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Microglia are an essential component of the neurogenic niche in the adult hippocampus and
are involved in the control of neural precursor cell (NPC) proliferation, differentiation and the
survival and integration of newborn neurons in hippocampal circuitry. Microglial and neu-
ronal cross-talk is mediated in part by the chemokine fractalkine/chemokine (C-X3-C motif)
ligand 1 (CX3CL1) released from neurons, and its receptor CX3C chemokine receptor 1
(CX3CR1) which is expressed on microglia. A disruption in this pathway has been asso-
ciated with impaired neurogenesis yet the specific molecular mechanisms by which this
interaction occurs remain unclear. The orphan nuclear receptor TLX (Nr2e1; homologue of
the Drosophila tailless gene) is a key regulator of hippocampal neurogenesis, and we have
shown that in its absence microglia exhibit a pro-inflammatory activation phenotype. How-
ever, it is unclear whether a disturbance in CX3CL1/CX3CR1 communication mediates an
impairment in TLX-related pathways which may have subsequent effects on neurogenesis.
To this end, we assessed miRNA expression of up- and down-stream signalling molecules
of TLX in the hippocampus of mice lacking CX3CR1. Our results demonstrate that a lack
of CX3CR1 is associated with altered expression of TLX and its downstream targets in the
hippocampus without significantly affecting upstream regulators of TLX. Thus, TLX may be a
potential participant in neural stem cell (NSC)–microglial cross-talk and may be an important
target in understanding inflammatory-associated impairments in neurogenesis.

Introduction
Hippocampal neurogenesis, the process of generating functional new neurons from neural stem cells
(NSCs), occurs throughout the lifespan in most mammalian species and plays a role in certain forms
of learning, memory and in mood regulation [1]. The discussion on whether hippocampal neurogene-
sis actually occurs in the adult human brain has recently been renewed [59,60]. However, the hypoth-
esis that adult-generated neurons can make important functional contributions to neural plasticity and
cognition across the lifespan in humans is still widely accepted (reviewed in [61]). Microglia are an es-
sential component of the neurogenic niche in the adult hippocampus and provide trophic support for
the neurogenic process [2,62]. Specifically, microglia promote the proliferation of neural precursor cells
(NPCs) as well as the survival of newly born neurons through the secretion of neurotrophic factors such
as insulin-like growth factor 1 (IGF-1) and brain-derived neurotrophic factor (BDNF) [3,4], and play
an important role in the pruning of apoptotic adult born neurons immediately after cell birth [5,6].
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Recent evidence shows that microglia in turn can be influenced by neuronal cells [63]. However, the signalling path-
ways underlying NPC–microglia interaction are yet to be fully explored.

Intracellular cross-talk between neurons and microglia can occur through a variety of signalling mechanisms, one
of which is through the chemokine system [7,8]. Signalling occurs between the membrane-bound ligand fractalkine,
also known as fractalkine/chemokine (C-X3-C motif) ligand 1 (CX3CL1), which is constitutively expressed by neu-
rons, and its cognate receptor CX3C chemokine receptor 1 (CX3CR1), which in the healthy brain is selectively
found on microglia [9–11]. During early postnatal development, signalling between the CX3CL1/CX3CR1 pair drives
synaptic pruning [12], elimination of supernumerary neurons [2], and fine-tuning of anatomical connections to ensue
correct functional maturation and cell positioning [13,14]. During adulthood, CX3CL1 is expressed at particularly
high levels in hippocampal neurons [11] and has been shown to stimulate the survival of NPCs in vitro [15]. Di-
rect evidence for the role of CX3CL1/CX3CR1 signalling in adult hippocampal neurogenesis has recently emerged.
For instance, targeted knockdown or pharmacological inhibition of CX3CR1 in adult rats resulted in a marked de-
crease in NPC proliferation and newborn neuron survival in the subgranular zone (SGZ) of the dentate gyrus (DG),
the neurogenic niche of the hippocampus [16]. Additionally, it was demonstrated that the CX3CR1-GFP knock-
out (CX3CR1KO) mice and their heterozygote littermates exhibit decreased hippocampal neurogenesis and survival
in a gene-dose-dependent manner, which was coupled with reduced synaptic plasticity and impaired performance
in neurogenesis-associated tasks, such as contextual fear conditioning and learning in the Morris water maze task
[17]. Employing immunohistochemistry and unbiased stereology methods, the authors showed that in the absence
of CX3CR1, there was a significant decrease in the number of doublecortin (DCX+) expressing newborn neurons,
a marker of neurogenesis. CX3CR1 knockout mice also exhibited reduced proliferation as evidenced by a signifi-
cantly lower number of cells incorporating the thymidine analogue bromodeoxyuridine (BrdU) at 24 h post injec-
tion. Indeed, CX3CR1-deficient mice were found to present with impaired hippocampal neurogenesis, not only dur-
ing adulthood, but also during late adolescence/early adulthood as well as during aging [18]. Furthermore, using the
same model it has been shown that CX3CL1/CX3CR1 signalling is involved in adult hippocampal, but not olfactory
bulb neurogenesis [19]. Corroborating these results, another study demonstrated that the decrease in hippocampal
neurogenesis in the absence of CX3CR1 expression, was coupled with reduced dendritic complexity and delayed mat-
uration of the newborn neurons [20]. This finding illustrates that CX3CR1/CX3CL1 has a role to play in the dendritic
development of new neurons and thus in integration into the neuronal circuitry. It is thus important to recognise that
a lack of CX3CR1 in the adult hippocampus has detrimental effects on multiple stages of the neurogenic process from
proliferation to survival and morphological maturation [17,20,53]. It has also been shown that the reduced number
of DCX+ cells observed in the SGZ of CX3CR1KO mice was specific to knockout of the receptor, as mice that exhib-
ited CX3CL1 knockout did not produce the same deficit [53]. Collectively, these data position the CX3CL1/CX3CR1
pathway as a major mediator of hippocampal neurogenesis.

The orphan nuclear receptor TLX (Nr2e1) whose expression is confined to stem cells in the neurogenic niches
of the adult brain is a key intrinsic regulator of hippocampal neurogenesis [21] and it exercises this role by regu-
lating a number of different genes and pathways. For instance, through its action as a transcriptional repressor, it
regulates the expression of genes involved in multiple pathways important for the generation of neurons such as cell
adhesion [22], DNA replication [23] and cell cycle [24]. It targets genes such as the cyclin-dependent kinase inhibitor
cyclin-dependent kinase inhibitor 1 (p21) and the tumour suppressor gene phosphatase and tensin homologue (pten)
thus promoting NSCs proliferation [22,24–26], and a member of the bone morphogenetic protein family 4 (bmp4)
resulting in the inhibition of NSC astrocytic differentiation [27]. TLX can also bind to its own promoter thereby sup-
pressing its transcriptional activity through a feedback loop, which can be antagonised by the SRY-box-containing
Gene 2 (Sox2), which also binds to an upstream region of the TLX gene. What is more, it has been shown in vitro that
TLX and Sox2 interact physically, whereby Sox2 acts as a transcriptional activator of TLX, to promote NSC mainte-
nance and self-renewal [28]. Multiple small non-coding RNAs are differentially expressed in the hippocampus and a
subgroup of them (miRNAs) has been shown to fine-tune the progression of adult hippocampal neurogenesis [64]. A
number of miRNAs such as miR-9, miR-let7b and miR-378 have been shown to suppress TLX expression resulting in
decreased NSC proliferation and accelerated neuronal differentiation [29–31]. In summary, TLX maintains NSCs in
their proliferative state through a variety of autonomous and/or parallel pathways controlled by different genes, and
disruption of these genes results in altered adult neurogenesis and brain plasticity [21].

