.

5.1.4 Enhanced recognition and associative memory
in Mir146b-/- mice

As we observed increased neurogenesis in Mirl46b-/- mice and previous studies
suggest that miR-146a may influence cognitive functions (30), we investigated
whether miR-146b plays a similar role. To do so, we assessed cognitive behavior
by evaluating recognition memory and associative memory using the NORT and
CFC, respectively. In NORT, WT and Miri46b-/- mice were first allowed to
explore two identical familiar objects (data not shown), confirming that both
genotypes had similar motivation to explore new objects. When one of the
familiar objects was replaced with a novel object, Mir/46b-/- mice showed a
significantly stronger preference for the novel object compared to W7 mice at
both the 2h (p = 0.0027) (Figure 12A) and 24h (p < 0.0001) (Figure 12B) time
points, indicating enhanced recognition memory. In the CFC test, baseline
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freezing responses on day 0 were similar between the genotypes (data not shown).
Following exposure to a tone paired with a foot shock, fear retention was assessed
24h later in the same context. While both genotypes exhibited increased freezing
responses, Mirl146b-/- mice displayed significantly longer freezing time than WT
mice (p = 0.0171) (Figure 12C), suggesting improved fear memory acquisition.
Fear extinction, measured from days 2 to 6 in the absence of tone and foot shock,
showed no significant differences between the genotypes (Figure 12D). On day
7, during tone fear recall, Mirl46b-/- mice again demonstrated significantly
higher freezing time compared to WT mice (p = 0.0063) (Figure 12E), further
supporting enhanced memory retention. Collectively, these findings suggest that
Mirl46b-/- mice exhibit enhanced recognition and associative memory, as well
as greater adaptability compared to WT mice.
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Figure 12: Enhanced cognition in Miri46b-/- mice. (A) Preference for novel object at 2h
(short-term memory) and (B) 24h (long-term memory) assessed through the NORT. (C)
Contextual fear retention, (D) Contextual fear extinction, and (E) Tone fear recall in WT
and Mir146b-/- mice, evaluated using CFC and tone fear recall tests. N = 10—15, student’s
t-test and two-way ANOVA with Tukey’s multiple comparison test. Data are presented
as mean = SEM; *p <0.05, **p <0.01, ****p <0.0001.

5.1.5 Gdnf mRNA is upregulated in the hippocampus
of Mir146b-/- mice

To evaluate the potential of miR-146b targets to influence cognition and neuro-
genesis, we performed TargetScan (179) analysis in combination with g:Profiler
functional enrichment analysis (180), and a literature review for verified targets.
When only genes with conserved target sites were selected, we identified 283
genes, of which multiple GO groups associated with neuronal development and
function were found to be overrepresented (data not shown). From the identified
genes and literature, we selected three genes for further analyses. First, Gdnf, is
known to be expressed in neurons (https://www.brainrnaseq.org/ accessed on 1
June 2022) (181), and an earlier study demonstrated that miR-146a suppresses
the Gdnf mRNA expression (135). Next, we included Bdnf for analysis due to its
established role in miR-146b-related processes. Bdnf is expressed in astrocytes
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(https://www.brainrnaseq.org/ accessed on 1 June 2022) (182), and its Val66Met
mutation has been linked to altered miR-146b expression and downstream effects
(183). Additionally, we selected Irakl, a well-known target of miR-146a/b and
abundantly expressed in glial cells (https://www.brainrnaseq.org/ accessed on 1
June 2022) (172). Interestingly, we detected Gdnf mRNA levels to be signi-
ficantly elevated in the HP of Mir/46b-/- mice compared to WT littermates (p =
0.0477) (Figure 13A). However, there were no significant changes in Irakl
expression (Figure 13B) or Bdnf mRNA levels (Figure 13C). These findings
suggest that miR-146b influences neuronal development by suppressing Gdnf
expression.
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Figure 13: Gdnf mRNA is upregulated in Mir/46b-/- mice. (A-C) Relative mRNA
expression of indicated genes in the HP of WT and Mirl46b-/- mice. N = 7, Student’s t-
test. Data represented as mean = SEM respectively; * p < 0.05.

Thus, together our data show that miR146b can negatively regulate Gdnf ex-
pression and thereby might retard neuronal generation and cognitive functions.
Vice versa, the downregulation of miR146b may lead to disinhibition of neuro-
genesis and improved cognition via Gdnf~dependent mechanisms.

5.2 miR-146b deficiency leads to increased microglial
phagocytosis (publication II)

Next, we aimed to determine whether miR-146b deficiency affects microglial
function in phagocytosis. Given that Mir/46b-/- mice exhibit increased neuronal
density, we were interested in understanding how microglia respond to this
heightened neurogenic environment, as they are key player in synaptic remode-
ling (184). To investigate this, we examined microglial engulfment of Vglut2, a
glutamatergic pre-synapse-specific protein, as a measure of phagocytic activity.
Using flow cytometry, we quantified Vglut2+ microglia in Mirl46b-/- and WT
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mice (Gating strategy shown in Figure 7, Section 4.4.1). Interestingly, we ob-
served a significantly higher percentage of Vglut2+ microglia in Miri46b-/- mice
compared to WT (p = 0.0062) (Figure 14). This suggests that miR-146b negati-
vely regulates microglial- phagocytic activity, offering new insights into its role
in shaping synaptic architecture and neuronal network refinement.

dkok

Figure 14: Miri46b-/- mice have increased numbers of Vglut2+ microglial cells. N = 6-
7, Student’s t-test Data represented as mean + SEM; ** p <0.01.

