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Abstract

Though the adult central nervous system has been considered a comparatively static
tissue with little turnover, it is well established today that new neural cells are
generated throughout the life. Neural stem/progenitor cells (NS/PCs) can self-renew
and generate all types of neural cells. The proliferation of NS/PCs, and differentiation
and fate determination of PCs are regulated by extrinsic factors such as growth factors,
neurotrophins, and morphogens. Although several extrinsic factors that influence
neurogenesis have already been reported, little is known about the role of soluble
molecules in neural niche regulation. In this review, we will introduce the soluble

molecule Akhirin and discuss its role in the eye and spinal cord during development.

Introduction
Focus on adult neurogenesis yields novel insight into the central nervous system
(CNS) environment and new strategies for treating neurological disorders (Ming &
Song 2011). Contrary to the notion that the CNS is relatively static with limited cell
turnover, cells with stem cell like properties have been isolated from most neural
tissues (Zhao et al. 2008). In addition to the brain, the eye and spinal cord are also
important parts of the vertebrate CNS and contain neural stem/progenitor cells
(NS/PCs) throughout life. For example, spinal cord ependymal cells that line dorsal
central canal show NS/PCs potential (Hugnot 2010), while there are three candidate
NS/PCs in the eye (Ohta et al. 2008).

Because of the fundamental roles of the eye and the spinal cord in vision and
movement respectively, these organs have been a predominant focus of neuro-
scientific researches on normal development and potential therapies for disorders.

Therefore, our understanding of NS/PC behavior in the eye and the spinal cord can be



greatly improved if we consider cell-cell interactions, in addition to stem-cell
maintenance, proliferation, and differentiation. Though it is well known that the
adhesion molecules retain stem cells in the niche and thereby maintain its architecture
and shape (Marthiens et al. 2010), little is known about how the neuronal niche is
regulated by cell-adhesion molecules during development. Here, we introduce a
secreted protein, Akhirin (AKH), isolated from chick E6 lens, which exerts
heterophilic cell-adhesion activity and is expressed in the neural niche of the eye
(Ahsan et al. 2005) and spinal cord (Felemban et al. 2014). In this review, we focus
on the role of AKH as a niche molecule that regulates the proliferation and

differentiation of NS/PCs.

NS/PC:s in the eye and spinal cord
The retina and lens constitute basic and essential components of the eye and are
formed from the eye field via biochemical and physiological processes. Several
studies have identified a number of different cellular sources of NSs within the adult
eye (Perron & Harris 2000). Based on their differential responsiveness to extrinsic
factors, retinal NS/PCs are localized in the ciliary body epithelium, the iris pigmented
epithelium, and Miiller glia of the mouse eye (Ohta et al. 2008). In the developing
chick eye, NS/PCs have been found in the peripheral marginal region of the retina,
termed the ciliary marginal zone (Ahsan et al. 2005), where they contribute to
postnatal growth of the retina.

The spinal cord is the caudal part of the CNS and transmits signals between the
brain and the rest of the body. Multiple cell types have been identified in the central
canal of the spinal cord to date, and include cuboidal, tanycytic, and radial classes of

lumen-contacted ciliated ependymal cells (Hamilton et al. 2009). Ependymal cells



originate from radial glial cells—the neural stem cells in the developing CNS—and
line the ventricular walls of the central canal of the spinal cord (Edward et al. 1990).
Numerous studies have indicated that ependymal cells localized dorsal central canal
show stem-cell activity both in vivo and in vitro (Namiki & Tator 1999; Sabourin ef al.
2009; Barnabe'-Heider et al. 2010). The neural stem cell niche defines a
microenvironment in which stem cells are retained after embryonic development for
the production of new cells of the nervous system (Conover & Notti 2008; Zhao ef al.
2008). Complex array of diffusible signaling molecules, including growth factors and
neurotransmitters, influences the neural stem cell niche (Conover & Notti 2008). Thus,
understanding the regulation of the neural niche in the vertebrate eye and spinal cord

by extrinsic molecules is an important issue in developmental neurobiology.

Overview of AKH

Previously, our group isolated novel, secreted molecules from the embryonic day 6
(E6) chick lens using signal sequence trap cDNA screening (Klein ef al. 1996; Mu et
al. 2003). One such molecule was designated “Akhirin” (AKH), derived from the
Bengali word “akhi” meaning “eye,” based on the expression of this protein in the eye
(Ahsan et al. 2005). AKH consists of one LCCL (Limulus factor C, Coch-5b2, and
Lgll) domain and two von Willebrand factor A (VWA) domains, having an open
reading frame of 748 amino acid residues (Ahsan ef al. 2005). AKH has relatively
high homology to mouse vitrin (72.2%, Mayne et al. 1999) and chick cochlin (49%,
Heller et al. 1998). No integrin-binding motif has been found in the AKH sequence

(Ahsan et al. 2005; Fig. 1A).

