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Hypothalamic tanycytes —masters
and servants of metabolic,
neuroendocrine, and neurogenic
functions

Timothy Goodman and Mohammad K. Hajihosseini *

School of Biological Sciences, University of East Anglia, Norwich, UK

There is a resurgent interest in tanycytes, a radial glial-like cell population occupying the
floor and ventro-lateral walls of the third ventricle (3V). Tanycytes reside in close proximity
to hypothalamic neuronal nuclei that regulate appetite and energy expenditure, with a
subset sending projections into these nuclei. Moreover, tanycytes are exposed to 3V
cerebrospinal fluid and have privileged access to plasma metabolites and hormones,
through fenestrated capillaries. Indeed, some tanycytes act as conduits for trafficking
of these molecules into the brain parenchyma. Tanycytes can also act as neural
stem/progenitor cells, supplying the postnatal and adult hypothalamus with new neurons.
Collectively, these findings suggest that tanycytes regulate and integrate important
trophic and metabolic processes and possibly endow functional malleability to neuronal
circuits of the hypothalamus. Hence, manipulation of tanycyte biology could provide
a valuable tool for modulating hypothalamic functions such as energy uptake and
expenditure in order to tackle prevalent eating disorders such as obesity and anorexia.
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INTRODUCTION

The role and importance of tanycytes in diverse physiological functions—from barrier properties
to neuroendocrine, metabolic, and neurogenic processes has been the subject of several excellent
reviews (Rodriguez et al., 2005; Bolborea and Dale, 2013; Cheng, 2013; Coll and Yeo, 2013; Langlet,
2014; Lee and Blackshaw, 2014; Sousa-Ferreira et al., 2014; Ebling, 2015). In this brief review we aim
to provide an update, integrate our knowledge of tanycyte ontogeny with physiology, and critically
discuss the intricacies and challenges in understanding their biology.

ORIGIN, ORGANIZATION AND TANYCYTE SUBTYPES IN THE
HYPOTHALAMUS

Tanycytes of the adult brain are regarded as residual radial glial cells. Radial glial cells, and subtypes
therein (De Juan Romero and Borrell, 2015), are prominent in the developing central nervous
system (CNS) and serve at least five important functions: they act as neural stem/progenitors cells;
provide a scaffold for migration of newly formed neurons to their final position; play an important
role in gyrification of the cerebral cortex; demarcate the boundary between some axonal tracts and
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the adjacent white matter; and, at the end of embryonic
neurogenesis, a subset differentiate into astrocytes. After birth,
Radial glial cells persist in discrete regions of the CNS, namely,
as Muller glia of the retina, Bergmann glia of the cerebellum
and in some circumventricular organs (CVO: the Subfornical and
subcommisural organs; Pineal gland; Organum vasculosum of
the lamina terminalis; Area postrema; and the Median Eminence;
Bennett et al.,, 2009; Morita et al., 2015). Likely, some of the
embryonic Radial glial cells’ functions are conserved in adult
tanycytes.

The term tanycytes (“cells with drawn out process”) was first
coined by Horstmann in 1954 and although some early literature
used it to describe Radial glial-like cells found in CVOs, in recent
times, it has become synonymous mostly with hypothalamic
Radial glia.

Hypothalamic tanycytes emerge during late embryonic
development, in rats around embryonic day 19 (equivalent to
E17 in the mice), from similar if not the same neurogenic
ventricular zone cells that generated hypothalamic neurons a few
days earlier (Altman and Bayer, 1978). Tanycytes occupy the
floor and ventro-lateral walls of the third ventricle (3V) and are
distinguished from more dorsally-located cuboidal ependymal
cells by their long radial processes, as well as lack of beating
cilia. Nonetheless, a transition zone in which ependymal cells
interdigitate with tanycytes is observed in the mature 3V
ependymal layer (Hajihosseini et al., 2008). Recent findings show
that specification of hypothalamic tanycytes is regulated in part
by transcription factor Lhx2 acting upstream of the gene Rax,
since, in the absence of Lhx2, presumptive tanycytes exhibit
ependymal cell features (Salvatierra et al., 2014).