Mice with spontaneous deletion of TLX present with impaired neurogenesis, synaptic plasticity, dendritic com-
plexity and hippocampal-dependent behaviours during adulthood [32–35]. Interestingly, we have recently shown that
a lack of TLX expression in the hippocampus resulted in microglial activation [35]. Our group has also previously
demonstrated using both in vitro and in vivo approaches that an inverse relationship exists between levels of TLX and
the microglial derived pro-inflammatory cytokine interleukin 1β (IL-1β) in the hippocampus [35,36]. Specifically, we
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found a reduction in TLX expression on hippocampal NPCs in vitro after administration of IL-1β [36], a dramatic
increase in IL-1β in the hippocampi of TLX knockout mice [35], and a protective capacity of TLX to mitigate the
negative effects of IL-1β on NPCs [37]. Given that CX3CR1KO mice present with increased microglial activation and
hippocampal IL-1β [17] it is possible that in the absence of TLX, intracellular communication between microglia and
NPCs through CX3CL1/CX3CR1 is impaired. Thus the aim of the present study was to determine whether a distur-
bance in CX3CL1/CX3CR1 communication mediates an impairment in TLX-related pathways (upstream regulators
and downstream targets of TLX) which may have subsequent effects on hippocampal neurogenesis.

Materials and methods
Animals
Two-month-old male homozygous CX3CR1-GFP mice with CX3CR1 deficiency (CX3CR1KO on C57BL/6 genetic
background, n=16) and wild-type (n=16) controls were group-housed under standard housing conditions (tempera-
ture: 21◦C and relative humidity: 55%), with food and water available ad libitum. The GFP gene was knocked-in under
the CX3CR1 promoter [38]. The mice were obtained from the Jackson Laboratory (B6.129P-CX3CR1tm1Litt/J; mouse
strain datasheet #005582) and were generation N13F2 (backcrossed for 13 generations on C57BL/6; second filial gen-
eration was used). In order to confirm the knockout in the animals, we employed PCR and the Jackson Laboratory
Protocol (Stock number: 005582) called Cx3cr1tm1Littalternate1 (see https://www2.jax.org/protocolsdb/f?p=116:5:0::
NO:5:P5 MASTER PROTOCOL ID,P5 JRS CODE:27927,005582). Two-month-old male Nr2e1−/− (TLX knock-
out) mice and wild-type controls (129S1/SvImJ background) were housed under standard housing conditions (tem-
perature: 21◦C and relative humidity: 55%), with food and water available ad libitum. Breeding pairs were kindly
provided by Prof. Elizabeth Simpson, University of British Colombia. Nr2e1−/− mice exhibit a spontaneous deletion
of the entire TLX allele, including all nine exons. However, the deletion of TLX does not affect the transcription of
neighbouring genes [65]. All experiments were conducted in accordance with the European Directive 2010/63/EU,
under an authorisation issued by the Health Products Regulatory Authority Ireland and approved by the Animal
Ethics Committee of University College Cork.

BrdU administration and tissue preparation
Bromodeoxyuridine (BrdU; Sigma) was administered (4 × intraperitoneal injections over the course of 6 h at 75μg/10
ml/kg) to the Nr2e1−/− and wild-type mice. Two weeks later, these mice were killed with an intraperitoneal injection
of anaesthetic (0.1 ml/kg) and transcardially perfused using 0.9% phosphate buffered saline (PBS) solution followed
by 4.0% paraformaldehyde (PFA) in PBS. Brains were post-fixed overnight in 4% PFA, transferred to 30% sucrose
solution and subsequently flash-frozen using liquid nitrogen. Coronal sections (40 μm) through the hippocampus
were collected directly on to slides in a 1:6 series, then stored at −80◦C.

Immunohistochemistry
To determine the survival of adult-born hippocampal neurons in Nr2e1−/− mice, sections were double-labelled
with BrdU and the neuronal marker NeuN. Sections were washed, DNA strands denatured by incubation in 2 M
HCl for 45 min at 37◦C, renatured in 0.1 M sodium tetraborate (pH 8.5) and then blocked in 3% normal donkey
serum (NDS; Sigma D9663) to prevent non-specific binding. Sections were incubated with anti-BrdU antibody (Ab-
cam; AB6326; 1:250) followed by AlexaFluor594 donkey anti-rat (Abcam; AB150156; 1:500) and NeuN (Millipore;
MAB377; 1:100) antibodies. Sections were then incubated with AlexaFluor488 donkey anti-mouse antibody (Abcam;
AB150105; 1:500), washed and coverslipped using anti-fade medium (DAKO; S3023). The number of microglia in the
hippocampi of these animals was assessed by staining for ionised calcium binding adaptor molecule 1 (Iba-1). Sec-
tions were washed, incubated in 3% NDS and then in anti-Iba-1 antibody (Wako; 019-19741; 1:1000) overnight. Sec-
tions were then incubated in AlexaFluor488 donkey anti-rabbit antibody, counterstained with DAPI (Sigma; D9642;
1:5000) and coverslipped with anti-fade mounting medium (DAKO; S3023).

Image analysis and cell quantification
Images were obtained using an Olympus FV1000 scanning laser confocal system (Biosciences Imaging Centre, De-
partment of Anatomy and Neuroscience, University College Cork, Ireland). Z-stack images with 1.10- or 4.4-μm step
size were collected using a 10× objective (BrdU/NeuN) or 20× objective (Iba1/DAPI), respectively. The DG was
imaged bilaterally on all sections. Cell quantification and area measurements were performed using the image pro-
cessing software ImageJ (National Institute of Health; U.S.A.; [66]). Systematic random sampling was employed for
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all cell quantifications. For area quantification, the area of interest (i.e. the DG or the microglia soma) was outlined
manually and its area calculated using ImageJ.

Total RNA extraction and cDNA synthesis
Animals were killed by cervical dislocation and the hippocampus was dissected out and stored in solution that sta-
bilises and protects cellular RNA (RNAlater; Sigma) for 48 h at 4◦C, after which the RNAlater was removed and the
tissue was frozen at −80◦C until subsequent use. Samples were processed according to the GenElute kit protocol
(Sigma; RTN350). Total RNA yield and purity were determined using the Nanodrop System (Thermo Scientific).
Synthesis of cDNA was performed using 0.5 μg of normalised total RNA from each sample using ReadyScript cDNA
synthesis mix (Sigma; RDRT-25RXN).

miRNA extraction and cDNA synthesis
Total mRNA was isolated from hippocampal samples using mirVANA miRNA Isolation Kit (Life Technologies) ac-
cording to manufacturer’s instructions. Total RNA yield and quality were verified using the Nanodrop2000 spec-
trophotometer (Thermo Scientific, Waltham, MA, U.S.A.). RNA was reverse-transcribed to cDNA using hairpin
primers specific to each miRNA gene of interest on Applied Biosystem’s GeneAmp PCR System 9700.

