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The manipulation of neural plasticity as a means of intervening in the onset and progression of stress-related disorders

retains its appeal for many researchers, despite our limited success in translating such interventions from the laboratory

to the clinic. Given the challenges of identifying individual genetic variants that confer increased risk for illnesses like

depression and post-traumatic stress disorder, some have turned their attention instead to focusing on so-called “master

regulators” of plasticity that may provide a means of controlling these potentially impaired processes in psychiatric illness-

es. The mammalian homolog of Tailless (TLX), Wnt, and the homeoprotein Otx2 have all been proposed to constitute

master regulators of different forms of plasticity which have, in turn, each been implicated in learning and stress-related

disorders. In the present review, we provide an overview of the changing distribution of these genes and their roles

both during development and in the adult brain. We further discuss how their distinct expression profiles provide clues

as to their function, and may inform their suitability as candidate drug targets in the treatment of psychiatric disorders.

In the past two decades it has become clear that many forms
of neural plasticity once believed unique to early development
are in fact recapitulated in the adult brain during learning. A vast
body of literature has since focused on identifying and characteriz-
ing these various neuroplastic processes, as well as the long list
of molecular regulators that may play a role in mediating this plas-
ticity. The sheer breadth of candidate genes and molecules that
contribute to each of these processes has, in turn, reinvigorated
interest in the identification of so-called “master regulators” of
plasticity. Yet there remains no clear definition for what consti-
tutes a “master regulator,” with no detailed accounting of what
characteristics such regulators of neural plasticity share. Nor, im-
portantly, is there any consensus as to whether any shared features
they may possess can be used to categorize regulators of plasticity
in a manner that helps inform their function.

Neural plasticity can be broadly defined as the alteration of
structural features of neurons that result in changes in interneural
communication. Such changes may be long- or short-term, ultra-
or macrostructural in nature; they may be limited to the molecular
reorganization of individual synapses, extend to neuron-wide
changes in intrinsic excitability, or even involve the generation
of entirely new neurons (for review, see Fioravante and Regehr
2011; McEwen et al. 2012; Ehrlich and Josselyn 2016). Together,
these various forms of neuronal remodeling are believed to under-
lie the brain’s remarkable capacity to learn and remember. The
foundational studies implicating neural plasticity in these func-
tions were conducted in Aplysia californica and provided the first
direct evidence that manipulating synaptic plasticity can result
in behavioral changes—in this case, sensitization of the gill with-
drawal reflex (for an excellent narrative review of the evolution
of the field of neural plasticity, see Sweatt 2016). Since these
initial explorations, a large number of environmental factors
have been shown to alter various forms of neural plasticity in a
temporal- or developmental period-dependent manner, issues we

discuss in greater detail below (McEwen et al. 2012; Callaghan
and Tottenham 2016; Ehrlich and Josselyn 2016).

It is generally accepted that the regulation of neural processes
underlying learning is not strictly hierarchical. Instead, a web of
interacting messengers and mediators work in tandem to shape
various aspects of function and plasticity. In addition to the com-
plexity inherent in disentangling the relative contributions and
import of overlapping networks, the number of molecular classes
that seem to play a role in the regulation of plasticity has increased
dramatically over the past decade, and shows no sign of slowing.
Noncoding RNAs, transcription factors,microRNAs, histone deace-
tylases, and receptors with their secreted ligands of every descrip-
tion have all been implicated in the organization and execution
of structural remodeling. Furthermore, the relative import of any
given molecular class or network varies from brain region to brain
region and depends upon many factors including local architec-
ture, cellular heterogeneity and composition, and innate capacity
for remodeling.

Despite the hope that large-scale genome-wide association
studies (GWAS) would reveal key molecular contributors to the de-
velopment of complex, stress-related psychiatric disorders, so far
this approach has been unable to provide more than a handful of
candidate therapeutic targets that are both targetable and broadly
implicated in the etiologyof these illnesses (Smoller 2016; Banerjee
et al. 2017). Instead, GWAS and related approaches have provided a
strong argument for the view that many stress-related disorders are
associated with dysregulation among common subsets of cellular
processes. If such studies have thus far failed to reveal the precise
source of genetic risk, they have at least pointed us in the direction
of which cellular functions may hold the most promise in amelio-
rating the outcome.
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Among the processes implicated in stress-related disorders,
neural plasticity-related pathways have consistently arisen as key
mediators of psychiatric risk and treatment response, and their rel-
evance to both illness and pharmacological intervention has been
supported by multiple avenues of research (Kilaru et al. 2016; Sato
et al. 2016; Xie et al. 2017). Yet, given that neuroplasticity itself is
an umbrella term that encompasses a wide array of functions, and
that each of these is modulated by a long list of molecules that
are inconsistently affected in disease, identifying the molecular
fulcrums around which the processes of neurogenesis, synaptic re-
modeling, or circuit stabilization can be manipulated has proven
difficult. The hope, nevertheless, is that regardless of the proximal
cause of any given disruption in these processes, the resulting
deficits can be at least partially alleviated by moving the entire
system in one direction or another.

In evaluating candidate “master regulators” of plasticity that
may fulfill such a task, it is not enough to enumerate what process-
es they regulate. We must also consider when they do so. As will
be discussed below, the multidimension-
al profile of key molecular players in
brain patterning, cellular maturation,
and synapse formation can inform their
function as well as the feasibility of using
them as regionally specific and therapeu-
tic targets.