Tanycytes have been further subdivided into alpha (a) and
beta (B) subtypes and although both have a radial appearance,
several characteristics distinguishes them apart (Rodriguez et al.,
2005; Figure 1). First, p-tanycytes (further subdivided in to f1
and B2) occupy the floor and more ventral parts of the 3V
ependyma, whilst a-tanycytes (a2 and al) reside more dorsally
to P-tanycytes (Figure1). However, as with the ependymo-
tanycyte transition, similar transition zones are observed between
different tanycyte subtypes, and this makes it particularly
difficult to reliably isolate each subtype through microdissection
of fresh brain preparations. Second, B-tanycyte cell processes
arch back medially and ventrally to contact the pial surface,
the portal blood vessels of the median eminence (f2) or the
hypothalamic parenchymal capillaries, and, to segregate the
arcuate nucleus from the median eminence and its milieu
(B1). By contrast, most a-tanycyte processes lack blood vessel
contact, terminating in close proximity of parenchymal neurons
(Rodriguez et al, 2005). Thus, visualizing the entire process
projection of tanycytes can aid in their sub-classification in vivo.
It has also been reported that most B, but only a few a-
tanycytes, carry primary cilia (Miranda-Angulo et al., 2014),
presumably enabling pB-tanycytes to a respond to cilia-mediated
signaling molecules/pathways such as sonic hedgehog (Han et al.,
2008). Conversely, whereas a-tanycytes project a single villus,
p-tanycytes project multi-villi into the 3V space. Interestingly,
p2-tanycytes are the only subtype to express N-Cadherin and
Calveloin-1 (Peruzzo et al., 2004). The latter has been implicated
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FIGURE 1 | Organization and distribution of hypothalamic tanycytes.
Coronal section of adult hypothalamus at approximate bregma -1.5 labeled
with Hoechst to highlight parenchymal neuronal nuclei, Dorsomedial (DMN),
Ventromedial (VMN), and Arcuate (Arc) that flank the third ventricle (3V) at this
bregma. Superimposed is a schematic depicting the domains of tanycyte
subtype (8 vs. a) and ependymal cells. Note that the dorso-ventral extent of
these domains, as well as the flanking parenchymal nuclei varies depending on
bregma level (see Figure 2). M.E., Median Eminence.

in endocytosis and recycling of growth factor receptors as a
potential mechanism to regulate levels of cell signaling, and
this concurs with B-tanycyte restricted expression of several
growth factor genes, such as FGF-receptors 1, 2 and CNTEF-
receptor (Table 1). Lastly, processes of B- but not a-tanycytes
receive direct neural input, particularly from GnRH neurons
(Rodriguez et al., 2005). These differences suggest that f- and a-
tanycytes have fundamentally different biological properties (see
also below).

From a developmental view, it is not clear exactly when or how
does the - vs. a-tanycyte diversification occur and/or whether
there is a lineage hierarchy, or a to-and-fro flux between the
two subtypes. The latter would depend on the level of fluidity
within the 3V ependymal layer, which has been observed in other
CNS VZ compartments (Walsh and Cepko, 1993). However,
a2-tanycytes are developmentally more advanced than ol in
rodents, and embryonically born tanycytes acquire their adult
characteristics during the first postnatal month (Rodriguez et al.,
2005).

A broad survey of published literature and gene expression
atlases (e.g., Allen Brain atlas, www.brain-map.org) shows
that whilst adult B- and a-tanycytes share some markers
(e.g., expression of Sox2 and Vimentin), there is also a class
of P-tanycyte—specific genes/markers. Indeed, generally, the
gene/marker profile of a-tanycytes is more resemblant of more
dorsal non-tanycytic ependymal cells than B-tanycytes (Table 1).
For example, throughout postnatal life, the glial cell marker
S-100p which is largely absent from the p-tanycyte domain,
is expressed by a-tanycytes and all other 3V ependymal cells.
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TABLE 1 | Common and domain-restricted gene expression within the cell lining of the adult third ventricle.