Quantitative real-time-PCR and miRNA quantification
Quantitative real-time PCR (qRT-PCR) was performed on samples in duplicate and triplicate in a
96-well plate (Applied Biosystems) and captured in real time using the StepOne Plus System (Ap-
plied Biosystems). Gene expression levels were calculated as the average CT value of three replicates for
each sample relative to the expression of the housekeeper gene Tfrc, and quantified using the 2−��CT

method [39]. Primer sequences were: 5′-CCCAAGTATTCTCAGATATGATTTCAA-3′ (forward) and
5′-AAAGGTATCCCTCCAACCACTC-3′ (reverse) for Tfrc; 5′-CTGGGCCCTGCAGATACTC-3′ (forward) and
5′-GGTGGCATGATGGGTAACTC-3′ (reverse) for TLX (Nr2e1); 5′-AGCCCGCTTCTGCAGGA-3′ (forward) and
5′-AAAGGCTCAGAGAAGCTGCG-3′ (reverse) for bmp4; 5′-CAGGGTTTTCTCTTGCAGAAG A-3′ (forward)
and 5′-ATGTCCAATCCTGGTGATGTCCG-3′ (reverse) for p21; 5′-GTGGTCTGCCAGCTAAAGGTGA-3′ (for-
ward) and 5′-TCAGACTTTTGTAATTTGTGAATGCT-3′ (reverse) for pten; 5′-TTAACGCAAAAACCGTGATG-3′

(forward) and 5′-GAAGCGCCTAACGTACCACT-3′ (reverse) for Sox2 and 5′-AGTGTGTCGGGTGTCCATTC-3′

(forward) and 5’- GTGCAAGCAACAGAGTTGGG -3’ (reverse) for CX3CR1.
qRT-PCR was performed on the small RNA-enriched samples using probes (6 carboxy fluorescein-FAM) designed

by Applied Biosystems (Carlsbad, CA, U.S.A.): miR-let7b, miR-9, miR-378. qRT-PCR was carried out on the StepOne-
Plus PCR machine (Applied Biosystems). Samples were heated to 95◦C for 10 min, and then subjected to 40 cycles
of amplification by melting at 95◦C and annealing at 60◦C for 1 min. Experimental samples were run in technical
triplicates with 1.33 μl cDNA per reaction. To check for amplicon contamination, each run also contained template
free controls for each probe used. The non-coding snRNA component U6, which is highly conserved and expressed
across species, was used as the endogenous control. U6 was stably expressed in all samples and differences in miRNA
expression were presented as fold change from control.

Statistical analysis
All data were analysed using SPSS statistical software (SPSS 17.0, Chicago, IL). Data were analysed by an
independent-sample t test and an α level of 0.05 was used as criterion for statistical significance. All data are pre-
sented as mean +− S.E.M.

Results
Negative correlation between neurogenesis and microglial activation in
the hippocampus as a result of TLX deficiency
There was a significant negative correlation between the mean number of BrdU/NeuN-positive cells and the mean
number of Iba1-positive cells in the DG in mice with a spontaneous deletion of TLX (Nr2e1−/−; r = 0.871, n=8,
p=0.004, Figure 1A). We found the same negative correlation between cell soma size of microglia and number
of BrdU/NeuN-positive cells in the absence of TLX (Nr2e1−/−; r = 0.735, n=8, p=0.037, Figure 1B). Represen-
tative images from wild-type controls and mice with spontaneous deletion for TLX show reduced numbers of
BrdU/NeuN-positive cells as well as atrophied DG morphology (Figure 1C,D), and an increased number of microglia
(Figure 1E,F) in the DG of Nr2e1−/− mice compared with wild-type mice.
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Figure 1. Negative correlation between neurogenesis and microglia activation in the hippocampi of TLX-deficient mice

Correlation between the number of Iba1+ cells and the number of BrdU+NeuN+ cells per mm2 (A) and correlation between the soma

area (μm2) of Iba1+ cells and the number of BrdU+NeuN+ cells (B) in the DG of TLX knockout (Nr2e1−/−) mice. Data are graphed

as means (n=8). Representative images of coronal sections through the DG of wild-type (WT; (C)) and TLX knockout (Nr2e1−/−; (D))

mice immunohistochemically stained with BrdU (red) and NeuN (green). Images were taken at 10× magnification, scale bar = 100

μm. Higher magnification images depict immunopositive cells for BrdU (C’,D’), NeuN (C’’,D’’) and merged channels (C’’’,D’’’). Scale

bar = 25 μm. Representative images of coronal sections through the DG of wild-type (WT; (E)) and TLX knockout (Nr2e1−/−; (F))

mice immunohistochemically stained with Iba1 (green) and the nuclear stain DAPI (blue). Images were taken at 20× magnification,

scale bar = 50 μm.

Confirmation of the absence of CX3CR1 in the hippocampus of
CX3CR1KO mice
qRT-PCR analysis of the hippocampi of CX3CR1KO and wild-type control mice confirmed the absence of the CX3CR1
gene in CX3CR1KO mice (Figure 2).

mRNA expression of TLX but not its transcription activator Sox2 is
down-regulated in the hippocampus in the absence of CX3CR1
TLX gene expression was significantly decreased in the hippocampus of CX3CR1KO mice compared with controls (t
(14) = 2.115, p=0.05; Figure 3A). There was no difference in expression of the TLX regulator Sox2 between wild-type
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Figure 2. mRNA expression of CX3CR1 is detected in wild-type controls but not CX3CR1KO mice

Relative mRNA expression of CX3CR1 in the hippocampus of wild-type controls and CX3CR1KO mice. Box and whisker plots show

mean, first and third quartiles, and maximum and minimum values (n=8).

Figure 3. mRNA expression of TLX but not its transcription activator Sox2 is down-regulated in the hippocampus in the

absence of CX3CR1

Relative mRNA expression of TLX (A) and Sox2 (B) in the hippocampus of wild-type control and CX3CR1KO mice. All values were

adjusted to the relative expression of the housekeeping gene Tfrc. Box and whisker plots show mean, first and third quartiles, and

maximum and minimum values (n=8). *p≤0.05, independent-sample t test.

controls and CX3CR1KO mice (Figure 3B).

Lack of CX3CR1 is not associated with changes in expression of miRNAs
regulating TLX in the hippocampus
Upon examination of upstream miRNAs regulating TLX we found no change in expression of miR-let7b (Figure
4A) or miR-9 (Figure 4B) in hippocampal tissue between control and CX3CR1KO mice. Nonetheless, we observed a
trend towards increased expression of the TLX suppressor miR-378 in CX3CR1KO mice compared with the wild-type
controls (t (14) = 1.925, p=0.07; Figure 4C).

TLX target genes bmp4 and pten, but not p21 are up-regulated in the
hippocampus of CX3CR1KO mice
When genes targeted by TLX were measured, we detected significantly higher relative expression of bmp4 (t (14)
= 2.228, p=0.04; Figure 5A) and pten (t (14) = 2.718, p=0.02; Figure 5B) in the hippocampi of CX3CR1KO mice
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Figure 4. Lack of CX3CR1 is not associated with changes in expression of miRNAs regulating TLX in the hippocampus

miRNA expression in wild-type controls and CX3CR1KO mice for miR-let7b (A), miR-9 (B) and miR-378 (C). Values are expressed

relative to the non-coding RNA component U6. Box and whisker plots show mean, first and third quartiles, and maximum and

minimum values (n=8). +p=0.07, independent-sample t test.

