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Neuroinflammation and neurogenesis have both been the subject of intensive investigation
over the past 20 years. The sheer complexity of their regulation and their ubiquity in various
states of health and disease have sometimes obscured the progress that has been made in
unraveling their mechanisms and regulation.
A recent study by Kozareva et al. (Neuronal Signaling (2019) 3), provides evidence that the
orphan nuclear receptor TLX is central to communication between microglia and neural
precursor cells and could help us understand how inflammation, mediated by microglia,
influences the development of new neurons in the adult hippocampus.
Here, we put recent studies on TLX into the context of what is known about adult neuroge-
nesis and microglial activation in the brain, along with the many hints that these processes
must be inter-related.

Commentary
The orphan nuclear receptor TLX, first identified in retinal photoreceptors 20 years ago [1,2], has been
studied mostly for its role in regulating the ongoing creation of new neurons in the adult hippocampus
[3–5]. This adult neurogenesis occurs in at least several mammalian species, including humans [6–11]
and has been implicated in learning, memory, stress regulation and maintaining emotional resilience
[6,7,12–14]. There has been considerable interest in harnessing neurogenesis to treat disorders ranging
from depression to Alzheimer’s [6,8,10,12,15] but much remains to be learned about how the process is
regulated and why it sometimes fails. In a recent paper in Neuronal Signaling , Kozareva et al. [16] made
a significant contribution to our understanding of neurogenesis by demonstrating a new role for TLX in
mediating communication between the neural stem cells and neighboring microglia.

The birth, migration, differentiation and functional integration of the newborn neurons into the adult
hippocampal circuitry is influenced by various factors: exercise and intellectual/social stimulation pro-
mote neurogenesis, whereas stress, loneliness, and inflammation suppress it [6,7,13,17–19]. Also diet,
specific nutrients and sleep (deprivation) modify neurogenesis, often in an age-specific manner [20–24].
Certain microRNAs and transcription factors can influence specific stages of the neurogenic process and
modulate the proliferation of neural stem cells or their subsequent survival [25–30]. While one microRNA
can regulate many different target genes, each microRNA can in turn be regulated by various other genes
or regulatory factors.

When regulation is this complex and interdependent, there are often ‘master’ or ‘upstream’ factors
that exert a higher level of control. This appears to be the function of the orphan nuclear receptor TLX
(Nr2e1), whose role in hippocampal neurogenesis has been increasingly appreciated over the past decade
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[3–5,31,32]. TLX is expressed in both neurogenic niches (the subventricular zone of the ventricular walls and the
subgranular zone of the dentate gyrus), specifically in the neuronal precursor cells (NPCs), which it maintains in a
proliferative state by preventing them from undergoing ectopic differentiation. Consistent with this functional role,
TLX knockout mice display impaired neurogenic responses, diminished hippocampal volume, impaired long-term
potentiation in the dentate gyrus and deficits in hippocampal memory and related behaviors [3–5,32,35].

Interestingly, TLX has also been linked to neuro-inflammatory changes and to microglia, the brain’s immune cells
[36–39]. Microglia contribute to synaptic pruning and phagocytic clearance of subsets of the adult-born cells [40,41].
They show specific morphological changes with age [42–44] and the neuro-inflammatory mediators they produce
during this process and in related diseases impair hippocampal function and suppress neurogenesis [18,19,41,45,46].
Specifically, the pro-inflammatory cytokine interleukin-1β (IL-1β), which is induced in microglia after peripheral
inflammation [47,48], suppresses both hippocampal NPC proliferation and TLX expression [49–53]. IL-1β also in-
duces a range of transcriptional changes that are regulated by TLX [51], but in the absence of TLX, microglia become
activated and induce hippocampal inflammation [50,53,54].

To delineate pathways of communication between TLX and microglia, Kozareva et al. [16] assessed microRNA
expression patterns of known up- or downstream signaling molecules of TLX in the hippocampus of mice lacking
CX3CR1, a microglially expressed receptor for the chemokine CX3CL1 (fractalkine) that is released by adult neurons
[55,56]. The authors show that in these knockout mice, expression of TLX and its downstream, but not upstream,
targets, were selectively reduced. Instead, there is an up-regulation of the TLX repressor MIR-378 and increases in
levels of the target genes bone morphogenic protein 4 (BMP4) and PTEN. However, no change in other miRNAs,
such as miR-9, miR-137, miR-let7d or miR-let7b, which suppress TLX both in vitro and in vivo, were observed.
Therefore, the reduction in TLX in CX3CR1-KO mice must be independent of both the TLX-miR-let7b regulatory
loop and the TLX-miR-9 feedback pathway. This is consistent with the concept that an absence of CX3CR1 could
down-regulate TLX via a self-repression mechanism [35,57–60] and positions TLX as a potential target or co-regulator
of the CX3CR1/CX3CL1 pathway. The concomitant reduction in hippocampal neurogenesis observed in CX3CR1
knockout mice may thus result from activation of TLX-suppressing signaling pathways that inhibit activation of qui-
escent NSCs and maintain them in a non-proliferative state through PTEN signaling. By identifying these factors,
Kozareva et al. [16] extend the work of Ó’Léime et al. [50] to provide the pathways linking microglia activation and
IL-1β increases to reductions in TLX and neurogenesis [42,51,52,60].