Gene/Marker | B tanycytes| atanycytes|Ependymal cells| Parenchymal cells | Referencels CreERT2 source
Sox2 Haan et al., 2013 Jackson Laboratories
Vimentin Allen Brain Atlas

GLUT1 Peruzzo et al., 2000; Allen Brain Atlas

Fgf Receptor 1 Allen Brain Atlas

Fgf Receptor 2 Belluardo et al., 1997

BLBP Haan et al., 2013

CNTFR Kokoeva et al., 2005

Fgf10 Hajihosseini et al., 2008 Haan et al., 2013
Nestin Wei et al., 2002; Bennett et al., 2009 Jackson Laboratories
GPR50 Batailler et al., 2012; Salvatierra et al., 2014

DARPP-32 Fekete et al., 2000

UGS148 Ma et al., 2015

PPII Sanchez et al., 2009

CRBPI Helfer et al., 2012; Shearer et al., 2010

Rax Miranda-Angulo et al., 2014 Jackson Laboratories
Stra6 Shearer et al., 2010

DIO2 Tu et al., 1997; Guadano-Ferraz et al., 1997

Foxj1 Salvatierra et al., 2014 Jackson Laboratories
GFAP Haan et al., 2013 Jackson Laboratories
GLAST* Haan et al., 2013; Robins et al., 2013a Mori et al., 2006
Rarres2 Miranda-Angulo et al., 2014

S1008 Figure 2 (this review) Jackson Laboratories
Connexin 43 Rodriguez et al., 2010

CNTF Severi et al., 2012

A broad survey of published images (in situ hybridization; immunolabeling; CreERT2-mediated reporter activation) shows that only a handful of genes are expressed throughout the
ependymal lining, with most other genes being either restricted to B- or a-tanycytes and ependymal cells. However, gradients of expression are also evident as indicated by fading
colors, possibly reflecting the transition zones between the various cell domains. As indicated, some genes show additional expression in the flanking parenchymal cells. The availability
and source of the relevant CreERT2 mice is also indicated in the last column. *For GLAST, acute CreERTZ2 reporter pattern is indicated, which contrasts with reported immunoreactivity
in B as well as o tanycytes by Berger and Hedliger (2001). Sox2, Sex determining region Y-box 2; GLUT1, glucose transporter 1; BLBF, brain lipid-binding protein; CNTFR, ciliary
neurotrophic factor receptor; GPR50, G protein-coupled receptor 50; DARPP-32, dopamine and cAMP-regulated neuronal phosphoprotein of 32 kDa; PPIl, pyroglutamy! peptidase II;
CRBPI, cellular retinol binding protein I; Rax, retina and anterior neural fold homeobox transcription factor; Stra6, stimulated by retinoic acid 6; DIO2, type 2 iodothyronine deiodinase;
Foxj1, forkhead box protein J1; GFAR, glial fibrillary acidic protein; GLAST, glutamate aspartate transporter; Rarres2, retinoic acid receptor responder (tazarotene induced) 2.

Interestingly, whilst the walls of the adult 3V and its flanking
hypothalamic parenchyma span bregma co-ordinates 0.50 to
-2.6mm along the rostro-caudal axis, the distribution and
abundance of tanycytes is much more restricted along this axis
(Haan et al., 2013), but also is more dynamic dorso-ventrally. The
latter is exemplified by the varying dorso-ventral extent of S-100p
within the ependymal layer at different bregma co-ordinates
(Figure 2).

The selective and differential marker gene expressions
highlighted in Table1 likely endow different properties to
ependymal cells vs. tanycyte or subtypes therein. From an
experimental point of view, these markers can be used in
conjunction with the morphological criteria listed above to
confidently delineate the domain of tanycyte subtypes and/or
identify individual tanycytes in situ. Also, where available, the
relevant Cre or CreERT2 lines could be used to selectively target
or lineage-trace the different tanycyte subtypes, so long as the
gene is absent from the neighboring parenchymal cells.