Figure 5. TLX target genes bmp4 and pten, but not p21 are up-regulated in the hippocampus of CX3CR1KO mice

Relative mRNA expression of bmp4 (A), pten (B) and p21 (C) in the hippocampus of wild-type control and CX3CR1KO mice. All

values were adjusted to the relative expression of the housekeeping gene Tfrc. Box and whisker plots show mean, first and third

quartiles, and maximum and minimum values (n=8). *p<0.05, independent-sample t test. Abbreviation: bmp4, bone morphogenic

protein 4.

compared with wild-type controls. There was no alteration in relative expression of the cyclin-dependent kinase
inhibitor gene p21 another target of TLX, between the hippocampi of wild-type controls and the CX3CR1KO mice
(Figure 5C).

Discussion
Here we have shown that in the absence of CX3CR1, TLX transcription within the hippocampus is reduced. This
reduction in TLX relative mRNA abundance is not associated with changes in miR-let7b, miR-9 or miR-378, the
upstream repressors of the gene, though there was a trend towards increased expression of the TLX repressor
miR-378. Furthermore, no change was observed in the expression of the TLX promoter and activator Sox2. How-
ever, CX3CR1KO mice exhibited an increase in bmp4 expression, a downstream target of TLX, which is involved in
gliogenesis and astrocyte differentiation. In addition, in the absence of CX3CR1, hippocampal expression of the TLX
repressor target pten but not p21 was increased. Collectively, these data suggest that absence of CX3CR1 promotes
down-regulation of TLX expression and its downstream targets, without influencing the regulators of the gene. Thus
TLX may be an important target in the cross-talk between microglia and hippocampal NSCs.

We hypothesise that the CX3CR1 signalling pathway in microglia, and TLX signalling pathways in NPCs interact
to maintain homeostasis in the neurogenic niche in the adult hippocampus, which is supported by our observation
of a decrease in TLX transcription in CX3CR1KO mice. This is also in-line with the emerging evidence that microglia
regulate neurogenesis in a temporal- and spatial-dependent manner, and that microglia are proposed as a key me-
diator and integrator of information that may influence the neurogenic niches (reviewed in [4]). Here we show a
significant negative correlation between hippocampal neurogenesis and microglia number and soma size in the ab-
sence of TLX, which supports our previous demonstration that the absence of TLX results in an activated microglial
phenotype, increased levels of endogenous IL-1β and impaired hippocampal neurogenesis [35], and thus implicate
TLX as a mediator of NS/PC-microglial communication. However, the temporal relationship between the associ-
ations we observed remains unclear. Further studies examining if NPCs in the hippocampi of TLX-deficient mice
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have impaired CX3CL1 would provide valuable information on whether the activated microglia in TLX knockout
mice has been promoted through a CX3CL1/CX3CR1-mediated pathway. Isolating microglia from the hippocampi
of TLX-deficient mice and examining how these microglia behave in response to pro- and anti-inflammatory stim-
ulation with cytokines for various durations would provide insight into the temporal relationship of our findings.
Moreover, since CX3CR1-deficient mice have been shown to present with impaired hippocampal-dependent but not
olfactory-dependent memory performance [17,19], it would be of interest to compare the expression of TLX and
other neurogenic markers in these two neurogenic niches (the SGZ and the subventricular zone) in CX3CR1KO mice.
This would thus illustrate whether TLX mediates NPC–microglia cross-talk in a region-specific manner.

While it has been demonstrated that microglia have a direct effect on NSCs, the mechanisms by which microglia
exercise their influence on NSCs remain largely unknown [2,4,58]. Our findings suggest that deletion of CX3CR1
expression on microglia facilitate the activation of down- but not up-stream pathways of TLX. As there was no
up-regulation in mRNA expression of the transcription factor Sox2 in the hippocampi of CX3CR1KO mice, it is possi-
ble that the reduction in TLX gene transcription that we observed is regulated through a self-repression mechanism.
This is supported by the fact that the transcriptional regulation of NPCs by Sox2 and TLX is autonomous such that
both can act independently for the potentiation of cell proliferation and the repression of cell differentiation in order
to maintain the undifferentiated and self-renewable state of progenitors within the neurogenic niche [40,41].

A number of miRNAs, such as miR-9, miR-137, miR-let7d and miR-let7b, have been shown to regulate neuroge-
nesis rate and progression through suppression of TLX in vitro [29,31,42–45] and are associated with suppression
of TLX expression in vivo in hippocampi of adult mice [46]. Thus we examined whether the reduction in TLX gene
transcription in adult CX3CR1KO mice was associated with up-regulation of miR-let7b and/or miR-9. Our results
showed no change in the expression of either miR-let7b or miR-9 in the absence of CX3CR1 in the hippocampi of
knockout and wild-type mice. It has been shown that miR-let7b and miR-9 are heterochronic switch genes, which
induce acceleration in NSC differentiation and reduction in their proliferation by targeting TLX expression [29,30].
Interestingly, both miRNAs not only bind to TLX, but their expression is inversely related to that of TLX such that si-
lencing and overexpression of the miRNAs causes an inverse increase or reduction, respectively, in TLX [29,30]. This
phenomenon has been demonstrated in adult hippocampal NPC cultures and in the embryonic developing brain for
both miR-9 and miR-let7b [29,30] as well as in retinal progenitor cells for miR-let7b [45]. As these processes may occur
autonomously in increased NPC neuronal differentiation (which would be induced by miR-let7b and/or miR-9) com-
bined with the fact we did not observe any change in miR-let7b and/or miR-9 expression, it follows that the reduction
in TLX in CX3CR1KO mice is independent of either the TLX-miR-let7b regulatory loop or the TLX-miR-9 feedback
pathway. This further supports our conjecture that the down-regulation of TLX observed in the absence of CX3CR1
could be a result of a self-repression mechanism, thereby positioning TLX as a potential target or co-regulator of the
CX3CR1/CX3CL1 pathway.

miR-378 has been shown as an important enhancer of cell survival through reduction in apoptosis [47,48], reduc-
tion in cell proliferation and promotion of differentiation [31]. We observed a trend towards increased expression of
miR-378 in the hippocampus of CX3CR1KO mice compared with controls. Similar to miR-let7b and miR-9, miR-378
has been shown to exert its effect on NSCs through binding and suppressing the expression of TLX [31] coupled with
an up-regulation of two TLX downstream targets – p21 and pten [31]. Given the trend towards increased miR-378
expression, we examined the mRNA levels of p21 and pten and observed an increase in pten but no change in p21
expression in the hippocampi of CX3CR1KO mice. However, a limitation of the present study is that we examined
expression levels in the whole hippocampus, rather than specifically in the DG where NSCs predominantly reside.
The mechanisms by which TLX suppresses both of these genes have been extensively studied: the repression of both
genes occurs through an interaction between TLX and the histone demethylase lysine-specific histone demethylase
1A (LSD1) [49,50]. In the case of pten, however, the histone deacetylases (HDAC) 1 (HDAC1) and 2 (HDAC2) are
recruited to form a complex with the REST corepressor 1 (CoREST), which results in demethylation of trimethyla-
tion of histone H3 at lysine 4 (H3K4) at the proximal region of pten and hence its suppression [51] (Figure 6). p21
repression on the other hand, can result from the interaction between TLX and LSD1 with HDAC5 [22] or from tu-
mour protein TP53 (p53)-TLX-dependent signalling [24] (Figure 6). Within NSCs, it has been shown that blocking
TLX-mediated suppression of both pten and p21 resulted in a reduction in NSC proliferation [22] and an increase
in quiescent hippocampal NSCs rather than an increase in differentiating NSCs, which was coupled with activa-
tion of pten and p21 signalling pathways [24]. Thus in the context of the present study, in the absence of CX3CR1
on microglia TLX expression in NPCs is reduced, which is associated with a trend towards increased expression of
the TLX suppressor miR-378 and an increase in the TLX downstream target pten but not p21. Hence, it is possible
that the reduction in hippocampal neurogenesis observed in CX3CR1KO mice by others [17,19] results from activa-
tion of TLX-suppressing signalling pathways that inhibit activation of quiescent NSCs and maintain them in their