In the present review, we provide
a brief summary of how three candi-
date regulators of neuroplasticity—TLX,
Wnts, andOtx2—contribute to both neu-
ral development and structural remodel-
ing within adult circuits, with an eye to
highlighting how their differing patterns
of expression and roles throughoutmatu-
ration inform their function in learning.

TLX
The orphan nuclear receptor subfamily
2 group E member 1 (NR2E1), commonly
referred to as tailless or TLX, is a key
regulator of neurogenesis and of neural
stem cell population maintenance (for a
detailed review, including TLX’s role in
retinal development see Islam and
Zhang 2015). In the developing mouse
brain, TLX transcripts are first detected
on embryonic day 8 (E8), with expression
spreading from the prosencephalon into
the diencephalon soon thereafter. Upon
fusion of the neural fold, TLX expression
extends both rostrally and caudally, with
expression of this highly conserved
transcription factor apparent throughout
the developing forebrain at maximal lev-
els by E11.5 (Yu et al. 1994; Monaghan
et al. 1995). By E13.5, TLXmRNA content
begins to decrease in all brain regions
and is already substantially reduced
by E15.5 (Monaghan et al. 1995; Allen
Developing Mouse Brain Atlas 2008;
Thompson et al. 2014). However, despite
globally decreased expression at birth
in vertebrates, patches of high TLX
expression are maintained in the ventric-
ular and subventricular zones (extending
into the rostral migratory stream), as well

as in the neural epithelium from which the optic stalk arises
(Monaghan et al. 1995). Although expression of TLX in the adult
brain has been reported to exceed that seen immediately after birth
(Monaghan et al. 1995), TLX expression nevertheless appears to re-
main relatively limited and primarily localized to a small subset of
tissues in mature mammals, including the adrenal and thyroid
glands, testis, placenta, bone marrow, and neurogenic regions of
the brain (Allen Mouse Brain Atlas 2004; Nishimura et al. 2004;
Lein et al. 2007; Zhang et al. 2008). Thus, temporal and topograph-
ical expression patterns of TLX in the brain mirror mitotic activity;
its role remains fixed while its regional expression and distribution
dictate where its activity contributes to neuronal plasticity (Fig. 1).

TLX’s status as a master regulator of plasticity derives from its
indispensability for proper cell cycle progression and its broad in-
fluence on astroglio- and neurogenesis. Neurogenesis is the process
by which activated neural stem cells (NSCs) proliferate, forming
transit amplifying cells which in turn migrate to other brain re-
gions and differentiate into mature neurons in order to integrate

Figure 1. Schematic depicting expression of TLX, Wnt, and Otx2 in the brain of embryonic and adult
mice. TLX: TLX is extensively expressed during early and mid embryonic development. From late em-
bryonic development onward, TLX expression narrows to regions in which neurogenesis is maintained,
including the dentate gyrus of the hippocampus, the subventricular zone, and rostral migratory stream.
Images were recreated using the following sources: Islam and Zhang 2015; Liu et al. 2008; Lein et al.
2007; 2008 Allen Institute for Brain Science. Allen Developing Mouse Brain Atlas. Available from: devel-
opingmouse.brain-map.org; 2004 Allen Institute for Brain Science. Allen Mouse Brain Atlas. Available
from: mouse.brain-map.org. Wnt: Canonical Wnt signaling during early embryonic development as
visualized by TCF/Lef-LacZ expression is broadly distributed throughout the embryonic brain, with
regions of greater expression along the superciliary arch, developing frontal cortex, and midbrain. In
the adult brain, Wnt1 expression is widespread but particularly elevated in ventral cortical regions,
the hippocampus, whereas the amygdala displays moderate Wnt1 expression. Images were recreated
using the following sources: Maguschak and Ressler 2012; Mani et al. 2010; Allen Developing Mouse
Brain Atlas. Available from: developingmouse.brain-map.org; 2004 Allen Institute for Brain Science.
Allen Mouse Brain Atlas. Available from: mouse.brain-map.org. Otx2: Otx2 is prominently expressed
throughout the embryonic mouse diencephalon and mesencephalon, but post-natally Otx2 mRNA pro-
duction in the brain is restricted to the choroid plexus localized in the lateral and third ventricles. Otx2
protein, on the other hand, is released and circulates in the cerebrospinal fluid, before being sequestered
by parvalbumin-expressing interneurons in multiple brain regions. Images were recreated using the fol-
lowing sources: Courtois et al. 2003; Fossat et al. 2005, 2007; Allen Developing Mouse Brain Atlas.
Available from: developingmouse.brain-map.org; 2004 Allen Institute for Brain Science. Allen Mouse
Brain Atlas. Available from: mouse.brain-map.org.
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into functional neural circuits. TLX knockout mice display cortical
thinning as early as E14.5, with maximal neuronal loss in superfi-
cial layers (Land and Monaghan 2003). These neurogenic deficits
are attributable to reduced proliferation in germinal zones and
reduced rates of cell division among progenitors as well as with pre-
mature cell cycle exit (Roy et al. 2004; Li et al. 2008), impairments
that continue throughout development and into adulthood in
TLX null mice. In the absence of TLX, ordinarily neurogenic
regions in the adult brain such as the hippocampus and subventric-
ular zone display an ectopic accumulation of quiescent NSCs
that fail to produce neural progeny, while knock-down of TLX in
transit amplifying cells biases differentiation toward a glial fate
(Liu et al. 2008; Obernier et al. 2011; Li et al. 2012; Niu et al.
2011). These effects occur in tandem with increased expression
of the astrocytic markers S100β, glial fibrillary acid protein, and
AQP4, supporting the view that TLX’s role in maintaining undif-
ferentiated cellular states depends upon its function as a transcrip-
tional repressor (Shi et al. 2004). Notably, administration of
exogenous TLX is sufficient to repress the glia-associated proteins
listed above and to reactivate NSCs rendered quiescent by TLX
knock-down (Shi et al. 2004; Niu et al. 2011). Finally, a recent re-
port suggests TLX also regulates cellular senescence (O’Loghlen
et al. 2015).