AGEING OF TANYCYTES

Tanycytes proliferate postnatally (see also below) but this capacity
seems to wane with increasing age. For example, Lee et al.
(2012) and Haan et al. (2013) reported that B-tanycytes can
incorporate S-phase marker BrdU, or its analog EDU. However,

for B2, this falls dramatically between P7 and P45, whilst even
under cumulative labeling paradigms, no BrdU incorporation is
seen by 12 months of age in either B1 or B2 tanycytes (Haan
et al., 2013). Age-related studies in rats spanning 3-24 months
of age, also report that tanycyte numbers decline by almost 30%
with increasing age, and whilst immunoreactivity for DARPP32
declines with age, a corresponding increase in GFAP expression
is observed (Zoli et al., 1995). Interestingly, it has also been
suggested that aged tanycytes become phagocytic and engulf
debris produced by nearby degenerating neurons, axons and their
myelin sheaths (Brawer and Walsh, 1982). However, the impact
of these changes on hypothalamic functioning in general, and any
cell-autonomous functions within tanycytes themselves is yet to
be determined.

METABOLIC AND NEUROENDOCRINE
FUNCTIONS OF TANYCYTES

Although the specific roles of tanycytes in the hypothalamus
are still under much debate, their strategic proximity to, and
relationship with fenestrated capillaries, blood brain barrier,
axonal nerve terminals, and hypothalamic nuclei that regulate
appetite/energy expenditure has placed them in a privileged
position to integrate multiple inputs and regulate homeostasis.
Some of their prominent roles are discussed below.
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FIGURE 2 | Varying dorso-ventral S1008 expression in the 3V ependymal lining. Coronal section of mouse hypothalamus at postnatal days 8 (P8) and P35,
immunolabeled with anti-calcium binding protein, S100p antibodies, which largely encompasses the domain of a-tanycytes and ependymal cells. Note the varying
dorso-ventral extent of this marker at different bregma levels (here from —1.3 to —2.3), and the additional punctate expression by glial cells/glial progenitors within the

-2.3

Early studies focused on barrier functions of tanycytes,
prompted by the finding that when Horse Radish Peroxidase
(HRP) is injected into the CSE for a short period it can diffuse
freely into the hypothalamic parenchyma, but not into the
Median Eminence (ME). Eventually, HRP reaches ME through
the subarachnoid CSF. Conversely, intravenously-injected HRP
is locked out of the hypothalamic parenchyma by its blood
brain barrier (BBB), but can rapidly diffuse into the ME, and
be contained therein (Rodriguez et al., 2005). This and a set
of other studies have led to the suggestion that B-tanycytes,
particularly B2, communicate relatively freely with plasma
through fenestrated capillaries, but maintain a tight barrier
between CSF and ME at their apical (cell body/3V ventricular)
surface, as well as between ME and the nearby arcuate nucleus. By
contrast, a-tanycytes lack this barrier function at the ependymal
surface. By inference, it has been suggested that B-tanycytes
barrier functions have created a “three-way exchange interface”
within the ME, whereby contents of subarachnoid CSE neuronal
secretions and blood capillaries can mix and communicate.
However, the significance of this tripartite communication
remains unclear.

p-tanycytes also seem to modulate the release of GnRH into
the portal blood thereby regulating LH and FSH release from
the pituitary gland (Ojeda et al., 2008). GnRH nerve terminals,
whose cell bodies reside in the rostral hypothalamus, converge
onto the processes of B-tanycytes, which in turn separate these
from the portal capillaries. Upon receipt of the appropriate
signals, thought to include TgfB, Oestrogen, or CSF-derived IGF-
1 (Hiney et al., 1996; Prevot et al., 2000, 2003), tanycytes facilitate
GnRH release into the portal blood, possibly by temporarily
retracting their processes.

The hypothalamus plays a critical role in the regulation
of energy uptake and expenditure, largely through five
neuronal nuclei contained within the flanking parenchyma
of the 3V—ie, The dorsomedial (DMN), ventromedial