8 © 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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Figure 6. Schematic diagram illustrating possible mechanisms by which NSCs and microglia interact

Under homoeostasis (A), TLX acts as a transcriptional repressor of a variety of genes in order to maintain NSCs in their pro-

liferative and non-differentiative states by inhibiting gliogenesis (bmp4 pathway), cell-cycle arrest (p21 pathway) and decreased

proliferation (pten pathway). Microglia send neurotrophic signals such as BDNF and IGF-1 to NSCs, and receive output from NSCs

through CX3CL1/CX3CR1- and CD200/CD200R-mediated pathways. In the TLX knockout mouse (B), microglia become activated

(retracted processes coupled with increased levels of endogenous IL-1β) and NSC proliferation and neurogenesis decreases. In

the CX3CR1 knockout mouse (C), microglia activation and increased levels of endogenous IL-1β are coupled with reduced TLX

expression, up-regulated levels of bmp4 and pten and a reduction in neurogenesis. GFAP: Glial fibrillary acidic protein; Id: Inhibitor

of DNA-binding/differentiation protein; BMPR1: Bone morphogenic protein receptor, type 1; bmp4, Bone morphogenic protein 4;

BMPR2: Bone morphogenic protein receptor, type 2; SMADS: homologies to the Caenorhabditis elegans SMA (‘small’ worm phe-

notype) and Drosophila MAD (‘Mothers Against Decapentaplegic’) family of genes; P: phosphorylation; SMAD4: Mothers against

decapentaplegic homologue 4; CoREST: REST (RE1-silencing transcription factor) corepressor 1; TLX: Protein Tailless Homologue;

Nr2e1: Nuclear receptor subfamily 2 Group E Member 1; Me: methylation.

non-proliferative state through pten signalling mechanisms. Interestingly, it has been shown that attenuation of pten
increases p21 stability in cancer stem cells [55], which may explain why we observed an increase in pten only but not
in p21.

TLX is also involved in the transcriptional repression of the bone morphogenic protein 4 (bmp4)-SMAD signalling
pathway which activates astrogenesis [27] (Figure 6). Specifically, TLX prevents the binding of bmp ligands to their
type I (BMPR1; Figure 6) and type II (BMPR2; Figure 6) receptors; blocking the activation of these receptors prevents
the phosphorylation of regulatory SMADS (Mothers against decapentaplegic homologue 4) and their dimerisation
with the common cofactor SMAD4 (Figure 6; [27]). Under normal physiological conditions, the SMAD complex
transcriptionally activates downstream targets which promote astrogenesis (glial fibrillary acidic protein (GFAP)) and
inhibits neurogenesis via suppressing inhibitors of differentiation (inhibitor of DNA-binding/differentiation proteins
(Ids); Figure 6; [27]). Interestingly, in the present study CX3CR1KO mice displayed an increase in relative mRNA
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expression of bmp4, the downstream target of TLX, responsible for astrogenesis. Thus it would be of interest to ex-
amine in future studies whether the reduction in hippocampal neurogenesis in CX3CR1KO mice is coupled with
an increase in hippocampal astrogenesis. This is of particular importance, given that we previously observed an in-
creased level of endogenous IL-1β coupled with increased microglia activation in TLX knockout mice [35]. Similarly,
CX3CR1-deficient mice present with increased microglia activation and increased endogenous hippocampal IL-1β
[17,19]. Due to the fact that astrocytes are major producers of IL-1β in the central nervous system [56,57], they may
act as the ‘middle man’ in the cascade leading to impaired neurogenesis as a result of CX3CR1 and/or TLX defi-
ciency. Thus, studies investigating the cause of inflammation in the absence of TLX will be key to determining the
relationship between TLX and CX3CL1/CX3CR1 signalling.

It has previously been shown that microglia development and adult hippocampal neurogenesis are impaired in
CX3CR1KO mice [17,52], but has more recently been suggested that the decrease in neurogenesis observed in the
CX3CR1-deficient mice is due to pathways independent of CX3CL1 [53]. Thus understanding the precise interactions
and signalling mechanisms between and within microglia and NPCs may aid our understanding of diseases associated
with defective microglia–neuronal cross-talk as well as with the neuropathology of aging [54]. Here we show that
CX3CR1 deficiency in the hippocampus leads to the activation of TLX-dependent pathways within NSCs that may
inhibit their self-renewal and promote their adoption of an astrocytic fate. We propose that TLX is a mediator in
maintaining homoeostasis between microglia and NPCs. However, future studies are needed to examine whether TLX
repression leads to impaired proliferation and neurogenesis and/or gliogenesis through CX3CL1/CX3CR1-dependent
mechanisms.

Competing interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
This work was supported by the Science Foundation Ireland [grant number SFI/IA/1537].

Author contribution
D.A.K., Y.M.N. and J.F.C. conceived and designed the experiments. D.A.K., G.M.M., A.E.H. and V.R. performed the experiments
and analysed the data. D.A.K. and Y.M.N. co-wrote the paper. K.N., J.F.C. and Y.M.N. supervised the work.

Abbreviations
BMP4, bone morphogenic protein 4; BrdU, bromodeoxyuridine; CX3CL1, fractalkine/chemokine (C-X3-C motif) ligand 1;
CX3CR1, chemokine receptor 1; DCX, doublecortin; DG, dentate gyrus; HDAC, histone deacetylase; Iba-1, ionised cal-
cium binding adaptor molecule 1; IL-1β, interleukin 1β; LSD1, lysine-specific histone demethylase 1A; NDS, normal don-
key serum; NPC, neural precursor cell; Nr2e1, nuclear receptor subfamily 2 group E member 1; NSC, neural stem cell; p21,
cyclin-dependent kinase inhibitor 1; PFA, paraformaldehyde; pten, phosphatase and tensin homologue; SGZ, subgranular zone;
Sox2, sex-determining region Y- box2; TLX, protein tailless homologue.