5.3 Regulation of microglial responses by miR-146a/b under
neuroinflammation (publication II)

5.3.1 Increased expression of miR-146a/b in the HP and
in microglial cells upon LPS-induced neuroinflammation

Figure 6 shows that miR-146a is highly enriched in microglial cells, whereas
miR-146Db is expressed at lower levels in microglia. Previous studies have shown
that both miR-146a/b are upregulated upon LPS treatment (109,137), but their
expression has mostly been examined separately rather than comparatively. To
better understand the significance of miR-146a/b in neuroinflammation, we first
measured their expression levels in the HP of WT mice following LPS administra-
tion. At 24h post-LPS treatment, both miR-146a (p = 0.0013) and miR-146b (p =
0.0170) were significantly upregulated, with miR-146a showing a stronger induc-
tion compared to miR-146b (p = 0.0836) (Figure 15A). Next, we assessed their
expression in microglial cells isolated from WT mouse brains, where LPS stimu-
lation also led to a significant upregulation of miR-146a (p = 0.0340) and miR-
146b (p = 0.0342) (Figure 15B). These findings demonstrate that both miR-
146a/b are induced in response to LPS in HP and in microglial cells of the mouse
brain.
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Figure 15: Quantification of miR-146a/b in hippocampal tissue and in microglial cells
isolated following LPS treatment. (A) The were mice injected with LPS in saline or equal
volume of saline (control). (B) The microglial cells were isolated from WT mice brain
and subjected to LPS treatment. (A, B) N =3-4. Two-way ANOVA with Tukey’s multiple
comparison test; Data are represented as mean + SEM; * p < 0.05, ** p <0.01.

5.3.2 Attenuated LPS-induced sickness behavior
in Mir146b-/- mice

While several studies have examined the role of miR-146b in neuroinflammatory
models or in microglial cells, it is not known about how neuroinflammation is
regulated in the absence of miR-146b. To address this, we used Mirl46b-/- mice
and investigated their response to LPS-induced sickness behavior, a condition
characterized by weight loss, reduced locomotion, and depression-like behavior
(185). Following systemic LPS administration, body weight was measured 24h
before and after LPS treatment, revealing a significant weight loss effect in both
genotypes (p < 0.001). However, Miri46b-/- mice exhibited a trend in milder
reduction compared to WT controls (p = 0.07) (Figure 16A). Locomotor activity
was significantly reduced in LPS treated W7 and Miri46b-/- mice (p < 0.0001),
yet the decline was less pronounced in Miri46b-/- mice compared to WT (p <
0.01) (Figure 16B). To evaluate depression-like behavior, we performed the TST,
where LPS-treated WT mice showed a significant increase in immobility time (p
< 0.0001), while no enhanced immobility was observed in Miri46b-/- LPS mice
compared to the untreated group (Figure 16C). Overall, LPS-induced sickness
behavior was less severe in Mirl46b-/- as compared to the respective WT
controls.
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Figure 16: Reduced sickness behavior in Mir/46b-/- mice upon LPS challenge. The mice
were subjected to either equal volume of saline (control) or LPS in saline and then
assessed for (A) Change in body weight, (B) Locomotor activity and (C) Immobility time
in TST. N =11-12. Welch’s ANOVA with Dunnett’s multiple comparisons test; Data are
represented as mean + SEM; ** p <0.01, ***p < 0.001, ****p < 0.0001.

5.3.3 Reduced microglial activation in Mir146b-/- mice
upon LPS treatment

LPS treatment is known to trigger microglial activation, characterized by morpho-
logical changes and an increase in Iba-1 expression, which is a hallmark of
activated microglia (186,187). Hence, to evaluate the role of miR-146b in this
process, we assessed microglial activation profiles in WT and Mirl46b-/- mice
following LPS treatment. Ibal, a microglial marker, was employed in IHC to
measure microglial morphology in the HP (Figure 17A). LPS administration
caused significant increases in both microglial cell size (Figure 17B) and cell
body size (Figure 17C) in WT and Miril46b-/- mice. However, these effects were
less pronounced in Miri46b-/- mice compared to WT mice, indicating that miR-
146b deficiency leads to lesser microglial activation in response to LPS. We also
measured Ibal protein levels in the HP (Figure 17D), which were significantly
increased in LPS-treated WT mice (Figure 17E), but no such increase was ob-
served in Miri46b-/- mice, suggesting that miR-146b deficiency results in less
microglial activation following LPS exposure.
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Figure 17: Microglial activation is less pronounced in Mir/46b-/- mice. (A) Immuno-
histochemistry microphotographs of the hippocampal Ibal+ cells at 400 magnification,
(B) Average cell size and (C) Average cell body size; N = 5-6, Scale bar = 50 um. (D)
Representative western blot of the Ibal protein and (E) Densitometry quantification of
Ibal; N = 3. Two-way ANOVA with Tukey’s multiple comparison test (A-C); Welch’s
ANOVA with Dunnett’s multiple comparisons test (D,E); Data are represented as mean
+ SEM; *p < 0.05, **p < 0.01, ****p < 0.0001.

5.3.4 LPS-induced cytokine response is blunted
in Mir146b-/- mice

To investigate whether the reduced neuroinflammatory response observed in
Miri46b-/- mice following LPS treatment was linked to changes in pro-inflamma-
tory cytokine gene expression, we measured the mRNA levels of //1b, [/18 and
Tnf in HP. The baseline mRNA levels of these cytokines were similar between
WT and Mirl46b-/- mice. However, LPS administration in W7 mice induced
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elevated /116 (p = 0.0036), while in Miri46b-/- mice, 1115 mRNA levels remained
unchanged (Figure 18A). Similarly, LPS induced a marked increase in /18 (p =
0.0019) and Tnf (p < 0.0001) mRNA in WT mice, while 1/18 levels remained
same in Mirl46b-/- mice, and Tnf showed only a modest increase (p = 0.0257)
(Figure 18B, C). Together, these results demonstrate that miR-146b plays a role
in modulating the LPS-induced production of pro-inflammatory cytokines in HP,
with its deficiency leading to a reduction in these cytokines during neuro-
inflammation.
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Figure 18: LPS induced cytokine changes in WT and Mirl46b-/- mice. Total RNA was
purified from HP of mice injected with LPS in saline or equal volume of saline (control).
(A-C) Relative mRNA expression of indicated genes in the HP of WT and Miri46b-/-
mice. N =7, Data represented as mean = SEM. two-way ANOVA with Tukey’s multiple
comparisons test (Data in panels (A—B) and one-way ANOVA with Tukey’s multiple
comparisons test (C); *p <0.05, **p <0.01, ****p <0.0001.