Since this early work characterizing TLX’s function in main-
taining the brain’s neurogenic niches, several additional targets
of TLX have been identified, many of which are directly implicated
in regulating cell proliferation and differentiation. For instance, a
2008 study by Zhang et al. (2008) reported that deletion of TLX
in adult hippocampal NSCs altered expression of over 200 genes,
45 of which are known modulators of cell cycle dynamics, DNA
replication, or proliferation. Among these: MASH1 (Elmi et al.
2010), bone morphogenetic protein (Qin et al. 2014), and PTEN,
whose repression by TLX has been shown to depend upon the
recruitment of histone deacetylase HDAC5 (Sun et al. 2007).
More recently,multiple studies have reported bidirectional interac-
tions between TLX and microRNAs, providing an additional layer
of complexity to TLX-mediated transcriptional regulation (Zhao
et al. 2013; Ni et al. 2014; Huang et al. 2015; Murai et al. 2016).
Finally, TLX has been shown to maintain stem cell renewal and
induce proliferation via activation of the Wnt pathway, another
major regulator of plasticity which we discuss below (Qu et al.
2010; O’Loghlen et al. 2015).

Behaviorally, TLX-null mutant mice display increased aggres-
sion, altered anxiety-like behavior, and impaired cue and contextu-
al fear conditioning (Roy et al. 2002). However, it seems that
many of these deficits are primarily attributable to the altered
developmental trajectory and gross morphological abnormalities
associated with early loss of TLX. Spontaneous germline deletion
of TLX is associated with altered development of the olfactory
bulbs and limbic system in C57BL/6J, 129P3/JEms, and B6129F1
mouse lines (Young et al. 2002). In particular, in germline TLX
deletion animals, hippocampal size is markedly reduced, and
dentate gyrus granule cells display reduced dendritic complexity
(Roy et al. 2004; Christie et al. 2006).

Considerably less is known about the effects of adult deletion
of TLX on behavior. Despite evidence that cell proliferation in the
dentate gyrus is required for contextual fear conditioning, a 2008
report by Zhang et al. (2008) found that TLX knock-down during
adulthood—and the subsequent 80% reduction in adult hippo-
campal neurogenesis—did not result in any fear conditioning
deficit. However, these same mice displayed impaired short-term
memory and delayed learning 4 wk after TLX knock-down on
the Morris Water Maze task, a behavioral measure that is sensitive
to reductions in adult dentate gyrus neurogenesis (Zhang et al.
2008; Gonçalves et al. 2016). Notably, the authors of this study re-
ported that the need for adult hippocampal neurogenesis in spatial

learning depended upon the training protocol used and, therefore,
the task difficulty. Similar requirements may therefore exist for
contextual fear conditioning, so given a more rigorous training
protocol TLX deletion may yet prove to adversely affect outcome
on these learning tasks. A recent report from Seo et al. (2015) lends
support to this possibility. These authors found that ablating
hippocampal neurogenesis either impaired or facilitated fear con-
ditioning as a function of the strength of the aversive stimulus
and the extent to which the conditioning paradigm recruited non-
associative plasticity.

Unfortunately, the report of Zhang and colleagues remains, to
the best of our knowledge, the only exploration of the effects of
adult deletion of TLX on behavior. However, a large body of liter-
ature implicates adult neurogenesis in the execution of a range of
affective and cognitive processes including pattern separation,
the temporal organization of memories, spatial learning, forget-
ting, and fear generalization, and a range of models postulating
how these are achieved have been proposed (for a recent review,
see Besnard and Sahay 2016; Gonçalves et al. 2016). Given the
indispensability of TLX for maintaining neurogenesis in the adult
brain, it is therefore probable that future research will provide a
better understanding of the behavioral ramifications of TLX dele-
tions or loss-of-function mutations.

Although neurogenesis is a complex process regulated by a
vast array of molecules, the functional heterogeneity of many
of these regulators make them ill-suited to attempting to modu-
late neurogenesis without altering other forms of plasticity in
multiple brain regions. For instance, neurotrophins such as brain-
derived neurotrophic factor, permissive plasticity factors such as
polysialylated neural cell adhesion molecule, and even other
stem-cell markers like nestin, while crucial to neurogenic func-
tion, also appear to regulate diverse forms of plasticity in other
brain areas (Guirado et al. 2014; Ehrlich and Josselyn 2016;
Farzanehfar et al. 2017). Conversely, the highly regionalized na-
ture of TLX expression in the adult brain makes this transcription
factor an attractive candidate for future studies on its role in me-
diating neurogenesis directly and specifically, particularly in light
of recent evidence suggesting that TLX may be a point of cross-
talk between the neuroinflammatory response and reductions
in hippocampal neurogenesis observed following stress (Ryan
et al. 2013).