References
1 Cameron, H.A. and Glover, L.R. (2015) Adult neurogenesis: beyond learning and memory. Annu. Rev. Psychol. 66, 53–81,

https://doi.org/10.1146/annurev-psych-010814-015006
2 Gemma, C. and Bachstetter, A.D. (2013) The role of microglia in adult hippocampal neurogenesis. Front. Cell Neurosci. 7, 229,

https://doi.org/10.3389/fncel.2013.00229
3 Ziv, Y. and Schwartz, M. (2008) Immune-based regulation of adult neurogenesis: implications for learning and memory. Brain Behav. Immun. 22,

167–176, https://doi.org/10.1016/j.bbi.2007.08.006
4 Sato, K. (2015) Effects of microglia on neurogenesis. Glia 63, 1394–1405, https://doi.org/10.1002/glia.22858
5 Sierra, A., Tremblay, M.E. and Wake, H. (2014) Never-resting microglia: physiological roles in the healthy brain and pathological implications. Front. Cell

Neurosci. 8, 240, https://doi.org/10.3389/fncel.2014.00240
6 Sierra, A., Encinas, J.M., Deudero, J.J., Chancey, J.H., Enikolopov, G., Overstreet-Wadiche, L.S. et al. (2010) Microglia shape adult hippocampal

neurogenesis through apoptosis-coupled phagocytosis. Cell Stem Cell 7, 483–495, https://doi.org/10.1016/j.stem.2010.08.014
7 Rossi, D. and Zlotnik, A. (2000) The biology of chemokines and their receptors. Annu. Rev. Immunol. 18, 217–242,

https://doi.org/10.1146/annurev.immunol.18.1.217
8 Allen, S.J., Crown, S.E. and Handel, T.M. (2007) Chemokine: receptor structure, interactions, and antagonism. Annu. Rev. Immunol. 25, 787–820,

https://doi.org/10.1146/annurev.immunol.24.021605.090529
9 Nishiyori, A., Minami, M., Ohtani, Y., Takami, S., Yamamoto, J., Kawaguchi, N. et al. (1998) Localization of fractalkine and CX3CR1 mRNAs in rat brain:

does fractalkine play a role in signaling from neuron to microglia? FEBS Lett. 429, 167–172, https://doi.org/10.1016/S0014-5793(98)00583-3

10 © 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

https://doi.org/10.1146/annurev-psych-010814-015006
https://doi.org/10.3389/fncel.2013.00229
https://doi.org/10.1016/j.bbi.2007.08.006
https://doi.org/10.1002/glia.22858
https://doi.org/10.3389/fncel.2014.00240
https://doi.org/10.1016/j.stem.2010.08.014
https://doi.org/10.1146/annurev.immunol.18.1.217
https://doi.org/10.1146/annurev.immunol.24.021605.090529
https://doi.org/10.1016/S0014-5793(98)00583-3


Neuronal Signaling (2019) 3 NS20180177
https://doi.org/10.1042/NS20180177

10 Lauro, C., Catalano, M., Trettel, F. and Limatola, C. (2015) Fractalkine in the nervous system: neuroprotective or neurotoxic molecule? Ann. N.Y. Acad.
Sci. 1351, 141–148, https://doi.org/10.1111/nyas.12805

11 Harrison, J.K., Jiang, Y., Chen, S., Xia, Y., Maciejewski, D., McNamara, R.K. et al. (1998) Role for neuronally derived fractalkine in mediating interactions
between neurons and CX3CR1-expressing microglia. Proc. Natl. Acad. Sci. U.S.A. 95, 10896–10901, https://doi.org/10.1073/pnas.95.18.10896

12 Paolicelli, R.C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P. et al. (2011) Synaptic pruning by microglia is necessary for normal brain
development. Science 333, 1456–1458, https://doi.org/10.1126/science.1202529

13 Paolicelli, R.C., Bisht, K. and Tremblay, M.E. (2014) Fractalkine regulation of microglial physiology and consequences on the brain and behavior. Front.
Cell Neurosci. 8, 129, https://doi.org/10.3389/fncel.2014.00129

14 Limatola, C. and Ransohoff, R.M. (2014) Modulating neurotoxicity through CX3CL1/CX3CR1 signaling. Front. Cell Neurosci. 8, 229,
https://doi.org/10.3389/fncel.2014.00229

15 Krathwohl, M.D. and Kaiser, J.L. (2004) Chemokines promote quiescence and survival of human neural progenitor cells. Stem Cells 22, 109–118,
https://doi.org/10.1634/stemcells.22-1-109

16 Bachstetter, A.D., Morganti, J.M., Jernberg, J., Schlunk, A., Mitchell, S.H., Brewster, K.W. et al. (2011) Fractalkine and CX 3 CR1 regulate hippocampal
neurogenesis in adult and aged rats. Neurobiol. Aging 32, 2030–2044, https://doi.org/10.1016/j.neurobiolaging.2009.11.022

17 Rogers, J.T., Morganti, J.M., Bachstetter, A.D., Hudson, C.E., Peters, M.M., Grimmig, B.A. et al. (2011) CX3CR1 deficiency leads to impairment of
hippocampal cognitive function and synaptic plasticity. J. Neurosci. 31, 16241–16250, https://doi.org/10.1523/JNEUROSCI.3667-11.2011

18 Vukovic, J., Colditz, M.J., Blackmore, D.G., Ruitenberg, M.J. and Bartlett, P.F. (2012) Microglia modulate hippocampal neural precursor activity in
response to exercise and aging. J. Neurosci. 32, 6435–6443, https://doi.org/10.1523/JNEUROSCI.5925-11.2012

19 Reshef, R., Kreisel, T., Beroukhim Kay, D. and Yirmiya, R. (2014) Microglia and their CX3CR1 signaling are involved in hippocampal- but not olfactory
bulb-related memory and neurogenesis. Brain Behav. Immun. 41, 239–250, https://doi.org/10.1016/j.bbi.2014.04.009

20 Xiao, F., Xu, J.M. and Jiang, X.H. (2015) CX3 chemokine receptor 1 deficiency leads to reduced dendritic complexity and delayed maturation of newborn
neurons in the adult mouse hippocampus. Neural Regen. Res. 10, 772–777, https://doi.org/10.4103/1673-5374.156979

21 Islam, M.M. and Zhang, C.L. (2015) TLX: A master regulator for neural stem cell maintenance and neurogenesis. Biochim. Biophys. Acta 1849,
210–216, https://doi.org/10.1016/j.bbagrm.2014.06.001

22 Sun, G., Yu, R.T., Evans, R.M. and Shi, Y. (2007) Orphan nuclear receptor TLX recruits histone deacetylases to repress transcription and regulate neural
stem cell proliferation. Proc. Natl. Acad. Sci. U.S.A. 104, 15282–15287, https://doi.org/10.1073/pnas.0704089104

23 Liu, H.K., Wang, Y., Belz, T., Bock, D., Takacs, A., Radlwimmer, B. et al. (2010) The nuclear receptor tailless induces long-term neural stem cell
expansion and brain tumor initiation. Genes Dev. 24, 683–695, https://doi.org/10.1101/gad.560310

24 Niu, W., Zou, Y., Shen, C. and Zhang, C.L. (2011) Activation of postnatal neural stem cells requires nuclear receptor TLX. J. Neurosci. 31,
13816–13828, https://doi.org/10.1523/JNEUROSCI.1038-11.2011

25 Li, W., Sun, G., Yang, S., Qu, Q., Nakashima, K. and Shi, Y. (2008) Nuclear receptor TLX regulates cell cycle progression in neural stem cells of the
developing brain. Mol. Endocrinol. 22, 56–64, https://doi.org/10.1210/me.2007-0290

26 O’Leime, C.S., Cryan, J.F. and Nolan, Y.M. (2017) Nuclear deterrents: intrinsic regulators of IL-1beta-induced effects on hippocampal neurogenesis.
Brain Behav. Immun. 66, 394–412, https://doi.org/10.1016/j.bbi.2017.07.153

27 Qin, S., Niu, W., Iqbal, N., Smith, D.K. and Zhang, C.L. (2014) Orphan nuclear receptor TLX regulates astrogenesis by modulating BMP signaling. Front.
Neurosci. 8, 74, https://doi.org/10.3389/fnins.2014.00074

28 Shimozaki, K., Zhang, C.L., Suh, H., Denli, A.M., Evans, R.M. and Gage, F.H. (2012) SRY-box-containing gene 2 regulation of nuclear receptor tailless
(Tlx) transcription in adult neural stem cells. J. Biol. Chem. 287, 5969–5978, https://doi.org/10.1074/jbc.M111.290403