5.3.5 Loss of miR-146b resulted in elevation of miR-146a

To understand the underlying mechanisms contributing to the reduced LPS-
induced neuroinflammation in Miri46b-/- mice, we measured miR-146a expres-
sion in both hippocampal tissue and in microglial cells. We observed higher
expression of miR-146a upon LPS challenge in the hippocampal tissue of
Miri46b-/- mice as compared to WT animals (p = 0.0016) (Figure 19A). The
microglial cells isolated from WT and Mirl46b-/- mice showed overexpression
of miR-146a upon LPS administration, whereas Miri/46b-/- mice demonstrated
higher increase (p = 0.0035) in miR-146a levels as compared with WT mice upon
LPS treatment. In Miri46b-/- mice, basal miR-146a expression was also higher
than in WT mice (p = 0.0005) (Figure 19B). These findings imply that miR-146a
may be compensatorily upregulated in response to miR-146b deficiency, which
could help mitigate neuroinflammation in these animals.
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Figure 19: LPS-induced miR-146a expression in the hippocampus (A) and microglia
cells (B) of WT and Mirl46b-/- mice. N = 3-4, Data represented as mean + SEM, two-
way ANOVA with Tukey’s multiple comparisons test (A) and Welch’s ANOVA with
Dunnett’s multiple comparisons test (B); *p = 0.05, **p <0.01, ***p < 0.001.

To evaluate whether miR-146a upregulation is responsible for the observed
attenuation of neuroinflammation in Mirl/46b-/- mice, additional experiments
were performed on Mir-146a/b-/- mice. Our results showed that Mir-146a/b-/-
mice exhibited sickness behavior and elevated expression of 7nf and Ccl5
comparable to WT controls. This supports the idea that miR-146a compensates
for miR-146b deficiency (Figure 9, Publication II).

5.3.6 Irf7-driven upregulation of miR-146a in Mir-146b-/- mice
contributes to reduced neuroinflammation

To investigate the mechanisms behind miR-146a upregulation following LPS
treatment, we focused on NF-«kB, a well-established regulator of miR-146a ex-
pression. Additionally, we considered IRF7, as previous study identified IRF7
binding sites in the miR-146a promoter region (96). LPS treatment induced an
increase in p65 protein levels in the nuclear lysate of HP, indicating activation of
NF-xB in WT mice (p = 0.039), while no such change was observed in Mirl46b-
/- mice (Figure 20A). Next, we examined the mRNA expression of /rf7, which
was significantly elevated after LPS treatment in both WT (p = 0.0007) and
Miri146b-/- mice (p < 0.0001), with Miri46b-/- mice showing a more pronounced
upregulation of Irf7 (p = 0.0009) (Figure 20B). These findings suggest that miR-
146a upregulation is likely mediated through /rf7 in the HP of Miri46b-/- mice.
To further explore how miR-146a modulates neuroinflammation, we examined
components of the NF-kB pathway, including /rak! and Tlr4 (97). Interestingly,
mRNA expression of [rakl was reduced in HP of both WT and Mirl46b-/- mice
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in response to LPS. However, the extent of /rakl reduction was more prominent
in WT than Mirl46b-/- mice (p = 0.0478) (Figure 20C), suggesting an altered
response to inflammation in the absence of miR-146b in HP. When we analyzed
protein expression, a significant increase in the Tlr4 protein levels upon LPS
administration in WT animals (p = 0.0352), but not in Mirl46b-/- mice (Figure
20D) was observed, indicating that overexpressed miR-146a may target TLR4 or
indirectly suppress its expression, resulting in attenuation of neuroinflammation
in Mir146b-/- mice.
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Figure 20: Limited neuroinflammation in Mirl46b-/- mice. (A,D) Immunoblot and
quantification of (A) NF-kB p65 and histone H4 levels nuclear fractions and (D) Tlr4
levels in the HP of saline and LPS treated WT and Miri46b-/- mice, N = 3-4. (B,C)
Relative mRNA expression of indicated genes. N = 6-7 (QPCR). Two-way ANOVA with
Tukey’s multiple comparison test; Data represented as mean = SEM; * p < 0.05, ** p <
0.01, *** p <0.001, **** p <0.0001.

In summary, these data indicate that the reduced neuroinflammatory response to
LPS in Mirl46b-/- mice may be associated with increased levels of Irf7 and
upregulation of miR-146a.
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5.4 Role of miR-146a in HFD induced microglial senescence
(publication 1)

5.4.1 HFD induced increased body weight and decreased
miR-146a expression in HT

HFD-induced obesity has been associated with neuroinflammatory changes,
including alterations in microglial function (188). Given the established role of
miR-146a in regulating inflammatory responses and enrichment in microglial
cells (27), we sought to investigate whether miR-146a expression is affected by
HFD. First, to investigate the possible impact of body weight on our HFD-
induced obesity model, we subjected mice to either HFD or LFD. A significant
increase in body weight of mice exposed to HFD compared to those on the LFD
indicated development of obesity in these animals. This difference became evi-
dent by the 3rd week (p = 0.0494), intensified by the 8th week (p < 0.0001), and
persisted through the 16-week study period (p < 0.0001) (Figure 21A). Next, we
measured the expression of miR-146a and found reduction in miR-146a expres-
sion in the hypothalamus of HFD-fed mice compared to those on a LFD (p =
0.0194) (Figure 21B).
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Figure 21: HFD resulted in body weight gain and decreased miR-146a expression in HT.
(A) Measurement of body weight. (B) miR-146a expression in HFD and LFD groups.
N =8-10. Two-way ANOVA followed by Tukey’s multiple comparisons test and Stu-
dent’s t-test. Data are represented as mean = SEM; *p <0.05, ** p<0.01, ***p < 0.001,
***% p<0.0001.
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5.4.2 Loss of miR-146a enhances microglial senescence
in HFD-induced obesity model