Expression of AKH in the peripheral retina



In the vertebrate retina, different neuronal NS/PCs exist and their proliferation and
differentiation are influenced by diverse signals (Clegg et al. 2000; Zhao et al. 2005).
The development of the eye is controlled by a combination of intrinsic and extrinsic
factors, then, a detailed characterization of AKH expression in the chick eye can
potentially contribute to our understanding of the eye formation. In the chick
peripheral retina, both AKH mRNA and protein are expressed through the ciliary
epithelial layer at the embryonic stage; however, at the postnatal stage they
accumulate in the presumptive ciliary marginal zone, where NS/PCs are localized
(Ahsan et al. 2005; Fig. 1B). Co-localization of AKH mRNA and protein in the eye
suggests that AKH is secreted from these cells and associated with other ECM

components on cell surface to stabilize the matrix (Ahsan et al. 2005).

Heterophilic cell adhesion activity of AKH

As cell-cell adhesion plays a vital role in retinal development, several cell-adhesion
molecules have been shown to act in chick retinal development (Jean ef al. 1998). For
instance, at embryonic and early postnatal stages of mouse, Miiller cells and
astrocytes in the retina and retinal ganglion cell axons express neural cell adhesion
molecule (N-CAM) (Bartsch et al. 1990; Cole & Glaser 1984). Calcium-dependent
cell-adhesion molecule Cadherins are associated with specific projections in the avian
visual system (Redies 2000; Grunwald 1996; Wohrn et al. 1998) and specifically
expressed in the inner nuclear layer (INL), ganglion cell layer (GCL), and the inner
plexiform layer (IPL) of the retina (Honjo et al. 2000). In addition, integrins, which
are the major cell-surface receptors of the ECM, have VWA domains in all their 8
subunits and can support cell-cell adhesion (Hynes 1992). During chick early

development, integrin expression is found in the retina and in the apical membrane of



the retinal pigment epithelium (RPE) (Clegg et al. 2000; Rizzolo et al. 1994). These
lines of evidences suggest that cell-cell adhesion plays an important role in the
regulation of retinal development. On the basis of the two VWA domains in AKH,
and cell aggregation tests using AKH-expressing transfectants with cell surface-
trapped AKH proteins, it has been accepted that AKH has cell-adhesion activity (Fig.
1C). Further, both dissociated control cells and AKH transfectants adhered to
immobilized AKH protein, which suggests a possible heterophilic cell-adhesion

mechanism that is mediated by AKH (Ahsan et al. 2005).

Expression of AKH in the developing spinal cord
Signaling molecules and their pathways have long been implicated in pattern
formation, cell fate specification, and body formation (Draper ef al. 2003; Acharjee et
al. 2015). During the development of the spinal cord, various molecules and
morphogens are secreted from loci along the neural tube to initiate site-specific
neurogenesis. AKH is transiently expressed in ependymal cells of the ventral central
canal and regarded as a protein morphogen that controls the proliferation and
differentiation of progenitors in the dorsal central canal of the mouse spinal cord
(Felemban et al. 2014). AKH exhibits a dynamic expression pattern depending on the
stage and the location of the tissue involved. For example, in mice the earliest
expression of AKH is observed in the floor plate at E9.5, and around the central canal
of the neural tube from E13.5 (Fig. 2A). Further, the AKH expression is restricted at
the ventral central canal until the post-natal stage during which NSs originate
(Felemban et al. 2014).

Chick AKH is also expressed around the central canal of the spinal cord (Fig. 2A),

suggesting that AKH plays a role in stem-cell regulation during chick embryogenesis.



Furthermore, mouse cell-labeling studies show that self-renewing NSs reside in the
spinal cord primordium and divide at intervals to generate neural progenitors (Forlani,
et al. 2003; Mathis & Nicolas 2000; Delfino-Machin et al. 2005). Moreover, NSs
have been isolated from the ependymal zone surrounding the central canal of the
spinal cord (Weiss et al. 1996). A recent study demonstrated that NSs are the most
dorsally located glial fibrillary acidic protein (GFAP)-positive cells lying
ependymally (Sabourin et al. 2009). Since, AKH is a soluble molecule expressed in
the ependymal cells of the ventral central canal (Fig. 2A), it could regulate stem cell
proliferation and differentiation during development (Felemban ef al. 2014). Because
several molecules involved in the notch, Wnt, bone morphogenetic protein (BMP),
and hedgehog signaling pathways are expressed in the central canal region (Hugnot
2010; Felemban et al. 2014), it is imperative to identify AKH partner molecules on

account of its heterophilic properties (Ahsan et al. 2005).