29 Zhao, C., Sun, G., Li, S. and Shi, Y. (2009) A feedback regulatory loop involving microRNA-9 and nuclear receptor TLX in neural stem cell fate
determination. Nat. Struct. Mol. Biol. 16, 365–371, https://doi.org/10.1038/nsmb.1576

30 Zhao, C., Sun, G., Li, S., Lang, M.F., Yang, S., Li, W. et al. (2010) MicroRNA let-7b regulates neural stem cell proliferation and differentiation by targeting
nuclear receptor TLX signaling. Proc. Natl. Acad. Sci. U.S.A. 107, 1876–1881, https://doi.org/10.1073/pnas.0908750107

31 Huang, Y., Liu, X. and Wang, Y. (2015) MicroRNA-378 regulates neural stem cell proliferation and differentiation in vitro by modulating Tailless
expression. Biochem. Biophys. Res. Commun. 466, 214–220, https://doi.org/10.1016/j.bbrc.2015.09.011

32 Young, K.A., Berry, M.L., Mahaffey, C.L., Saionz, J.R., Hawes, N.L., Chang, B. et al. (2002) Fierce: a new mouse deletion of Nr2e1; violent behaviour and
ocular abnormalities are background-dependent. Behav. Brain Res. 132, 145–158, https://doi.org/10.1016/S0166-4328(01)00413-2

33 Christie, B.R., Li, A.M., Redila, V.A., Booth, H., Wong, B.K., Eadie, B.D. et al. (2006) Deletion of the nuclear receptor Nr2e1 impairs synaptic plasticity
and dendritic structure in the mouse dentate gyrus. Neuroscience 137, 1031–1037, https://doi.org/10.1016/j.neuroscience.2005.08.091

34 O’Leary, J.D., Kozareva, D.A., Hueston, C.M., O’Leary, O.F., Cryan, J.F. and Nolan, Y.M. (2016) The nuclear receptor Tlx regulates motor, cognitive and
anxiety-related behaviours during adolescence and adulthood. Behav. Brain Res. 306, 36–47, https://doi.org/10.1016/j.bbr.2016.03.022

35 Kozareva, D.A., Hueston, C.M., O’Leime, C.S., Crotty, S., Dockery, P., Crayn, J.F. et al. (2017) Absence of the neurogenesis-dependent nuclear receptor
TLX induces inflammation in the hippocampus. J. Neuroimmunol.,, [Epub ahead of print], https://doi.org/10.1016/j.jneuroim.2017.08.008

36 Green, H.F., Treacy, E., Keohane, A.K., Sullivan, A.M., O’Keeffe, G.W. and Nolan, Y.M. (2012) A role for interleukin-1beta in determining the lineage fate
of embryonic rat hippocampal neural precursor cells. Mol. Cell. Neurosci. 49, 311–321, https://doi.org/10.1016/j.mcn.2012.01.001

37 O’Leime, C.S., Kozareva, D.A., Hoban, A.E., Long-Smith, C.M., Cryan, J.F. and Nolan, Y.M. (2018) TLX is an intrinsic regulator of the negative effects of
IL-1beta on proliferating hippocampal neural progenitor cells. FASEB J. 32, 613–624, https://doi.org/10.1096/fj.201700495R

38 Jung, S., Aliberti, J., Graemmel, P., Sunshine, M.J., Kreutzberg, G.W., Sher, A. et al. (2000) Analysis of fractalkine receptor CX(3)CR1 function by
targeted deletion and green fluorescent protein reporter gene insertion. Mol. Cell. Biol. 20, 4106–4114,
https://doi.org/10.1128/MCB.20.11.4106-4114.2000

© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

11

https://doi.org/10.1111/nyas.12805
https://doi.org/10.1073/pnas.95.18.10896
https://doi.org/10.1126/science.1202529
https://doi.org/10.3389/fncel.2014.00129
https://doi.org/10.3389/fncel.2014.00229
https://doi.org/10.1634/stemcells.22-1-109
https://doi.org/10.1016/j.neurobiolaging.2009.11.022
https://doi.org/10.1523/JNEUROSCI.3667-11.2011
https://doi.org/10.1523/JNEUROSCI.5925-11.2012
https://doi.org/10.1016/j.bbi.2014.04.009
https://doi.org/10.4103/1673-5374.156979
https://doi.org/10.1016/j.bbagrm.2014.06.001
https://doi.org/10.1073/pnas.0704089104
https://doi.org/10.1101/gad.560310
https://doi.org/10.1523/JNEUROSCI.1038-11.2011
https://doi.org/10.1210/me.2007-0290
https://doi.org/10.1016/j.bbi.2017.07.153
https://doi.org/10.3389/fnins.2014.00074
https://doi.org/10.1074/jbc.M111.290403
https://doi.org/10.1038/nsmb.1576
https://doi.org/10.1073/pnas.0908750107
https://doi.org/10.1016/j.bbrc.2015.09.011
https://doi.org/10.1016/S0166-4328(01)00413-2
https://doi.org/10.1016/j.neuroscience.2005.08.091
https://doi.org/10.1016/j.bbr.2016.03.022
https://doi.org/10.1016/j.jneuroim.2017.08.008
https://doi.org/10.1016/j.mcn.2012.01.001
https://doi.org/10.1096/fj.201700495R
https://doi.org/10.1128/MCB.20.11.4106-4114.2000


Neuronal Signaling (2019) 3 NS20180177
https://doi.org/10.1042/NS20180177

39 Livak, K.J. and Schmittgen, T.D. (2001) Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods 25, 402–408, https://doi.org/10.1006/meth.2001.1262

40 Shi, Y., Sun, G., Zhao, C. and Stewart, R. (2008) Neural stem cell self-renewal. Crit. Rev. Oncol. Hematol. 65, 43–53,
https://doi.org/10.1016/j.critrevonc.2007.06.004

41 Pevny, L.H. and Nicolis, S.K. (2010) Sox2 roles in neural stem cells. Int. J. Biochem. Cell Biol. 42, 421–424,
https://doi.org/10.1016/j.biocel.2009.08.018

42 Sun, G., Ye, P., Murai, K., Lang, M.F., Li, S., Zhang, H. et al. (2011) miR-137 forms a regulatory loop with nuclear receptor TLX and LSD1 in neural stem
cells. Nat. Commun. 2, 529, https://doi.org/10.1038/ncomms1532

43 Zhao, C., Sun, G., Ye, P., Li, S. and Shi, Y. (2013) MicroRNA let-7d regulates the TLX/microRNA-9 cascade to control neural cell fate and neurogenesis.
Sci. Rep. 3, 1329, https://doi.org/10.1038/srep01329

44 Hu, Y., Luo, M., Ni, N., Den, Y., Xia, J., Chen, J. et al. (2014) Reciprocal actions of microRNA-9 and TLX in the proliferation and differentiation of retinal
progenitor cells. Stem Cells Dev. 23, 2771–2781, https://doi.org/10.1089/scd.2014.0021

45 Ni, N., Zhang, D., Xie, Q., Chen, J., Wang, Z., Deng, Y. et al. (2014) Effects of let-7b and TLX on the proliferation and differentiation of retinal progenitor
cells in vitro. Sci. Rep. 4, 6671, https://doi.org/10.1038/srep06671