Wnt
In stark contrast to TLX, whose expression narrows to neurogenic
regions post-natally, theWnt signaling pathway represents amajor
regulator of neural plasticity whose expression remains elevated
throughout the brain for the length of the mammalian lifetime.
Instead of maintaining a consistent role, however, the contribu-
tions of Wnt signaling to neuroplasticity vary by region, and
may mediate synaptic strength, synaptic stabilization, or neuro-
genesis depending upon the brain area in question. TLX, in
comparison, is less versatile. Whereas TLX appears to maintain
undifferentiated cellular states in whatever region it is expressed,
increasing or decreasing Wnt expression has pleitropic effects
depending upon where its expression is altered.

Wnt signaling occurs via both canonical and noncanonical
signaling pathways which are either dependent upon or indepen-
dent of interaction with β-catenin, respectively. The noncanonical
pathway can be further subdivided into the Planar Cell Polarity
and Wnt/Ca2+ pathways (Habas and Dawid 2005). In addition to
relying, or not, on the activity of β-catenin and its translocation
to the nucleus in order to initiate or inhibit transcription of target
genes, the activation of canonical or noncanonical pathways is
frequently thought to be mediated by distinct members of the
Wnt family. However, the reality seems to be more nuanced. A
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compelling case has been made to support the importance of
cell surface receptor complement, rather than the identity of indi-
vidual Wnts themselves, in determining downstream signaling
(van Amerongen et al. 2008).

Following binding of Wnt glycoproteins to the cell surface
receptor Frizzled (Fz), a member of the seven transmembrane
domain family, or a receptor complex comprising both Fz and
low-density-lipoprotein-related-protein5/6 (Lrp5/6), signaling is
transduced to Dishevelled (Dsh), a cytoplasmic phosphoprotein
whose recruitment can induce signaling via all three pathways
(for a detailed review of Wnt signaling, see Komiya and Habas
2008). In the case of canonical Wnt signaling, activation of Dsh
allows β-catenin to translocate to the cell nucleus by inhibiting
the activity of glycogen synthase kinase-3 (Gsk-3), which ordinar-
ily marks β-catenin for proteasomal degradation via phosphoryla-
tion of Ser33/37 and Thr41 (Figs. 2 and 3). Upon entering the
nucleus, β-catenin binds T-cell factor/lymphoid enhancer factor
which, in turn, initiates transcription of Wnt target genes.

During embryonic development, Wnt ligand expression gra-
dients regulate rostrocaudal, and later dorsal telencephalic regional
specification, and regulate neural progenitor renewal and differen-
tiation (Glinka et al. 1998; Lee et al. 2000; Kiecker andNiehrs 2001;
Monuki et al. 2001; Megason and McMahon 2002; Machon et al.
2007; Munji et al. 2011). This latter role appears to be mediated
by tonic expression of stabilized β-catenin which inhibits cell-
cycle exit among cortical progenitors, whereas inhibition of
canonicalWnt signaling through β-catenin and increasing activity
of the Wnt/Planar Cell Polarity pathway induces maturation
(Chenn and Walsh 2002; Mutch et al. 2010; Schafer et al. 2015).
However, these effects ofWnt signaling are closely tied to develop-
mental stage, and therefore presumably the temporal expression
patterns of coregulators of neuronal development, such as FGF2,
which modulate cellular sensitivity to Wnt ligands (Israsena et al.
2004). For instance, during later developmental stages, Wnt7a
has been shown to negatively regulate cellular expansion in the
neocortex and instead promotes neural progenitor cell differentia-
tion (Hirabayashi et al. 2004). In addition, individual Wnt ligands
may act in an antagonistic manner, alternately promoting or in-
hibiting cell cycle exit within particular neuronal subpopulations
via simultaneous activation of both canonical and noncanonical
pathways (Andersson et al. 2013).

Wnt signaling remains a crucial reg-
ulator of neuronal proliferation and de-
velopment in the neurogenic regions of
the adult brain. In the mature hippocam-
pus and subventricular zone, Wnts play a
permissive role in both proliferation and
differentiation, and Wnt/β-catenin sig-
naling guides progenitors toward a neuro-
nal lineage (Lie et al. 2005; Adachi et al.
2007; Kuwabara et al. 2009; for a review
of Wnt signaling in adult hippocampal
neurogenesis, see Varela-Nallar and
Inestrosa 2013). Inhibition ofWnt signal-
ing by the secreted antagonist Dkk1
reduces proliferation in the subventricu-
lar zone and hippocampus and impairs
hippocampal-dependent memory con-
solidation, whereas enhancing Wnt sig-
naling via inhibition of Gsk-3β enhances
hippocampal neurogenesis (Adachi et al.
2007; Fortress et al. 2013; Seib et al.
2013; Xu et al. 2015; Pérez-Domper
et al. 2017). Likewise, deletion of the
Wnt inhibitor secreted frizzled-related
protein 3 activates quiescent stem cells

in the dentate gyrus (Jang et al. 2013). However, Wnts’ contribu-
tions to memory formation and maintenance extend beyond the
neurogenic regions of the adult brain, and multiple lines of evi-
dence suggest a primary role for Wnt-mediated regulation of pre-
and postsynaptic structure (for a detailed review, see Inestrosa
and Arenas 2010).