(VMN), Lateral (LHN), the arcuate (Arc) nucleus, and the
Paraventricular (PVN). At the core of this regulation lies the
Arcuate’s anorexigenic and orexigenic neurons, marked by their
respective neurotransmitters Pro-opiomelanocortin (POMC),
and Neuropeptide Y (NPY)/ and Agouti-related Peptide (AgRP),
in addition to other minor neurotransmitters. These neurons
sense and integrate a diverse array of anorexigenic and orexigenic
metabolic signals such as ghrelin, glucose, and Leptin to promote
or suppress appetite (Yeo and Heisler, 2012). Akin to the
GnRH gated-release scenario, Langlet et al. (2013) showed
that during fasting the barrier function of tanycytes is altered
through a VEGF-A dependent mechanism to allow greater
vascular permeability and greater contact between circulating
metabolites and Arc neurons (Langlet et al., 2013). More recent
studies have demonstrated that Leptin, an anorexigenic hormone
produced by adipocytes, reaches hypothalamic neurons via
tanycytes (Balland et al., 2014). In this context, tanycytes uptake
Leptin from portal vessels and release it into the 3V CSF in an
ERK-signaling and Leptin-receptor dependent manner, after
which Leptin reaches Arc neurons through the walls of the
3V. Interestingly, prolonged exposure of rodents to high-fat
diet attenuates this transport mechanism, thereby inducing a
“Leptin-deficient” state in hypothalamic neurons (Balland et al.,
2014).

Thyroid hormones (TH) are critical regulators of tissue
growth and differentiation as well as metabolic homeostasis.
Tanycytes also play a critical role in the feedback mechanisms that
regulate TH (T4) release, involving the Hypothalamo-Pituitary-
Thyroid axis (Fekete and Lechan, 2014). Their main role is to
fine-tune the release and bioavailability of Thyrotropin Releasing
Hormone (TRH)—derived from TRH-producing neurons of
the Paraventricular nucleus (PVN). When released into the
portal blood, TRH acts on the pituitary thyrotrophs to stimulate
Thyroid Stimulating Hormone B-sub unit (TSHp) production,
which in turn stimulates TH release by the thyroid gland. In
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turn, circulating TH levels control the levels of TRH production
and release via both transcriptional and post-transcriptional
mechanisms within PVN’s TRH-producing neurons.

Tanycytes (in particular B2) participate in this regulatory
pathway via multiple but complementary mechanisms. First,
they can actively uptake T4 from the CSF via two transporter
molecules, MCT8 and OATP1, and convert T4 into either
a more potent form, T3, or an inactive form by expressing
the relevant converting enzymes—Deiodinase 2 (DIO2) and
DIO3, respectively. Second, within the median eminence, the
axonal terminals of TRH-producing neurons release TRH into
the extracellular space, but TRH access to portal blood is
restricted by the processes of tanycytes, akin to the GnRH
gating scenario (above). Thus, it is thought that circulating
TH induces cytoskeletal remodeling and retraction of tanycytic
processes to allow TRH access to portal blood. Third, tanycytes
also produce important enzymes that regulate TRH degradation,
chiefly Pyroglutamyl peptidase (PPII; Table 1; Sanchez et al.,
2009), thereby regulating the bioavailability of TRH. Fourth,
tanycyte-derived T3 is thought to be a major T3 source for
TRH-producing neurons themselves, taken up and retrogradely
transported via their nerve terminals within ME, as well as for
hypothalamic parenchymal neurons via T3 released into the CSF.

This elegant machinery is utilized for multiple adaptive
functions, including seasonal (photo-period dependent) and thus
long term control of appetite/energy expenditure (Ebling, 2015).
Long photoperiods stimulate melatonin and consequently TSHf
release. Binding of TSHP to its receptor on tanycytes promotes
DIO?2 expression thus increasing the bioavailability of T3 during
long photoperiods (Yasuo et al., 2007), and consequently a
lowered energy expenditure status. This is complemented by
the production of more T4 and enhancement of retinoic acid
signaling pathway during long photoperiods (Shearer et al.,
2010), which together act to promote appetite and energy uptake.
The net effect is the build up of energy stores (adipose tissue)
in preparation for short photoperiods when food may be scarce.
Interestingly, in rats, the proliferation of tanycytes increases
during short photoperiods and wanes during long photoperiods
(Shearer et al., 2012).