HFD has been previously shown to induce cellular senescence in the brain (189),
and miR-146a has been implicated in the regulation of senescence (190). Given
the observed downregulation of miR-146a in our HFD-induced obesity model,
we aimed to explore its role in microglial senescence by using Miri46a-/- mice
alongside WT controls. Both groups were subjected to either an HFD or LFD, and
key markers of senescence and inflammation were assessed in the HT. Assess-
ment of senescence markers revealed that HFD significantly upregulated p/6 and
p21 mRNA expression in both WT (p = 0.0025, p = 0.0033) and in Miri46a-/-
mice (p <0.0001, p=0.0002). However, this increase was even more pronounced
in Miri46a-/- mice compared to WT HFD group (p =0.0031, p=0.0355) (Figure
22A, B), suggesting an enhanced senescence response in the absence of miR-
146a. To specifically identify B-gal + microglial cells additional staining with
Cd11b and Cd45 was done before staining with -gal. The gating strategy for the
quantification of microglial percentage is shown in Figure 8, Section 4.4.1. Both
WT and Mirl46a-/- mice showed an increase in senescent microglia after HFD
exposure in the HT (p = 0.0445, p = 0.0004), with a more pronounced increase in
Mirl46a-/- mice compared to WT mice (p = 0.0479) (Figure 22C). Additionally,
the mRNA expression of SASP cytokines //1b, 1l18, and Il6 was significantly
elevated in the HFD groups compared to the LFD groups in both WT (p =0.0016,
p=0.0064, p=0.0244) and Mirl46a-/-mice (p=0.0171,p=0.0027,p=0.0159),
with no significant genotypic differences (Figure 22D-F). These findings suggest
that miR-146a plays a protective role in limiting HFD-induced microglial sene-
scence.
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Figure 22: Absence of miR-146a leads to increased microglial senescence in response to
HFD. (A-B) p16 and p21 mRNA expression, (C) Quantification of B-gal+ microglia, (D-
F) mRNA expression of SASP cytokines levels in the HT of WT and Mirl46a-/- mice on
HFD and LFD. N = 4-10, two-way ANOVA followed by Tukey’s multiple comparisons
test (A,B,E,F) and one-way ANOVA with Tukey’s multiple comparisons test (C,D). Data
are represented as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001,**** p<0.0001.

5.4.3 Elevated Smad4 expression
in the HT of Mir146a-/- mice under HFD

To understand the molecular mechanisms through which miR-146a regulates
senescence in response to HFD, we examined the expression of its known direct
targets, involved in inflammation and senescence regulation, such as frakl (96)
and Smad4 (191). Our analysis showed that Irakl expression remained un-
changed across all experimental groups (Figure 23A), suggesting that it may not
play a major role in this context. In contrast, Smad4 expression was elevated in
the WT HFD group (p =0.0074) compared to the WT LFD group and was further
increased in the Mirl46a-/- HFD group compared to the Miri46a-/- LFD group
(p=0.0010) and WT HFD group (p=0.0132), indicating a more pronounced
effect in the absence of miR-146a (Figure 23B). These findings suggest that miR-
146a may regulate microglial senescence through Smad4, as its deficiency leads
to Smad4 upregulation in response to HFD, potentially contributing to enhanced
senescence in the hypothalamus.
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Figure 23: Loss of miR-146a leads to enhanced Smad4 Expression in the HT upon HFD
(A-B) Relative mRNA expression of indicated genes in HT, N = 4-6, two-way ANOVA
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p<0.05, **p < 0.01.

5.4.4 Elocalcitol induced miR-146a expression
in the hypothalamus

To explore potential strategies for mitigating HFD-induced hypothalamic sene-
scence, we investigated whether restoring miR-146a expression could be effec-
tive. Given the known anti-inflammatory properties of vitamin D and its analogue
Elo, we assessed their ability to modulate miR-146a levels under HFD conditions.
Our analysis revealed that Elo significantly upregulated miR-146a expression in
the hypothalamus of HFD-fed mice, whereas vitamin D had no significant effect
(Figure 24A). To further validate the impact of Elo, we examined its effect in the
absence of HFD and found that Elo treatment alone significantly increased miR-
146a levels in the hypothalamus (Figure 24B). These findings suggest that Elo
positively regulates miR-146a expression, highlighting its potential as a thera-
peutic approach for counteracting HFD-induced hypothalamic senescence.
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Figure 24: Elocalcitol restores miR-146a expression in HT of HFD-fed mice. miR-146a
expression upon HFD with (A) vitamin D or Elo treatment and (B) on Elo treatment. N
=5-10, One-way ANOVA followed by Tukey’s multiple comparisons test and Student’s
t-test, Data are presented as mean = SEM; * p <0.05, ** p <0.01.

5.4.5 Elocalcitol mitigates HFD-induced senescence changes in
WT mice but not in Mir146a-/- mice

We next performed the experiments to determine whether Elo treatment could
counteract HFD-induced cellular senescence, and whether miR-146a is involved
in this pathway. For that, we administered Elo to WT and Mirl46a-/- mice on
HFD and assessed the senescence markers in the HT compared to mice on HFD
without Elo treatment. Interestingly, Elo treatment led to a significant reduction
in pl6 and p21 mRNA levels in WT HFD mice (p = 0.0066, p = p < 0.0001),
indicating its ability to mitigate HFD-induced senescence. However, Miri46a-/-
HFD + Elo mice did not exhibit any significant change in p/6 and p21 expression
compared to Mirl46a-/- HFD controls (Figure 25A, B). Furthermore, we ob-
served a significant reduction in p-gal-positive microglial cells in the WT HFD +
Elo group compared to WT HFD controls (p = 0.0125). However, no such
decrease was seen in Miri46a-/- HFD + Elo mice (p = 0.7652) (Figure 25C).
Finally, the levels of SASP cytokines in HT were assessed, revealing that WT HFD
+ Elo mice had a significant reduction in /15 (p = 0.0057), 1/18 (p = 0.0016), and
116 (p = 0.0390) compared to WT HFD controls, while changes were observed in
Miri46a-/- HFD + Elo mice (Figure 25D-F). Together, these findings suggest that
Elo effectively reduces HFD-induced senescence markers in W7 mice, but these
beneficial effects are absent in Mir/46a-/- mice, indicating that miR-146a plays a
key role in mediating the therapeutic effects of Elo in HFD conditions.
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6. DISCUSSION

6.1 Baseline expression difference of miR-146a/b in
neuronal and microglial cells

Despite sequence and target similarities of miR-146a/b, as well as their over-
lapping neuroinflammatory roles, their cellular distribution in neuronal and non-
neuronal cell types were incompletely characterized from the previous studies. In
our study, we show that miR-146a was enriched in microglial cells, with lower
expression detected in astroglia cells, but it is almost absent in neuronal cells in
the adult mice. This is in line with the previously published studies where
enrichment of miR-146a in microglial cells have been demonstrated (27). In
contrast, miR-146b exhibited a markedly different expression pattern with high
expression of in neuronal cells, with lower levels in microglial and astroglial
cells. This differential expression of miR-146a/b indicated that there is a need to
explore the functions of these miRNAs more as they might have different roles
in neuronal and microglial cells.