Within the amygdala and hippocampus, acute stress and fear
conditioning are associated with the phosphorylation of Gsk-3β,
which occurs in tandem with altered β-catenin levels and/or
stabilization, suggesting that learning may depend upon Wnt/
β-catenin signaling (Fujio et al. 2007; Maguschak and Ressler
2008; Dahlhoff et al. 2010). Interventions that inhibit β-catenin
stabilization in the amygdala leave acquisition of fear memory in-
tact, but interfere with consolidation (Maguschak and Ressler
2008, 2011). However, rather than resulting in improved consoli-
dation, increasing localWnt availability throughout a learning ses-
sion can also lead to memory deficits (Maguschak and Ressler
2011). These data suggest that the precise temporal regulation of
various Wnt ligands, antagonists, and intracellular signaling part-
ners may be crucial for generating new long-term memories.
Indeed, Wnt signaling is dynamically regulated in the amygdala
immediately after fear conditioning, with a large number of Wnt
family ligands displaying transient changes in expression that nor-
malize within hours after training (Maguschak and Ressler 2011).
For instance, amygdala Wnt1 expression was found to be drasti-
cally reduced immediately after conditioning. Inhibiting this
decrease via intra-amygdalar administration of exogenous Wnt1
immediately prior to fear conditioning resulted in significantly
less freezing in response to the conditioned stimulus 48 h later.
Conversely, when Wnt1 was administered after the point in time
when endogenous Wnt1 levels decreased, mice displayed normal
fear learning.

One possible explanation for these findings is that dynamic
changes inWnt signaling elicit both synaptic lability as well as syn-
aptic stabilization (Figs. 2 and 3). In line with these findings, stabi-
lization of β-catenin in the hippocampuswas found to abolish LTD
and result in impaired performance in spatial memory tasks by in-
terfering with activity-dependent cadherin and AMPA receptor en-
docytosis at the synapse (Mills et al. 2014). Likewise, long-term
retention of motor learning is impaired in mice lacking β-catenin
in dopaminergic neurons (Diaz-Ruiz et al. 2012).

Figure 2. Schematic representation of canonical Wnt/β-catenin signaling (figure taken from
Maguschak and Ressler 2012).
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Otx2
As with both TLX and Wnt ligands, the highly conserved homeo-
protein Otx2 is widely expressed during embryonic development
and required for normal brain patterning, while it also has impor-
tant functions in post-natal plasticity. The Otx2 gene encodes two
protein isoforms that are identical in both mice and humans, and
functionally indistinguishable in vitro (Beby and Lamonerie
2013). In mice, loss of Otx2 results in severe malformation of the
forebrain; in Drosophila and Xenopus, this impairment extends to
truncation of the head and/or spinal cord itself, reflecting its
crucial role in the regionalization of the central nervous system
(Finkelstein et al. 1990; Pannese et al. 1995; Ang et al. 1996;
Broccoli et al. 1999). Through its interactions with various down-
stream targets, Otx2 is further required for the generation of vari-
ous neuronal subpopulations, including ocular motor and
midbrain dopaminergic neurons (Tripathi et al. 2014; Sherf et al.
2015).

Three promoters are known to regulate Otx2 expression
in mice, and all three are active in brain (Courtois et al. 2003).
Notably, the proportion of the species of Otx2 mRNAs produced
by various promoters changes over the course of differentiation,
and in both retinal and embryonic stem cells, this shift is typified
by decreased activity of the most proximal promoter in favor of
increased activity of the most distal promoter (Courtois et al.
2003; Fossat et al. 2005). Otx2 mRNA expression increases rapidly
during early embryonic development before once more receding,
reflecting the shifting functional roles of Otx2 across various devel-
opmental periods (Courtois et al. 2003). As embryonic, then fetal
development progresses, expression of Otx2 becomes more con-

stricted and regionalized (for a detailed characterization, see
Fossat et al. 2005). Although in mice Otx2 remains prominently
expressed throughout the di- andmesencephalon, the cerebellum,
and the choroid plexus during late embryonic stages, by the early
post-natal period expression of Otx2 mRNA within the brain is
localized exclusively to the choroid plexus (Larsen et al. 2010;
Spatazza et al. 2013). This pattern is similarly maintained in the
developing human brain until at least 14 wk post-conception.
However, recruitment of the homeoprotein itself to other brain re-
gions continues to play an indispensable role in circuit develop-
ment and maintenance as the organism matures (Fig. 1).

In contrast to its cell autonomous role as a transcription
factor during early development, Otx2’s regulation of post-natal
plasticity is principally attributable to its function as a long-range
signaling molecule that is best understood in the context of ocular
dominance critical period plasticity. Briefly, in mammals, visual
input from both eyes converge on common neurons within the
visual cortex, yet neurons within this brain region are preferential-
ly sensitive to input from one eye or the other. Hubel and Wiesel
named this phenomenon “ocular dominance” and their subse-
quent work revealed that, for a brief window during development,
suppressing visual input from one eye resulted in significant reor-
ganization of the visual system: the power of each eye to elicit
responses from downstream cortical neurons shifted in favor of
the eye providing all of the visual input, whereas neurons in the
visual cortex became less responsive to the occluded eye (Hubel
and Wiesel 1962, 1970). This developmental window constitutes
the ocular dominance critical period, andOtx2 earns its reputation
as amaster regulator of plasticity as a result of its central role in this
phenomenon.