Tanycytes, in particular the o subtype, have also been
implicated in direct nutrient sensing mechanisms since they
express glucose transporter 2 (GLUT2) and occupy a strategic
position at the interface of the CSF and the parenchyma where
appetite is regulated (Garcia et al, 2003). a-tanycytes also
seem to sense plasma glucose levels (Frayling et al., 2011).
However, both a- and B1 tanycytes have now been shown to
respond to exogenously administered glucose, which stimulates
the influx of Calcium (Ca?") ions, ATP release, activation of
P2Y1 purinergic receptors and an initiation of internal Ca**
release within tanycytes. This effect then induces a propagative
wave of Ca?t signaling across neighboring tanycytes (Dale,
2011). Mechanistically, parallels have been drawn between the
way pancreatic B-cells and tanycytes sense glucose, which in the
former, involves conversion of glucose to glucose-6-phosphate
by glucokinase. Alternatively, glucose could be taken up into
tanycytes via GLUT?2 transporters or G-protein coupled receptors
(GPRCs), expressed by these cells (Bolborea and Dale, 2013). It

will be interesting to test whether and how tanycytes respond to
other metabolites, such as distinct classes of fatty acids and amino
acids, and what is the short and long term significance of their
nutrient sensing.

From the foregoing, it is clear that tanycytes and
subtypes therein play diverse, yet complimentary and
adaptive homeostatic and neuroendocrine roles, involving
sensing, shuttling and release of nutrients, hormones, and
neurotransmitters.

NEURO-GLIOGENIC PROPERTIES OF
TANYCYTES

The resemblance of tanycytes to radial glia at gross and ultra-
structural levels led researchers, as early as the 1960s, to speculate
that hypothalamic tanycytes may act as some sort of progenitor
cells in the postnatal brain (Millhouse, 1971). This hypothesis was
supported by examining dynamic changes in early characterized
neuro-glial progenitor markers such as S100p and Neuron-
Specific Enolase (De Vitry et al., 1980). In later years, and with
the advent of neurosphere assays (Reynolds and Weiss, 1992),
workers were able to derive either neurospheres or establish
monolayer cultures of dividing progenitors cells from rodent
hypothalamus (Prevot et al., 2003; Markakis et al., 2004; Xu
et al., 2005). For example, Markakis et al. (2004) described the
production of several hypothalamic neuronal subtypes in these
cultures. Some workers even explored the ability of tanycytes
to promote and facilitate axonal regeneration, either in situ or
when transplanted into lesioned spinal cord (Chauvet et al., 1995;
Prieto et al., 2000).

A key question for these and subsequent studies was: where are
hypothalamic stem/progenitors located? Do these reside within
the hypothalamic parenchyma; its ependymal layer; or both?
Since hypothalamic tanycytes, ependymal cells, and parenchymal
cells reside in tight proximity and their neat separation through
microdissection is very challenging, our current assessment of
this question is guided by in vivo studies.

Evidence for a Parenchymal Progenitor
Cell Population

As mentioned above, hypothalamic tanycytes are flanked
by neurons/neuronal nuclei that collectively regulate energy
uptake and expenditure (Figure 1), the bulk of which are
generated prenatally—in mice between E10.5 and E14.5—from
hypothalamic ventricular zone cells (Shimada and Nakamura,
1973).

Pierce and Xu (2010) showed that although an acute and total
ablation of AgRP neurons causes severe anorexia, their gradual
ablation has minimal impact on appetite/energy expenditure,
largely because loss of these cells is compensated by de novo
production of neurons within the hypothalamic parenchyma.
Along similar lines, McNay et al. (2012) labeled BrdU-retaining
post-mitotic neurons of the Arc during embryogenesis and
showed that over half of these are normally lost and then replaced
during the first three postnatal months. Using injected viral
vectors to lineage trace Sox2-expresing cells that are normally
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scattered within the adult hypothalamic parenchyma, Li et al.
(2012) demonstrated that over long survival periods, virally
transduced cells can generate both neurons and glial cells in vivo.
They concluded that Sox2+ cells constitute a neural stem cell
population. However, Sox2 is also strongly expressed by the
nearby 3V ependymal cells, including tanycytes (Li et al., 2012;
Haan et al., 2013).

In more recent studies, Robins et al. (2013b) showed that
a significant number of parenchymal Sox2-expressing cells co-
express the neuroglia marker, NG2 (Dimou and Gallo, 2015), and
a limited number of neurons can be derived from NG2-lineage
traced cells (Robins et al., 2013b). Furthermore, NG2-expressing
cells residing at the periphery of hypothalamic parenchyma
become activated and replace more medial NG2+ cells following
their focal depletion through intracerebroventricular infusion of
a mitotic inhibitor, Cytosine arabinoside (AraC) (Robins et al.,
2013c).