46 Murai, K., Qu, Q., Sun, G., Ye, P., Li, W., Asuelime, G. et al. (2014) Nuclear receptor TLX stimulates hippocampal neurogenesis and enhances learning
and memory in a transgenic mouse model. Proc. Natl. Acad. Sci. U.S.A. 111, 9115–9120, https://doi.org/10.1073/pnas.1406779111

47 Krist, B., Florczyk, U., Pietraszek-Gremplewicz, K., Jozkowicz, A. and Dulak, J. (2015) The role of miR-378a in metabolism, angiogenesis, and muscle
biology. Int. J. Endocrinol. 2015, 281756, https://doi.org/10.1155/2015/281756

48 Lee, D.Y., Deng, Z., Wang, C.H. and Yang, B.B. (2007) MicroRNA-378 promotes cell survival, tumor growth, and angiogenesis by targeting SuFu and
Fus-1 expression. Proc. Natl. Acad. Sci. U.S.A. 104, 20350–20355, https://doi.org/10.1073/pnas.0706901104

49 Gui, H., Li, M.L. and Tsai, C.C. (2011) A tale of tailless. Dev. Neurosci. 33, 1–13, https://doi.org/10.1159/000321585
50 Sun, G., Alzayady, K., Stewart, R., Ye, P., Yang, S., Li, W. et al. (2010) Histone demethylase LSD1 regulates neural stem cell proliferation. Mol. Cell. Biol.

30, 1997–2005, https://doi.org/10.1128/MCB.01116-09
51 Yokoyama, A., Takezawa, S., Schule, R., Kitagawa, H. and Kato, S. (2008) Transrepressive function of TLX requires the histone demethylase LSD1. Mol.

Cell. Biol. 28, 3995–4003, https://doi.org/10.1128/MCB.02030-07
52 Pagani, F., Paolicelli, R.C., Murana, E., Cortese, B., Di Angelantonio, S., Zurolo, E. et al. (2015) Defective microglial development in the hippocampus of

Cx3cr1 deficient mice. Front. Cell Neurosci. 9, 111, https://doi.org/10.3389/fncel.2015.00111
53 Sellner, S., Paricio-Montesinos, R., Spiess, A., Masuch, A., Erny, D., Harsan, L.A. et al. (2016) Microglial CX3CR1 promotes adult neurogenesis by

inhibiting Sirt 1/p65 signaling independent of CX3CL1. Acta Neuropathol. Commun. 4, 102, https://doi.org/10.1186/s40478-016-0374-8
54 Jurgens, H.A. and Johnson, R.W. (2012) Dysregulated neuronal-microglial cross-talk during aging, stress and inflammation. Exp. Neurol. 233, 40–48,

https://doi.org/10.1016/j.expneurol.2010.11.014
55 Lin, P.Y., Fosmire, S.P., Park, S.H., Park, J.Y., Baksh, S., Modiano, J.F. et al. (2007) Attenuation of PTEN increases p21 stability and cytosolic localization

in kidney cancer cells: a potential mechanism of apoptosis resistance. Mol. Cancer 6, 16, https://doi.org/10.1186/1476-4598-6-16
56 Moynagh, P.N. (2005) The interleukin-1 signalling pathway in astrocytes: a key contributor to inflammation in the brain. J. Anat. 207, 265–269,

https://doi.org/10.1111/j.1469-7580.2005.00445.x
57 Srinivasan, D., Yen, J.H., Joseph, D.J. and Friedman, W. (2004) Cell type-specific interleukin-1beta signaling in the CNS. J. Neurosci. 24, 6482–6488,

https://doi.org/10.1523/JNEUROSCI.5712-03.2004
58 Lira-Diaz, E. and Gonzalez-Perez, O. (2016) Emerging roles of microglia cells in the regulation of adult neural stem cells. Neuroimmunol. Neuroinflamm.

3, 204–206, https://doi.org/10.20517/2347-8659.2016.32
59 Sorrells, S.F., Paredes, M.F., Cebrian-Silla, A., Sandoval, K., Qi, D., Kelley, K.W. et al. (2018) Human hippocampal neurogenesis drops sharply in children

to undetectable levels in adults. Nature 555, 377–381, https://doi.org/10.1038/nature25975
60 Boldrini, M., Fulmore, C.A., Tartt, A.N., Simeon, L.R., Pavlova, I., Poposka, V. et al. (2018) Human hippocampal neurogenesis persists throughout aging.

Cell Stem Cell 22, 589–599, https://doi.org/10.1016/j.stem.2018.03.015
61 Kempermann, G., Gage, F.H., Aigner, L., Song, H., Curtis, M.A., Thuret, S. et al. (2018) Human adult neurogenesis: evidence and remaining questions.

Cell Stem Cell 23, 25–30, https://doi.org/10.1016/j.stem.2018.04.004
62 Eggen, B.J., Raj, D., Hanisch, U.K. and Boddeke, H.W. (2013) Microglial phenotype and adaptation. J. Neuroimmune Pharmacol. 8, 807–823,

https://doi.org/10.1007/s11481-013-9490-4
63 Turano, A., Lawrence, J.H. and Schwartz, J.M. (2017) Activation of neonatal microglia can be influenced by other neural cells. Neurosci. Lett. 657,

32–37, https://doi.org/10.1016/j.neulet.2017.07.052
64 Schouten, M., Buijink, M.R., Lucassen, P.J. and Fitzsimons, C.P. (2012) New neurons in aging brains: molecular control by small non-coding RNAs.

Front. Neurosci. 6, 25, https://doi.org/10.3389/fnins.2012.00025
65 Kumar, R.A., Chan, K.L., Wong, A.H., Litlle, K.Q., Rajcan-Separovic, E., Abrahams, B.S. et al. (2004) Unexpected embryonic stem (ES) cell mutations

represent a concern in gene targeting: lessons from the “fierce” mice. Genesis 38, 51–57, https://doi.org/10.1002/gene.20001
66 Schneider, C.A., Rasband, W.S. and Eliceiri, K.W. (2012) NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675,

https://doi.org/10.1038/nmeth.2089

12 © 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.critrevonc.2007.06.004
https://doi.org/10.1016/j.biocel.2009.08.018
https://doi.org/10.1038/ncomms1532
https://doi.org/10.1038/srep01329
https://doi.org/10.1089/scd.2014.0021
https://doi.org/10.1038/srep06671
https://doi.org/10.1073/pnas.1406779111
https://doi.org/10.1155/2015/281756
https://doi.org/10.1073/pnas.0706901104
https://doi.org/10.1159/000321585
https://doi.org/10.1128/MCB.01116-09
https://doi.org/10.1128/MCB.02030-07
https://doi.org/10.3389/fncel.2015.00111
https://doi.org/10.1186/s40478-016-0374-8
https://doi.org/10.1016/j.expneurol.2010.11.014
https://doi.org/10.1186/1476-4598-6-16
https://doi.org/10.1111/j.1469-7580.2005.00445.x
https://doi.org/10.1523/JNEUROSCI.5712-03.2004
https://doi.org/10.20517/2347-8659.2016.32
https://doi.org/10.1038/nature25975
https://doi.org/10.1016/j.stem.2018.03.015
https://doi.org/10.1016/j.stem.2018.04.004
https://doi.org/10.1007/s11481-013-9490-4
https://doi.org/10.1016/j.neulet.2017.07.052
https://doi.org/10.3389/fnins.2012.00025
https://doi.org/10.1002/gene.20001
https://doi.org/10.1038/nmeth.2089