Following its translocation from the retina or secretion into
the cerebrospinal fluid by choroid plexus cells, Otx2 is internalized
by cells in layers I, II/III, and IV of the post-natal visual cortex
(Sugiyama et al. 2008; Spatazza et al. 2013; Kim et al. 2014).
Transfer of Otx2 protein, but not its synthesis in retinal cells,
appears to be activity-dependent; whereas dark-rearing inhibited
accumulation of Otx2 protein in the visual cortex, transcription
and translation of Otx2 in retinal cells was unaffected (Sugiyama
et al. 2008).Work by Spatazza et al. (2013) suggests that Otx2 trans-
fer from the choroid plexus to other brain regions via the cerebro-
spinal fluid is a passive process, and that the accumulation of Otx2
protein in target regions is regulated by the recipient cells.

Fast-spiking parvalbumin (PV)-expressing inhibitory neurons
appear to be the primary, although not the exclusive, target of
Otx2, and recruitment of Otx2 by PV-positive cells in the visual
cortex regulates the onset and closure of the ocular dominance
critical period (Sugiyama et al. 2008). In mice, this period of ocular
dominance plasticity begins around post-natal day 21, peaks∼10 d
later, and ends roughly 10 d after that (for a review of ocular dom-
inance plasticity, see: Takesian and Hensch 2013), closely mirror-
ing the development of perineuronal nets (PNNs) in the region
(Ye and Miao 2013). This process is heavily dependent on sensory
input, however, and interventions that reduce access to visual
stimuli delay both the onset of the ocular dominance critical peri-
od and the maturation of PNNs. As PV neurons mature and the
critical period progresses, the soma and processes of PV neurons
in the visual cortex are gradually surrounded by PNNs: extracellular
matrix enriched for glycosaminoglycans (Köppe et al. 1997;
Sugiyama et al. 2008). Conversely, destruction of PNNs by chon-
droitinase ABC-mediated digestion of glycosaminoglycan side
chains is sufficient to induce a resurgence of critical period-like
plasticity among PV-positive neurons in the visual cortex and rein-
duce expression of other neuroplasticity-related genes (Pizzorusso
et al. 2002, 2006; Bernard et al. 2016), as is interference of Otx2
binding to the chondroitin sulfates D and E contained within
PNNs (Beurdeley et al. 2012; Depras et al. 2013).

Figure 3. Proposedmodel for the regulation of synaptic restructuring by
Wnt during learning (from Maguschak and Ressler 2011). (A) When extra-
cellular Wnt is maintained at basal levels, the proteasomal degradation of
β-catenin by Gsk-3 is inhibited, allowing β-catenin to stabilize cadherin at
the synapse. During learning Wnt levels are transiently decreased, result-
ing in the destabilization and phosphorylation of β-catenin, which in
turn destabilizes cadherin, temporarily rendering the synapse labile until
basal Wnt levels are reinstated. (B) Inhibiting the recovery of Wnt signaling
following the transient decrease that occurs during learning via, for in-
stance, administration of the Wnt antagonist Dkk1, prevents reinitiation
of the stable phase and impairs memory consolidation. (C ) Inhibiting
the transient decrease of Wnt during learning likewise inhibits consolida-
tion, but does so by preventing destabilization of β-catenin and, thus,
the initiation of the labile phase itself.
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The relationship between the transfer of Otx2 to PV cells
and PNN formation is reciprocal rather than unidirectional, and
although the composition of PNNs is crucial in regulating Otx2
binding, Otx2 in turn encourages andmaintains PNN stabilization
(Sugiyama et al. 2008; Depras et al. 2013; Spatazza et al. 2013).
Thus, Otx2 functions as both a molecular trigger to induce the
opening of critical period plasticity, as well as a brake that later
closes this window of plasticity—a process that has been referred
to as the “two threshold” model (Fig. 4; Spatazza et al. 2013;
Takesian and Hensch 2013; Bernard and Prochiantz 2016). The
specific means by which Otx2 orchestrates these processes remain
unclear, although several candidate mechanisms have been pro-
posed including the transcriptional and/or epigenetic regulation
of extracellular matrix protein expression, or of enzymes that
digest such proteins by Otx2 (Bernard and Prochiantz 2016).