Combined, these studies demonstrate that the postnatal
hypothalamic parenchyma contains one or more set of bi-
or multi-potent progenitors cells. However, their high mitotic
activity and their punctate dispersal throughout the parenchyma
argues against a “stem cell” status, since, stem cells usually have
low rate of division and are restricted to defined micro-niches.

Neurogliogenic Potential of Tanycytes

The ability of 3V ependymo-tanycytes to incorporate tritiated-
thymidine or BrdU was amongst the earliest indicators that
tanycytes may have neurogenic properties. The exact rate of
cell division in tanycytes has not been determined, but clearly,
short pulses of BrdU used to label neural stem/progenitors
in the hippocampal subgranular zone (SGZ) or the lateral
subventricular zone (SVZ) is insufficient to label tanycytes.
Hence, early studies resorted to either multiple intraperitoneal
injections or by direct intracerebroventricular infusion of BrdU,
with the latter resulting in a greater number of labeled cells
(Kokoeva et al., 2005, 2007; Pérez-Martin et al., 2010). More
recently, BrdU, or its analog EDU, have also been successfully
applied cumulatively via drinking water over a number of days
(Haan et al., 2013) to label tanycytes.

Icv-based pulse chase studies showed that with time, BrdU-
labeled cells emerge within the hypothalamic parenchyma, where
a subset differentiated into functionally integrated neurons,
and astroglial cells (Kokoeva et al., 2005). Remarkably, BrdU
incorporation could be enhanced by intraventricular application
of several growth factors, including BDNE CNTE FGF2
(formerly basic FGF), and IGF-I (Pencea et al., 2001; Xu et al.,
2005; Kokoeva et al., 2007; Pérez-Martin et al., 2010).

Taken together, this was strong evidence that an ependymo-
tanycytic population gives rise to new neurons and glial cells in
the postnatal brain. However, the exact identity and location of
this neurogenic cell population within the ependyma remained
unresolved, but more recent genetic lineage tracing studies have
shed more light on this question.

Direct Lineage Tracing of Tanycytes

Lineage tracing studies have proved instrumental in delineating
the fate and potential of diverse neural stem/progenitor cells in
the postnatal and adult CNS (e.g., Ganat et al., 2006; Rivers et al.,

2008; Beckervordersandforth et al., 2010). Typically, these rely
on the constitutive activation of a marker protein (fluorescent
or otherwise) at desired time points in the stem/progenitor cell
population in question, and the subsequent monitoring of the
division, migration and differentiation pattern of their progeny.
This is achieved by using double transgenic mice harboring a
CreERT?2 transgene driven by a gene specific promoter, as well
as a cassette encoding marker proteins (LacZ, YFP or tomato-
dsred etc.) placed within the Rosa-26R allele but kept silent
by upstream LoxP-STOP-LoxP sequences (available through jax
labs; www.jax.org). Application of tamoxifen to these mice causes
a nuclear translocation of CreERT?2 protein to delete the STOP
codon and activate the reporter marker, only in cells expressing
the gene of interest.

Lee et al. (2012) used nestin-creERT2 mice to lineage trace
B2-tanycytes at postnatal day 4 (P4) and analyzed these at P7
and P35 (Lee et al., 2012). Lineage-traced cells were subsequently
found mostly in the median eminence, with minor contributions
to parenchymal nuclei (DMN, VMN, Arc, and LHN). Lineage
traced ME cells differentiated mostly into neurons, of multiple
subtypes—GABAergic, POMC- and NPY-expressing cells, but
not glial cells. Moreover, the neurons were retained for up to a
month, demonstrating that they are not a transient population.
Subsequent functional analysis showed that suppression of
ME neurogenesis is protective against high-fat diet induced
obesity, and therefore postnatally generated ME neurons play
a crucial role in energy expenditure. Interestingly, although
nestin continues to be expressed by tanycytes into adulthood
and neurospheres can be derived from this population in vitro
(Bennett et al., 2009), there are no reports of successful nestin-
creERT?2 lineage tracing of tancytes in the adult hypothalamus
in vivo.