6.2 Cognitive functions and brain cell alterations upon
Mir146b-/- and Mir146a-/- mice

One of the significant findings of our study is the enhanced memory observed in
miR-146b deficient mice. These mice demonstrated enhanced episodic recog-
nition memory, and better memory acquisition and recall in the novel object and
fear conditioning tests. These behavioral outcomes suggest that miR-146b plays
a critical role in regulating memory and learning processes. Flow cytometry
experiments revealed striking abnormalities in the cellular composition of the
brains of Miri46b-/- mice. Specifically, we found that the loss of miR-146b led
to an increased number of neurons, particularly, the population of Vglut2+ gluta-
matergic neurons was significantly elevated in the HP of Mir/46b-/- mice. These
findings were corroborated by immunohistochemical analysis, which showed an
increased neuronal density in FC sections of miR-146b deficient mice. These
results are in line with previous studies showing that miR-146b overexpression
by lentivirus vector could inhibit the proliferation of primary hippocampal neural
stem cells (143). Another study has demonstrated that optogenetic stimulation of
prefrontal glutamatergic neurons significantly enhances associative recognition
memory in mice. This enhancement was achieved by selectively stimulating these
neurons during the maintenance of information, leading to improved performance
in memory tasks, indicating that enhancing the activity of glutamatergic neurons
can directly improve cognitive functions (192). Similarly, we found increased
number of glutamatergic neurons in miR-146b deficient mice, which could be the
reason why we observed enhanced cognition in these mice.
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Additionally, we observed reduction in astroglial cells in Mir/46b-/- mice.
During early development and adult neurogenesis, cell fate determination in
neural and astroglial tissues is influenced by complex interactions between
multiple signaling pathways (193). Both neurons and astroglia are produced from
the radial glial progenitor cells, and cross talk between JAK-STAT signaling and
Wnt signaling is responsible for this switch from neurogenesis to gliogenesis and
for differentiation of astrocytes (194). Since miR-146b is downstream of the
JAK-STAT pathway and modulates NF-xB signaling, its absence could disrupt
the balance of these pathways (195) and other pathways such as Wnt signaling
(196) potentially leading to a reduction in astroglial populations during critical
developmental windows.

In contrast to miR-146b deficient mice, we found that miR-146a deficient
mice had no significant change in cognitive functions (197). This was in line with
a previous study reporting that there were no changes in short-term spatial
memory and fear conditioning cognitive tests in middle-aged (9-12 months) miR-
146a knockout mice (198). This suggests that miR-146a’s primary functions may
lie outside of cognitive regulation in adult mice. However, a study by Fregeac et
al. found that miR-146a knockout mice exhibited cognitive impairments at 3
months of age when in NORT test. Importantly, this cognitive decline occurred
without any apparent changes in neuronal numbers in the adult brain (10). This
suggests that miR-146a may play role in cognitive functions at an earlier stage,
in contrast to our findings in 4-month-old mice, where no such impairments were
observed. While both studies used the NORT, the subtle age difference (3 months
vs. 4 months) may explain the discrepancy in cognitive outcomes. It is possible
that miR-146a influence on cognition is more pronounced at younger ages, with
cognitive impairments becoming less detectable as the animals mature.

6.3 Changes in neurogenesis and synaptic plasticity
in miR-146b deficient mice

To understand the reasons behind the increased neuronal cell numbers, more deep
analysis of neurogenesis in the DG of HP was conducted. Interestingly, miR-
146b deficient mice had enhanced neurogenesis in DG, as demonstrated by the
higher numbers of neuronal precursors, proliferative cells, and their better
survival. When assessing the phenotype of newly generated cells, we found that
a larger proportion of cells expressed a mature neuronal marker, calbindin, in
miR-146b deficient mice, indicating to increased differentiation into neurons.
Previous rodent studies have shown that neurogenesis is important for hippo-
campal-dependent learning as reduced neurogenesis impairs fear conditioning
(199) and long-term spatial memory formation (200). Thus, increased neuro-
genesis can also positively modulate memory acquisition. In line with the
neuronal phenotype of Miri46b-/- mice, the pathway analysis of conserved miR-
146b targets revealed that neurogenesis-related genes are overrepresented among
miR-146b target genes, indicating that miR-146b might influence neuronal
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development through several different genes. From putative targets, we selected
Gdnf and explored its expression in miR-146b deficient mouse brain. Indeed, we
observed an increased expression of Gdnf mRNA in the HP of Miri46b-/- mice.
Gdnf participates in proliferation, migration and differentiation of the neural cells
(201), and upregulation of Gdnf'in Mirl46b-/- mice might contribute to increased
neuronal proliferation and survival in these mice.

6.4 Microglial phagocytosis in miR-146b deficient mice

Even though lower expression of miR-146b is found in microglial cells, we ob-
served significantly increased phagocytosis of Vglut2+ synapses in Mirl46b-/-
mice. This elevated phagocytosis could be linked to the increased neuronal
density observed in these mice, suggesting that microglia may be actively en-
gaged in remodeling synaptic circuits as part of an ongoing neurogenesis process.
Several studies have indicated that microglia play a central role in the regulation
of synaptic plasticity, particularly during periods of neurogenesis, when synaptic
connections are being refined to support the development of new networks
(184,202). Interestingly, previous studies with miR-146a knockout mice micro-
glia have shown no changes in phagocytic activity at baseline, while LPS
stimulation led to decreased phagocytosis (27). In contrast, where we observed
baseline phagocytosis of Vglut2+ synapses were increased in Mirl46b-/- mice.
These divergent results suggest that miR-146a/b may have distinct roles in
modulating microglial behavior, with miR-146b potentially involved in synaptic
remodeling during neurogenesis and thereby neuroplasticity, while miR-146a
may be more implicated in inflammatory responses and phagocytic activity.

