1' frontiers

in Neuroanatomy

ORIGINAL RESEARCH
published: 28 September 2016
doi: 10.3389/fnana.2016.00089

OPEN ACCESS

Edited by:
Luis Puelles,
University of Murcia, Spain

Reviewed by:

José A. Armengol,

Pablo de Olavide University, Spain
Frank Richard Schubert,
University of Portsmouth, UK

*Correspondence:
Teresa Caprile
tcaprile@udec.cl

Received: 05 July 2016
Accepted: 12 September 2016
Published: 28 September 2016

Citation:

Stanic K, Saldivia N, Férstera B,
Torrejon M, Montecinos H and
Caprile T (2016) Expression Patterns
of Extracellular Matrix Proteins during
Posterior Commissure Development.
Front. Neuroanat. 10:89.

doi: 10.3389/fnana.2016.00089

Check for
updates

Expression Patterns of Extracellular
Matrix Proteins during Posterior
Commissure Development

Karen Stanic’, Natalia Saldivia’, Benjamin Férstera?, Marcela Torrejon?,
Hernan Montecinos' and Teresa Caprile '*

" Axon Guidance Laboratory, Department of Cell Biology, Faculty of Biological Sciences, University of Concepcidn,
Concepcidn, Chile, 2 Department of Physiology, Faculty of Biological Sciences, University of Concepcion, Concepcidn, Chile,
3 Department of Biochemistry and Molecular Biology, Faculty of Biological Sciences, University of Concepcidn, Concepcion,
Chile

Extracellular matrix (ECM) molecules are pivotal for central nervous system (CNS)
development, facilitating cell migration, axonal growth, myelination, dendritic spine
formation, and synaptic plasticity, among other processes. During axon guidance,
the ECM not only acts as a permissive or non-permissive substrate for navigating
axons, but also modulates the effects of classical guidance cues, such as netrin
or Eph/ephrin family members. Despite being highly important, little is known about
the expression of ECM molecules during CNS development. Therefore, this study
assessed the molecular expression patterns of tenascin, HNK-1, laminin, fibronectin,
perlecan, decorin, and osteopontin along chick embryo prosomere 1 during posterior
commissure development. The posterior commissure is the first transversal axonal tract
of the embryonic vertebrate brain. Located in the dorso-caudal portion of prosomere 1,
posterior commissure axons primarily arise from the neurons of basal pretectal nuclei
that run dorsally to the roof plate midline, where some turn toward the ipsilateral side.
Expressional analysis of ECM molecules in this area these revealed to be highly arranged,
and molecule interactions with axon fascicles suggested involvement in processes other
than structural support. In particular, tenascin and the HNK-1 epitope extended in
ventro-dorsal columns and enclosed axons during navigation to the roof plate. Laminin
and osteopontin were expressed in the midline, very close to axons that at this point
must decide between extending to the contralateral side or turning to the ipsilateral side.
Finally, fioronectin, decorin, and perlecan appeared unrelated to axonal pathfinding in
this region and were instead restricted to the external limiting membrane. In summary;,
the present report provides evidence for an intricate expression of different extracellular
molecules that may cooperate in guiding posterior commissure axons.

Keywords: posterior commissure, SCO-spondin, axon guidance, extracellular matrix, prosomere 1, laminin,
osteopontin, tenascin

Frontiers in Neuroanatomy | www.frontiersin.org 1

September 2016 | Volume 10 | Article 89


http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org/Neuroanatomy/editorialboard
http://www.frontiersin.org/Neuroanatomy/editorialboard
http://www.frontiersin.org/Neuroanatomy/editorialboard
http://www.frontiersin.org/Neuroanatomy/editorialboard
http://dx.doi.org/10.3389/fnana.2016.00089
http://crossmark.crossref.org/dialog/?doi=10.3389/fnana.2016.00089&domain=pdf&date_stamp=2016-09-28
http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive
https://creativecommons.org/licenses/by/4.0/
mailto:tcaprile@udec.cl
http://dx.doi.org/10.3389/fnana.2016.00089
http://journal.frontiersin.org/article/10.3389/fnana.2016.00089/abstract
http://loop.frontiersin.org/people/156425/overview
http://loop.frontiersin.org/people/227156/overview
http://loop.frontiersin.org/people/305037/overview
http://loop.frontiersin.org/people/166390/overview
http://loop.frontiersin.org/people/74703/overview
















Stanic et al.

Prosomere 1 Extracellular Matrix Molecules

FIGURE 4 | Expression of osteopontin, SCO-spondin, and NCAM in frontal and horizontal sections of chicken diencephalon and mesencephalon at
stage HH29. Double immunohistochemistry with anti-SCO-spondin (A-E, green) or NCAM (F-J, green) and osteopontin (red) in the region between prosomere 2 and
mesencephalon. Osteopontin was highly expressed in prosomere 1 (B-D) but not in prosomere 2 (A) or the mesencephalon (E). (K) Expression of osteopontin in the
middle region of prosomere 1. (L=N) Magnification of the region framed in (K) showing the wide expression of osteopontin, with the exception of the periventricular
and superficial strata (dotted and continuous arrows, respectively, in K,L). (N) Higher magnification of the area framed in (M) showing the co-localization of NCAM and
osteopontin in the axonal fascicle. (0,P) Magnification of the area framed in (H) showing osteopontin expression in the dorsal region and in the roof plate, between the
PC axons. (@Q-T) Horizontal sections of the roof plate of prosomere 1 showing the axons crossing the midline (dotted line) and immersed in a osteopontin-rich
medium. (R=T) magnification of the area framed in (Q). TOPRO 3 (blue) was used as nuclear counterstain. Scale bars = 200 wm in (A=dJ); 100 wm in (K); 50 pm in