Although the first—and vast majority of—examinations of
PNNs’ role in adult neuroplasticity have been studies of the visual
cortex, more recent explorations implicate PNNs in the stabiliza-
tion of neural circuits throughout the brain, including prefrontal,
somatosensory, and auditory cortex, as well as in the hippocam-
pus, striatum, amygdala, and basal ganglia (Brückner et al. 2008;
Balmer et al. 2009; Gogolla et al. 2009; Nowicka et al. 2009; Lee
et al. 2012, 2017; Ohira et al. 2013; Spatazza et al. 2013; Yamada
and Jinno 2013; Happel et al. 2014). Furthermore, although direct
involvement of Otx2 has yet to be demonstrated in each of the
brain regions mentioned above, widespread incorporation of
choroid-plexus-derived Otx2 in PV-expressing cells of the cingu-
late, somatosensory cortex, hippocampus, and basolateral amyg-
dala is consistent with the hypothesis that this homeoprotein
regulates PNN development throughout the brain (Spatazza et al.
2013). As is the case in visual cortex, PNN formation in the barrel
cortex appears to be activity-dependent, suggesting that sensory
input may be a universal requirement for PNN development
throughout sensory cortical regions (McRae et al. 2007). It is less
clear whether direct sensory input is required for PNN-mediated,
critical period-like plasticity in limbic structures.

Before post-natal day 21, conditioned fear can be robustly
and permanently extinguished in rodents by repeatedly exposing
them to conditioned stimulus—that is, to the cue that was previ-
ously paired with an unconditioned aversive stimulus (Kim and

Richardson 2007a,b). In contrast, fear in
adult animals is subject to renewal follow-
ing extinction, a phenomenon wherein
reexposure to the extinguished cue sub-
sequently results in a reinstatement of
freezing behavior. Interestingly, rather
than displaying behavior that falls some-
where between that seen in young versus
adult animals, adolescent rodents instead
show adult-like fear conditioning and a
marked impairment in fear extinction
retention (Hefner and Holmes 2007;
Kim et al. 2011). Age-related differences
in contextual fear memory have also
been reported, with adolescent animals
displaying more robust contextual ex-
tinction than either very young or adult
animals (Pattwell et al. 2011, 2016). This
fluctuation in the efficiency of fear-
related learning has been suggested to re-
sult from differences in the development
of neural circuits underlying condition-
ing and extinction (Pattwell et al. 2016).
Ensuing changes in local excitatory/
inhibitory balance (Baker et al. 2016),
and the course of Otx2 accumulation

and PNNmaturation around PV interneurons in the BLA provides
a tentativemechanism for the emergence of this pattern. Themost
rapid period of PNN formation in the murine BLA occurs between
post-natal day 16 and 23, and digestion of PNNs in animals over
3 wk of age with chondroitinase ABC inhibits the extinction
retrieval that is typically observed during later developmental stag-
es (Gogolla et al. 2009). In keeping with this, depletion of PNNs
in the BLA following extinction also impairs the resurgence of
priming-induced conditioned place preference among morphine-
or cocaine-conditioned animals (Xue et al. 2014). Thus, the stabi-
lization of PNNs in learning centers may underlie the shift from
malleable to resilient memory storage in these brains structures.
Maintaining this stabilized state, in turn, appears to require contin-
uous, brain-wide access to non-cell-autonomous Otx2 protein
(Spatazza et al. 2013; Prochiantz et al. 2014).

Discussion

The three “master regulators” of adult brain plasticity reviewed
above are notable for their distinct contributions to neural re-
modeling, as well as their differing patterns of expression over
the course of development. As such, their functions and tem-
poral distributions may be characterized according to several
characteristics. For instance, whereas TLX’s contributions to neu-
roplasticity appear stable over the course of development, the
same cannot be said for either Wnts or Otx2. From embryonic
development through adulthood, TLX remains a key regulator
of cell proliferation and fate; its distribution changes, with its ex-
pression narrowing to remain within the borders of whatever
brain regions retain neurogenic potential at any given time. In
contrast, Otx2 begins life as a transcription factor that instructs
regionalization of the head and central nervous system, and later
adopts a new role as a key orchestrator of PNN formation. Wnt
signaling likewise plays a role in regional specification and differ-
entiation during development, and in adulthood remains widely
expressed, retaining some of its early capabilities, losing others,
and expanding its repertoire to include the fine-tuning of synap-
tic contacts. While TLX is a functional unitasker, Otx2 and Wnts
are multitaskers.

Figure 4. Post-natal Otx2 accumulation in parvalbumin-expressing interneurons and critical period
plasticity. Initial sensory stimulation induces the formation of immature perineuronal nets (PNNs)
around primarily parvalbumin-positive neurons, which in turn increase internalization of Otx2. Once
Otx2 levels reach a certain threshold, critical period plasticity is initiated. Otx2 accumulation encourages
the development and stabilization of PNNs, which in turn increase internalization of Otx2 around
PNN-encapsulated cells. This positive feedback loop progresses until a second threshold is reached,
and the critical period closes. From this point on, Otx2 internalization is maintained at a steady rate,
as are mature PNNs, which together ensure that another phase of critical period-like plasticity is not ini-
tiated unless PNNs are destroyed, or Otx2 accumulation is inhibited.
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Similarly, wemay instead divide these three regulators accord-
ing towhether theymediate regionally localized and specific forms
of plasticity, or the same neuroplastic processes in all brain regions.
Whereas Wnt signaling has been implicated in multiple processes
in myriad cell types across the entire mature brain, TLX expression
is limited to neurogenic niches during adulthood, and post-natal
Otx2 protein accumulates in multiple brain regions, but is prefer-
entially sequestered around parvalbumin-expressing interneurons.
Notably, in the case ofOtx2, the site of its production is also greatly
narrowed post-natally, and although this homeoprotein is carried
to distal brain regions in cerebral spinal fluid, Otx2 mRNA expres-
sion is limited to the choroid plexus after birth (Fig. 1). TLX, Otx2,
andWnts thus also differ fundamentally in terms of how constrict-
ed their actions are, vis a vis their site of production. Otx2 proteins
circulate broadly whereas Wnts are more restricted, albeit as
secreted ligands they act both pre- and postsynaptically. TLX ap-
pears to act in a strictly cell autonomous manner.