6.5 Crosstalk between miR-146a/b during
neuroinflammation

miR-146a/b are well-established anti-inflammatory miRNAs that are rapidly
induced under neuroinflammatory conditions (109,138). They are primarily up-
regulated in activated microglial cells in response to pro-inflammatory stimuli
and act as negative feedback regulators by targeting key upstream molecules
IRAK1 and TRAFG6 leading to suppression of the overactivation of the NF-kB
pathway, thereby dampening the inflammatory response (109,137). Previous
study has shown that miR-146a deficiency lead to increased production of pro-
inflammatory cytokines and inflammasome component in the brain of miR-146a
knockout mice (198). This indicates that miR-146a is critical for maintaining
microglial homeostasis and preventing excessive inflammation in the CNS.
Although miR-146a/b target similar set of genes, their expression and regulation
during neuroinflammation can be distinct, as miR-146b is predominantly ex-
pressed in neuronal cells and less in microglia compared to miR-146a. Interes-
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tingly, our study revealed that Mir/46b-/- mice have attenuated neuroinflam-
matory response upon LPS challenge, as evidenced by less prominent sickness
behavior and microglial activation. Although sickness behavior is believed to be
associated with neuroinflammation, the impact of peripheral inflammatory re-
action cannot be excluded (203,204). In line with behavior studies and microglial
status, LPS-mediated stimulation of the expression of pro-inflammatory cyto-
kines, was weaker in HP of Miri46b-/- LPS mice compared to WT LPS animals.

Although miR-146a/b are expressed in distinct cell types, their regulatory
roles can be interconnected. We report here that in miR-146b deficient mice,
neuroinflammatory responses were unexpectedly reduced upon LPS challenge,
which may be due to upregulation of miR-146a in hippocampal tissues and in
microglial cells isolated from the hippocampal tissue. In line with this, in miR-
146a/b knockout mice, LPS-induced sickness behavior and expression of pro-
inflammatory cytokines were similar than that of in WT mice as shown in figure
9 in Publication II (205). These results highlight partial functional redundancy of
miR-146a/b. We also observed that miR-146a was upregulated at the baseline in
miR-146b deficient mice in microglial cells without any stimulus, while in a
study using miR-146a deficient model, no upregulation of miR-146b was found
(198). This can be because of the low expression of miR-146b in the microglial
cells, or because miR-146b expression does not depend strongly on the NF-xB
pathway. Our results also indicate that the reduced activation of NF-kB may be
due to the diminished ability of Tlr4 to become upregulated in response to LPS,
and this may cause decreased activation of NF-«kB and reduced inflammation.
Although TLR4 has been shown to be direct target of miR-146a in human (97),
this has not proven in mouse. In addition, our results are in line with a previous
study showing that miR-146a overexpression reduces microglia mediated neuro-
inflammatory responses and sickness behavior in mice (206).

To explain possible mechanisms of the observed miR-146a upregulation, we
measured the transcription factor /rf7, and found its upregulation in HP of miR-
146b deficient mice, which is responsible for the overexpression of miR-146a.
There is evidence that /rf7 plays an essential role in the LPS-induced interferon-
B gene expression and endotoxic shock (207) and suppression of inflammatory
reaction upon LPS challenge (208). We, therefore, propose that upregulation of
Irf7 may lead to the overexpression of miR-146a, which in turn inhibits NF-xB
activation leading to the blunted inflammatory response. It should be noted that
the mechanism by which miR-146b can regulate the expression of /rf7 remains
to be studied.

6.6 HFD-induced microglial senescence and
miR-146a regulation

In the current thesis, we also studied the intricate role of miR-146a in regulating
HFD-induced microglial senescence and inflammation, with specific focus on the
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hypothalamus. We demonstrate that HFD induces pronounced microglial sene-
scence in the hypothalamus, characterized by elevated levels of p16, p21, SA-B
gal positive microglial cells and SASP cytokines (//1b, 1/18, tnf and 1/6), along-
side an increase in B-gal positive microglial cells, indicating an advanced stage
of senescence in this brain region. This aligns with existing literature that high-
lights the sensitivity of hypothalamic neurons and glia to metabolic insults and
their pivotal role in the central regulation of energy balance (209). The increased
B-gal positive microglial cells in the hypothalamus underscores the advanced
nature of senescence in this region, further suggesting that neuroinflammation
and cellular aging in the brain are closely linked to dietary-induced metabolic
disturbances. The senescent microglial cells likely adopt a senescence-associated
secretory phenotype, releasing pro-inflammatory cytokines, such as //1b, 1118,
Tnf, and I/6. This cytokine production in the hypothalamus suggests that SASP is
a central contributor to neuroinflammation under HFD conditions, linking
cellular senescence with metabolic stress-induced inflammatory signaling. The
HFD-induced obesity also induced downregulation of miR-146a in hypothalamus
of the mouse brain. Interestingly, although other studies have shown that miR-
146a is upregulated in response to obesity and can suppress inflammation in
adipose tissue (210), our findings indicate a different pattern of its expression in
the hypothalamus. Another study has shown miR-146a downregulation in the
brain region of the nucleus accumbens under HFD conditions, further suggesting
that miR-146a downregulation in response to HFD may be characteristic to
certain brain regions. (121). In the hypothalamus of Miri46a-/- mice, we ob-
served an increased expression of senescence markers pl6, p21 and SA-B gal
positive microglial cells upon HFD treatment, indicating that miR-146a may act
as a protective factor against HFD-induced cellular senescence in the hypo-
thalamus.

Our study clearly demonstrated that Elo, a non-hypercalcemic fluorinated
analogue of vitamin D, has a protective effect against HFD-induced hypothalamic
senescence by inducing miR-146a expression. Concomitant administration of Elo
reduced the expression of senescence markers and inflammatory cytokines in WT
mice. By contrast, in Mirl46a-/- mice, Elo failed to reduce the expression of
senescence markers suggesting that the protective effects of Elo are mediated, at
least in part, through miR-146a pathways. Notably, Elo treatment led to up-
regulation of miR-146a expression in the hypothalamus, which further indicates
that HFD-induced changes in the hypothalamus may be due Elo beneficial effects
through the restoration of miR-146a levels. Importantly, we are the first to show
that Elo can reverse cellular senescence, highlighting its potential as a novel
therapeutic agent for combating age-related and metabolic disorders. The reduc-
tion in senescence markers, such as p/6 and p21, and SASP cytokines further
supports the anti-aging properties of Elo. To explore which targets of mir-146a
might be involved in the regulation of senescence, we measured the expression
of'its direct targets lrakl (96) and Smad4 (211) in the hypothalamus of Miri46a-
/- mice and WT mice upon HFD treatment. Our data show that Smad4 mRNA
levels were increased in the hypothalamus of HFD mice and even more so in the
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Miri46a-/- HFD group, supporting the hypothesis that miR-146a negatively
regulates Smad4 in the brain. Previously, it has been also shown that miR-146a
can target Smad4, thereby modulating senescence pathways (212). The
heightened levels of Smad4 in the absence of miR-146a may contribute to the
enhanced senescence observed in the hypothalamus of Miri46a-/- HFD mice.
Interestingly, we found no significant changes in /rakl expression in the hypo-
thalamus of either WT HFD or Miri46a-/- HFD mice, suggesting that /rakl has
less important role in the brain under HFD conditions.
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Figure 26: Roles of miR-146b in neurons and miR-146a/b in microglia. miR-146b is a
negative regulator of neurogenesis and Gdnf in neurons, and may reduce microglial-
mediated phagocytic activity. Absence of miR-146b leads to elevation of miR-146a,
which may reduce microglia activation upon inflammatory stimulus via suppression of
the TIr4 pathway, leading to reduced neuroinflammation. miR-146a also mitigates hypo-
thalamic microglial senescence through Smad4 under HFD conditions. Arrows indicate
positive (+) or negative (-) regulation by miR-146a/b.
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7. GENERAL REMARKS AND FUTURE DIRECTIONS