Haan et al. (2013) took advantage of earlier reports that
Fgfl0 is expressed specifically by B(1- and 2-) tanycytes
(Hajihosseini et al., 2008) but not the neighboring parenchymal
cells, and lineage traced these in vivo—indirectly using Fgf10-
lacZ (Kelly et al, 2001), and directly using Fgfl0-creERT2
mice (El Agha et al.,, 2012). They showed that although Fgf10-
expressing (Fgfl0+4) tanycytes major contribution is to the
Arc nucleus, lineage traced cells also populate the VMN,
DMN, and LHN. The Arc progeny includes orexigenic (NPY+)
neurons (Haan et al., 2013) and it remains to be determined
whether or not anorexigenic neurons are also generated by
Fgf10+ tanycytes. However, a rare contribution to parenchymal
astrocytes was also observed. Direct lineage tracing at P28 and
P57, analyzed between 4 and 40 days later further revealed
that Fgf10-expressing p-tanycytes themselves amplify in number
within the ependymal zone and their parenchymal progeny
continue to proliferate within the parenchyma itself. Remarkably,
lineage traced cells appeared to disperse rostrally as well as
coronally within the hypothalamic parenchyma (Haan et al,
2013).

Robins et al. (2013a) lineage traced GLAST-expressing cells,
normally found in the a-tanycyte domain as well as some
parenchymal astrocytes (Robins et al., 2013a). They reported an
impressive expansion and retention of lineage-traced a-tanycytes
with some cells entering the domain of B-tanycytes during long
time-point analysis, suggestive of a remarkable fluidity within

Frontiers in Neuroscience | www.frontiersin.org

October 2015 | Volume 9 | Article 387


http://www.jax.org
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Goodman and Hajihosseini

Neuroendocrine, metabolic, and neurogenic functions of tanycytes

the ependymal cell layer. However, the major parenchymal
contribution of P42-P60 lineage-traced cells was to the astroglial
lineage, accompanied by only a few neurons. In view of the
inherent GLAST expression by some parenchymal cells and
existence of inherent parenchymal progenitor cells (discussed
above), the absolute parenchymal contribution of GLAST-
expressing a-tanycytes remains to be determined. Interestingly,
GLAST-expressing tanycytes were also found to respond to
exogenous FGF2 stimulation, which is likely mediated by
an FGF-receptor other than FGFR1 and FGFR2, since their
expression in the hypothalamic ependyma is restricted to
p-tanycytes (Allen brain atlas; Table1). A micro-dissection
approach was also used to demonstrate that a-tanycytes but
not B-tanycytes have neurospherogenic capacity in vitro (Robins
et al., 2013a).

In more recent studies, Rax-CreERT2 mice have been used to
lineage trace P7 to P50 a- and P-tanycytes, since depending on
bregma co-ordinates, Rax is expressed by both tanycyte subtypes.
Results show clear emergence of parenchymal lineage traced cells
that largely resemble glial cells or poorly-differentiated neural
progenitors (Pak et al., 2014).

Combined, the above studies have now conclusively shown
that postnatal tanycytes have a neuro-gliogenic capacity, with p-
tanycytes being more neurogenic, whilst a-tanycytes generating
mostly glial cells. Furthermore, their strong resemblance to radial
glial cells, their discrete arrangement within the 3V ependma
and their expression of neural stem/progenitor cell markers gives
credence to the idea that tanycytes act as bona fide stem cells in
the postnatal hypothalamus. If so, then tanycytes could be the
ultimate source of parenchymal progenitor cells described above
and sit at the top of the hierarchy of hypothalamic neurogenesis.
Thus, the definition of “hypothalamic neurogenesis” is pivotal
when measuring external influences such as treatment with high-
fat dieti.e., It is important to determine whether such metabolites
act on tanycytes, their progeny, or both.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

In comparison to other cell types in the CNS (likes of
pericytes, NG2-glia and microglia), our knowledge of tanycytes
is still rudimentary. In particular, we know very little about
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