The distinct temporal and regional expression profiles of the
genes discussed above may further provide clues as to their utility
as therapeutic targets in the treatment of fear- and stress-related
disorders. The apparent genetic heterogeneity of conferred psychi-
atric risk, and the sheer variety of pathways whose malfunction
may lead to the same general phenotype suggests that directly
correcting any specific impairment in gene function is unlikely
to be effective, or even feasible, for large swaths of the clinical
populations in question. In other words, although reversing the
cause of a disorder may be ideal, it may not be actionable. The
best course may instead prove to be a return to an earlier approach:
identifying molecular drug targets whose expression and function
is not commonly altered by stress or illness, but whose manipula-
tion is nevertheless capable of shifting systems of plasticity in the
desired direction as a means of compensating for the underlying
impairment.

This approach carries its own set of limitations, of course,
among them the potential for functionally off-target effects.
When evaluating the suitability of “master regulators” as drug
targets, those whose expression are limited to relatively few brain
regions or cell populations are therefore likely preferable to those
whose roles are more varied or widespread. From a temporal
standpoint, changes in the distribution of expression of such regu-
lators over time may likewise be used as a means of physically
restricting the actions of interventions designed to interact with
these molecules. The substantial post-natal restriction of TLX
expression to neurogenic brain regions, like the hippocampus for
instance,may thus provide ameans of pharmacologically targeting
both distinct neuroplastic processes and specific brain regions
among clinical populations with depression or anxiety disorders.
Similarly, the fine tuned temporal activation of experience-
dependent Wnt signaling during learning may in turn provide
ameans of restricting the regional influence ofWnt-targeting phar-
macological interventions. Combined with behavioral interven-
tions designed to elicit synaptic destabilization in specific neural
circuits, acute rather than chronic administration of Wnt pathway
modulators could facilitate remodeling in amore restricted fashion
thanwould be achieved with pharmacotherapy alone, and thereby
reduce the incidence of undesirable side effects. Still other psychi-
atric disorders are associated with cell-type specific impairments
spread across multiple cortical regions, such as schizophrenia, in
which the function of parvalbumin neurons is altered (Lewis et al.
2012). Otx2’s localization to parvalbumin-expressing interneurons
may likewise provide ameans of resetting the excitatory-inhibitory
balance of neural circuits in which parvalbumin interneurons
have developed abnormally, without directly altering the function
or connectivity of other GABAergic neuronal subtypes.

It is nevertheless crucial to consider the potentially negative
ramifications of pharmacologically or genetically reinitiating levels

or forms of plasticity that otherwise would not naturally occur.
Whereas TLX- and Wnt-mediated neuroplasticity are modulated
bidirectionally in the adult brain as a result of environmental fac-
tors, reopening critical period plasticity through the dissolution
of perineuronal nets is not. Such a reversal of structural features
that are ordinarily fixed during development could result in
wide-ranging repercussions in both local and long-range signaling.
Given the extent to which Otx2 accumulation by parvalbumin-
expressing neurons appears to alter environmental processing
and learning (Hefner and Holmes 2007; Kim et al. 2011; Ye and
Miao 2013), attempts to manipulate critical period-like plasticity
would necessarily need to be approached with the utmost caution.

It is clear that progress in the treatment of both neuropsychi-
atric disorders and somatic illnesses is being made on converging
fronts, and therapeutic approaches used in one field may be
repurposed to great effect. For instance, TLX’s ability to suppress
senescence in tumors was recently reported to be mediated by its
regulation of CDNKN1A and SIRT1, both of which have been im-
plicated in the regulation of neurogenesis in turn (Chesnokova
and Pechnick 2008; Wu et al. 2015; Kim et al. 2016). Despite early
characterization as a ligand-independent receptor, TLX possesses
a noncanonical ligand-binding domain that retains the potential
to form a ligand binding pocket, and thus far three compounds
have been identified that can bind to and potentiate TLX’s
repressive transcriptional signaling (Benod et al. 2014). Although
enhancing TLX function may exacerbate cancer-related suppres-
sion of senescence in tumor cells, such drugs may provide a
direct and specific means of enhancing neurogenesis without
altering other plasticity-related signaling outside of the human
neurogenic zones.

In summary, we have reviewed the developmental, neurogen-
ic, and potential roles in adult synaptic plasticity of three
gene pathways related to fear- and stress-related processing, TLX,
Wnts, and Otx2. Though these are active in different locations
and at different times in brain development and adult cellular
function, they all serve as master regulators of neural development
and plasticity, and thus may serve as important and potentially
powerful targets for intervention. Furthermore, particularly in
the oncology field, approaches targeting such developmental
oncogene-related functions have led to the development of new
potential pharmacotherapies. Understanding how developmental
processes are recapitulated during adult plasticity remains an inter-
esting and potentially fruitful way of understanding the biology of,
and new treatment approaches for, psychiatric disorders involving
learning, memory, and neural plasticity.
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