TLX overexpression increases neuronal precursor cell proliferation, hippocampal neurogenesis and enhances
learning and memory [61]. Similar gain of function approaches could shed light on gliogenesis, and whether this
also involves CX3CL1/CX3CR1-dependent mechanisms. Whereas Kozareva et al. [16] has studied whole hippocam-
pal homogenates, a more specific analysis of the NSCs isolated from the dentate gyrus would be very informative.
Similarly, future studies of the other neurogenic regions of the brain, such as the subventricular zone, will determine
whether the microglia behave differently in this region. Given that TLX is involved in the transcriptional repression
of BMP4, which is involved in astrogenesis, it would be of considerable interest to examine whether the reduction in
hippocampal neurogenesis in CX3CR1 knockout mice is coupled to changes in hippocampal astrogenesis. Astrocytes
can produce IL-1β in the central nervous system and thus may act as the ‘middle man’ in the cascade that suppresses
neurogenesis as a result of CX3CR1 and/or TLX deficiency.

It will also be interesting to characterize the role of TLX in neurogenesis–microglia communication under con-
ditions that are known to modulate neurogenesis and/or inflammation, such as chronic stress, aging, inflammation
or disease [6,7,10,11,18,19,40]. The same applies for a possible role for TLX in the rapid clearance of apoptotic new-
born cells, which is mediated by microglia [41], and it will be interesting to assess this under conditions of immune
suppression, TLX targeting or knockdown, blocked or depleted microglia activity, or other environmental or phar-
macological manipulations [17,44,62,63].

Studies further investigating the relationship between TLX and CX3CL1/CX3CR1 signaling will provide valu-
able information to understand the implications and functional roles of this master regulator. Mediators of
neuro-inflammation are involved in brain diseases ranging from depression to Alzheimer’s, and a better understand-
ing of the roles of TLX will provide important insights into the basic mechanisms of hippocampal plasticity and
neurogenic–microglial cross-talk. Much remains to be learned in order to develop preventive or anti-inflammatory
therapies for the hippocampal changes in these disorders, but studies like this are making clear progress toward this
goal.
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synaptic integration of adult-born hippocampal granule neurons. Brain Behav. Immun. 68, 76–89, https://doi.org/10.1016/j.bbi.2017.10.002

58 Murai, K., Sun, G., Ye, P., Tian, E., Yang, S., Cui, Q. et al. (2016) The TLX-miR-219 cascade regulates neural stem cell proliferation in neurodevelopment
and schizophrenia iPSC model. Nat. Commun. 7, 10965, https://doi.org/10.1038/ncomms10965

59 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

60 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

61 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, https://doi.org/10.1073/pnas.1406779111

62 Borsini, A., Zunszain, P.A., Thuret, S. and Pariante, C.M. (2015) The role of inflammatory cytokines as key modulators of neurogenesis. Trends Neurosci.
38, 145–157, https://doi.org/10.1016/j.tins.2014.12.006

63 Benod, C., Villagomez, R., Filgueira, C.S., Hwang, P.K., Leonard, P.G., Poncet-Montange, G. et al. (2014) The human orphan nuclear receptor tailless
(TLX, NR2E1) is druggable. PLoS ONE 9, e99440, https://doi.org/10.1371/journal.pone.0099440

© 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).

5

D
ow

nloaded from
 https://portlandpress.com

/neuronalsignal/article-pdf/3/2/N
S20180208/843116/ns-2018-0208c.pdf by guest on 01 April 2020

https://doi.org/10.1016/j.bbi.2013.03.005
https://doi.org/10.1038/tp.2012.117
https://doi.org/10.7554/eLife.30809
https://doi.org/10.1016/j.bbi.2015.11.008
https://doi.org/10.1016/j.bbi.2017.10.002
https://doi.org/10.1038/ncomms10965
https://doi.org/10.1038/ncomms1532
https://doi.org/10.1038/nsmb.1576
https://doi.org/10.1073/pnas.1406779111
https://doi.org/10.1016/j.tins.2014.12.006
https://doi.org/10.1371/journal.pone.0099440