In the context of neurogenesis and cognition, while increased numbers of neurons
were observed in miR-146b knockout mice, it remains unclear whether these neurons
form functional synapses. Electrophysiological recordings, such as patch-clamp or
multi-electrode array analyses, could be performed to assess the ratio of functional to
non-functional synapses. Additionally, the intriguing observation of increased
phagocytosis in miR-146b knockout mice raises the question of whether this is due
to microglial dysfunction or an overabundance of neurons. Conditional knockout
models targeting miR-146b in either neurons or microglia specifically could help
resolve this. These models would allow us to measure synaptic density and microglial
activity independently, providing insights into the cell type-specific contributions of
miR-146b. Crossing miR-146b knockout mice with Alzheimer’s disease models
represents another promising direction to investigate whether enhanced neurogenesis
can counteract memory impairments. Behavioral tests, such as the Morris water
maze, coupled with analyses of neuronal survival and synaptic density, could provide
valuable data on therapeutic potential. To assess the developmental specificity of
miR-146b’s role, miR-146b expression levels could be measured across different
developmental stages using RNA in situ hybridization or single-cell RNA se-
quencing. These experiments would help determine whether miR-146b is restricted
to adult mature neurons or plays roles in earlier stages of neuronal development.
Moreover, given the observed imbalance in cell types (fewer astroglia and more
neurons), examining potential shifts in the JAK-STAT signaling pathway could
uncover underlying mechanisms. In the context of LPS-induced neuroinflammation,
future research could investigate how miR-146b negatively regulates IRF7, whether
through direct binding or via an intermediary pathway. Techniques such as luciferase
reporter assays or RNA immunoprecipitation could clarify the mechanism. For HFD-
induced senescence, future experiments should determine whether senescence is
restricted to microglia or also affects other cell types, such as astrocytes or neurons.
Additionally, single-cell RNA sequencing of HFD-treated brains could identify the
specific subpopulations affected by senescence and their unique transcriptomic
profiles. Exploring miR-146b’s role in senescence could provide novel insights,
particularly by evaluating its expression in senescent versus non-senescent cells
under HFD. Future studies could further investigate the detailed molecular mecha-
nisms by which miR-146a modulates TGF/Smad4 pathway. Specifically, exploring
the interaction between miR-146a and other components of the TGF-f signaling axis,
including downstream signaling molecules like Smad3, could provide deeper in-
sights into how miR-146a affects cellular senescence at the molecular level. Another
direction is to see the long-term effects of elocalcitol on chronic obesity-induced
inflammation and to evaluate if elocalcitol could have sustained benefits on cognitive
function, microglial activation, and neurogenesis over extended periods. Since we
used only male mice in our studies, investigating whether similar effects are observed
in females would be an important future direction, particularly given potential sex-
specific differences in immune and neuroinflammatory responses.
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8. CONCLUSIONS

1. miR-146b is higher in neuronal cells and miR-146a is enriched in microglial
cells of the brain. miR-146b deficient mice showed increased density of
neurons, which may be caused by increased adult hippocampal neurogenesis
as indicated by increased proliferation, differentiation, survival of neuronal
precursors and calbindin+ mature neurons. These changes in neurogenesis
may be connected with enhanced cognition and fear memory in these mice.
miR-146b probably exerts its actions via regulation of its target Gdnf expres-
sion, which promotes neuronal survival in Miri46b-/- mice. These data
together open new avenues for the regulation of neurogenesis via modulation
of miR-146b.

2. miR-146a/b are upregulated in the hippocampal tissue and in the microglial
cells upon LPS treatment, with higher baseline level of miR-146a in micro-
glial cells. LPS administration induced weaker upregulation of proinflamma-
tory cytokines and NF-kB activation in the HP of Mir146b-/- mice compared
to WT mice. The blunted neuroinflammatory reaction upon LPS challenge
observed in Miri46b-/- mice may be due to the compensatory upregulation of
miR-146a, which may be mediated by Irf7 while miR-146a may attenuate
neuroinflammation via impact on TLR4 signaling. These data highlight the
crosstalk between miR-146a/b in the regulation of neuroinflammation.

3. HFD inhibits the expression of miR-146a in the hypothalamus while Miri46a-
/- mice are more vulnerable to HFD-induced cellular senescence, as indicated
by elevated senescence markers p/6, p21 and enhanced number of SA-B-gal
positive microglial cells. Smad4 mRNA levels were elevated upon HFD, and
this increase was more pronounced when miR-146a is absent, suggesting that
miR-146a exerts its protective effects by downregulating Smad4 in the hypo-
thalamus. Notably, this mechanism appears to be independent of Irakl, sug-
gesting that miR-146a’s anti-senescence action is linked to Smad4-mediated
pathways. These findings underscore miR-146a role in regulation of senescence-
driven inflammation.