Analysis of AKH loss-of-function in neural tube

AKH knockout mice (AKH-/-) are viable and fertile and possess significantly reduced
the size of neural tubes compared with wild type (WT) mice (Felemban ef al. 2014).
To illustrate the impact of the functional removal of AKH during spinal-cord
development, we examined related cellular proliferation and differentiation using
immunohistochemistry. Our principal findings were that AKH-/- mice exhibited: 1) a
reduction of BrdU-positive cells in the spinal cord; 2) a marked reduction in the
distribution of nestin (NS/PCs) and GFAP (NSs) during embryonic development; and
3) a reduction in the expression of transcription factor Isl1/2, which is expressed in
the motor neurons and neurons of the intermediolateral nucleus, and homeodomain

neural progenitor gene Pax6, which is expressed in the central canal, though the



distribution of these cells is not disturbed. Together, these data indicate that AKH
regulates NS/PCs differentiation into motor neurons and interneurons (Felemban et al.

2014).

Effects of AKH on spinal cord neurosphere formation

To understand the role of AKH in the control of NS/PCs, we performed in vitro
culture of the spinal cord neurosphere and subsequent morphological analysis. We
found that neurosphere size is significantly reduced in AKH-/- mice in comparison
with the WT mice (Fig. 2B) (Felemban et al. 2014). Immunocytochemistry using
different antibodies—CyclinD2 (Lukaszewicz & Anderson 2011), vimentin (the
ependymal cell) (Bodega et al. 1994), and Ki67 (the proliferating cell) (Gerdes et al.
1983)—showed that CyclinD2 and Ki67 are expressed in the outer circumference of
the neurospheres in WT mice, while in AKH-/- mice they are found throughout the
neurosphere area (Felemban ef al. 2014). Thus, the distribution of ependymal
proliferation and differentiation markers in the AKH-/- spinal cord is disturbed,

indicating that AKH is involved in NS/PCs regulation (Felemban et al. 2014).

Induction of AKH after spinal-cord injury

The spinal-cord ependymal niche region is composed of several site-specific cell
types, which each express characteristic marker, different morphologies and
contrasting functions (Hugnot 2010). Previous studies have shown that in the cell
niche, ependymal cells of the spinal cord are normally quiescent in adult mice, but
after spinal cord injury they are rapidly activated and proliferative, undergo
multilineage differentiation to contribute astrocytes to the injured site, and display

stem-cell properties (Hamilton et al. 2009; Felemban et al. 2014). Furthermore,



ependymal cells contribute to the regeneration of oligodendrocytes and remyelination
after spinal cord injury (Meletis et al. 2008). Although the expression of AKH at the
P30 spinal cord is very low or not observed around the central canal of the neural tube,
the signal of AKH mRNA around the central canal is rapidly upregulated in
ependymal cells after spinal cord injury (Fig. 2C). Thus, these results indicate that
AKH controls cell proliferation and differentiation around the central canal as an

immediate early response gene after injury (Felemban et al. 2014).

Conclusions

AKH is expressed in the ciliary marginal zone of the eye and the central canal of the
spinal cord and has been implicated in neural niche regulation. AKH is additionally
expressed in the subventricular zone of the mouse brain (data not shown), suggesting
a crucial role in CNS development. As AKH exhibits heterophilic cell-adhesion
activity, the identification of AKH’s partner molecules and elucidation of their
molecular interaction will enhance our understanding of neural niche regulation in the

CNS.
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Figure legends

Fig. 1. (A) Structural motif identified in chick AKH and comparison with its
orthologs. The values given for each domain represent the percentage amino acid
identity with the corresponding domains in chick AKH. (B) mRNA expression of
AKH in chick peripheral retina. CMZ: ciliary marginal zone. Re: retina. Note that the
expression of AKH is accumulated to the CMZ at P1 retina. (C) Cell aggregation
analysis showing that AKH-expressing transfectants formed large aggregates

compared with control cells. Scale bar: 100 pm in A-C.

Fig. 2. (A) Expression of chick and mouse AKH in the spinal cord. Note that strong
expression is found around the central canal (CC). (B) Expression of CyclinD2 (red),
vimentin (green), and Ki67 (blue) in the spheres derived from WT and AKH-/- spinal
cord. (C) Induction of AKH expression in the damaged spinal cord on day 1. Scale

bars: 100 pm.
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