4. Elo, a vitamin D analogue, exhibits significant anti-senescent properties in
HFD-induced obesity models. In WT mice, Elo effectively attenuates cellular
senescence by reducing markers of inflammation and senescence-associated
phenotypes. However, the absence of this protective effect in miR-146a-
deficient mice treated with Elo suggests that the anti-senescence actions of
Elo are mediated through miR-146a. These findings position Elo as a pro-
mising therapeutic compound, acting via miR-146a, with potential applica-
tions to treat metabolic and neurodegenerative diseases.
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9. SUMMARY IN ESTONIAN

miR-146a ja miR-146b erinevad rollid
neuronites ja mikrogliias

Kéesoleva uurimistod keskendub miR-146b ja miR-146a (miR-146a/b) rollile
neurogeneesi, neuropdletiku ja mikrogliia vananemise reguleerimisel. MikroRNA -
d (miRNA-d) on viikesed, mittekodeerivad RNA-d, mis on tavaliselt umbes 18—
22 nukleotiidi pikkused ja reguleerivad geeniekspressiooni, seondudes nende
sihtmirk-mRNA-de 3’ transleerimata piirkonnaga, mis viib mRNA lagunemiseni
ja/voi translatsiooni inhibeerimiseni, m&jutades seeldbi mitmesuguseid rakkudes
toimuvaid protsesse. Nii miR-146b kui ka miR-146a kuuluvad miR-146 pere-
konda, ning nende rolli pdletikuliste protesesside reguleerimises on varem pdhja-
likult uuritud erinevates rakkudes ja seoses paljude haigustega, kuid vihem soe-
ses neuropdletikuliste olukordadega.

Uurimistdo eesmargiks oli selgitada vélja miR-146a/b regulatoorsed toimed
neurogeneesile ja mikrogliia vananemisele ning neuropdletikule, kasutades trans-
geenseid miR-146a/b puudulikke (Mir146a-/-, Mir146b-/-) hiiri.

Saadud tulemused néitasid, et miR-146b, kuigi vihem uuritud kui miR-146a,
omab olulist immunomoduleerivat ja neuroprotektiivset rolli. Tuvastasime ka, et
miR-146b avaldus peamiselt neuronite ja vihem mikrogliia- ja astrogliaalsetes
rakkudes. Kasutades Mir146b-/- hiiri, selgitasime vilja miR-146b rolli tdiskasva-
nud hiirte hipokampuses neurogeneesi reguleerimisel. Mirl46b-/- puudulikel
hiirtel tuvastati neuronite prekursorite suurenenud proliferatsioon ja diferentsee-
rumine ning suurenenud kalbindiin-positiivsete kiipsete neuronite arv. Kéitumus-
liku fenotiiiibi iseloomustamisel ilmnes Mir146b-/- puudulikel hiirte parem assot-
siatiivne ja kontekstuaalne mélu. Samuti leidsime, et nendes hiirtes on kdrgem
Gdnf mRNA tase, mis omakorda voib soodustada neuronite elulemust ja neuro-
geneesi.

Kuigi miR-146b oli avaldunud mikrogliias madalamal tasemel kui miR-146a,
uurisime Mirl46b-/- hiiri LPS-indutseeritud neuropdletiku mudelis. Selleks ma-
nustasime Mirl46b-/- hiirtele LPS-i, mille jérgselt tdheldasime miR-146a eks-
pressiooni tdusu hipokampuse koes ja samuti hipokampuse koest eraldatud
mikrogliia rakkudes. Tuvastasime, et miR-146b puudulikel hiirtel oli madalam
LPS-indutseeritud neuropdletik, mida kinnitas haigusndhtude vdhenemine ja
mikrogliia vihenenud aktivatsioon. Geeni- ja valguekspressioonianaliiiis néitas,
et LPS-i manustamine kutsus Miri46b-/- hiirte ajus esile poletikueelsete tsiito-
kiinide vdiksema tdusu. Meie edasised katsed niitavad, et LPS-indutseeritud
vihenenud neuropdletikuline reaktsioon Mirl46b-/- hiirtel on tdendoliselt tingi-
tud miR-146a iileekspressioonist nendes hiirtes, mida voib vahendada transkript-
siooniregulaator Irf7. Kéesolev uuring niitab, et miR-146a/b omavad keerukat ja
omavahel seotud rolli neuropdletikuliste protsesside regulatsioonis.

Varasemad publikatsioonid on ndidanud, et miR-146a osaleb neuropdletikus
oksiidatiivse stressi ja mikrogliia polariseerumise regulaatorina. Seetdttu uuri-
sime ka miR-146a rolli kdrge rasvasisaldusega dieedi (KRD) poolt pohjustatud
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hiipotaalamuse vananemises. Kdigepealt leidsime, et miR-146a ekspressioon on
KRD-ga mdjutatud loomade hiipotaalamuses markimisvéirselt vdhenenud, sa-
mas kui Miri46a-/~ hiirtel tingis KRD suurema vastuvotlikkuse rakulisele vana-
nemisele. Sellele viitasid vananemise markerite p16 ja p21 ekspressiooni tous
ning mikrogliia vananemise tugevam fenotiilip. Meie jargnevates katsetes tuvas-
tasime, et Mirl46a-/- hiirtes on Smad4 ekspressioon, viidates voimalusele, et
miR-146a toimib Smad4 parssijana ja kaitseb seeldbi rakke vananemise eest
hiipotaalamuses. Edasi proovisime oma katsetes, kas D-vitamiini analoog, elo-
kaltsitool vdib omada ravitoimet KRD-st pohjustatud metaboolse stressi mdju
leevendamisel. Leidsime, et elokaltsitooli manustamine kutsus esile miR-146a
ekspressiooni tdusu hiipotaalamuses, viidates voimalusele, et see voiks olla tGhus
ithend taastamaks KRD toimel vihenenud miR-146a ekspressiooni ajus. Katsed,
milles kasutati nii metsiktiiiipi kui ka Mirl46a-/- hiiri, niitasid, et elokaltsitool
vihendas dieedist indutseeritud vananemise markereid hiipotaalamuses. Uhtlasi
leidsime, et kui metsiktiilipi loomadel avaldus KRD-st pohjustatud rasvumise
mudelis elokaltsitooli vananemisvastane toime, siis Mirl46a-/- hiirtel mitte.
Need tulemused viitavad voimlusele, et elokaltsitool avaldab oma vananemis-
vastast toimet miR-146a kaudu.

Kokkuvaéttes iseloomustavad kédesoleva uuringu tulemused iiksikasjalikult
miR-146a/b rolle nii neuronaalsetes kui mikrogliaalsetes rakkudes, tuues esile
miR-146a/b keerukad ja omavahel seotud rollid neuropdletikuliste protsesside
regulatsioonides, muutes nad vdimalikeks terapeutilisteks sihtmérkideks neuro-
naalsete poletike ja metaboolsete hdiretega seotud ajupatoloogiate korral.
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