(L,M,0,Q); 10 um in (N,P,R,S).

only carried by certain molecule types, such as cell adhesion
molecules (e.g., NCAM, L1; Ong et al, 2002) or some ECM
proteins, especially tenascin (Yagi et al., 2010). This glycoepitope
is predominantly expressed in the nervous system, being used
as axonal marker in some anamniotes (Ware et al., 2015),
and contributes to regulating neural functions (Senn et al,
2002; Yamamoto et al., 2002; Kizuka et al., 2006; Morita et al.,
2009).

The observed localization of HNK-1 during PC development
suggests that it was carried by tenascin, particularly as both

molecules presented similar expression patterns consisting of
three ventro-dorsal columns. Additionally, HNK-1 was present
in L.1 and D.2 located axons, but expression decreased as the
axons reached the dorsal region and was absent in the roof plate
region.

These results suggest the participation of HNK-1 and
tenascin in guiding axons from the ventral to the dorsal
region of the prosomere 1 through the generation of an
axonal corridor limited by repulsive tenascin and HNK-1
walls.
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FIGURE 5 | Expression of laminin, SCO-spondin, EphA7, and NCAM in frontal and horizontal sections of chicken prosomere 1 at stage HH29. (A-C)
Double immunohistochemistry with anti-NCAM (green) and laminin (red) showing the broad expression of this ECM molecule, especially in the lateral region (asterisk in
A) and in the roof plate (solid arrow in A). (C) Coronal section of the roof plate reveals the presence of laminin in the ECM surrounding the axons. (D) Frontal section of
the roof plate showing the presence of laminin in the midline (solid arrow) and in the external limiting membrane (dotted arrow). (E,F) Horizontal images of the
prosomere 1 roof plate showing that laminin colocalizes with SCO-spondin in the ECM surrounding the axons. (F) Magnification of the area framed in (E). (G-I) Double
immunohistochemistry with anti-EphA7 (green) and laminin (red) showing the expression of EphA7 in the dorsal midline cells (arrow in G). (H,l) Horizontal images of
the prosomere 1 roof plate showing that laminin is in close contact with the basal prolongations of the midline cells positives for EphA7. (1) Magnification of the area

framed in (H). TOPRO 3 (blue) was used as nuclear counterstain. Scale bars = 200 um in (A,B); 20 um in (D,E); 10 pwm in (C,F).

ECM Molecules in Close Contact with PC
Axons

Laminin

Laminins are heterotrimeric glycoproteins consisting of a, §, and
y subunits that assemble into a characteristic cruciform structure.
In turn, this structure is a major ECM component during the
development and in the mature CNS. Currently, 11 laminin
chains have been identified, including al-5, f1-3, and y1-3.
These chains combine to form up to 15 different laminin isoforms
(for a review see Colognato and Yurchenco, 2000). Laminins

play important roles in vitro in migration, differentiation, and
axonal growth for a variety of neuronal subtypes (Liesi et al.,
1989; Adams et al., 2005; Turney and Bridgman, 2005).

The antibody used in the present study recognize laminin
1. In culture, when laminin 1 is used as substratum, it
promotes robust axon outgrowth for a variety of CNS and
peripheral nervous system neurons. Analyses of laminin mutants
in Caenorhabditis elegans, Drosophila, Danio rerio, and Mus
musculus provide strong evidence that this protein is required
for correct axon guidance (Garcia-Alonso et al., 1996; Karlstrom
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counterstain. Scale bars = 200 wm in (A,D); 20 wm in (B,C,E,F).

FIGURE 6 | Expression of fibronectin, SCO-spondin, and NCAM in frontal sections of chicken prosomere 1 at stage HH29. (A-D) Complete section of
prosomere 1. (B-E) Magnification of the area framed in (A). (C-F) Dorsal and roof plate of prosomere 1. (A-C) Confocal images showing the localization of fibronectin
(red) in the mesenchyme that surrounds the CNS (asterisk in A), in the blood vessel walls (solid arrow in B), in the external limiting membrane (dotted arrow in B), and
in the apical membrane of neuroepithelial cells (solid arrow in C), except for the cells forming the roof plate (dotted arrow in C), which, in contrast, were positive for
SCO-spondin (arrow in F). (D-F) Same sections as in (A-C), respectively, immunostained with (D,E) NCAM or (F) SCO-spondin. TOPRO 3 (blue) was used as nuclear

et al, 1996; Forrester and Garriga, 1997; Huang et al,
2003; Paulus and Halloran, 2006; Chen et al., 2009). Indeed,
bashful/Laminin-al zebrafish mutants present defects in most
CNS axon pathways, including the PC (Paulus and Halloran,
2006). Additionally, axon tracts in bashful mutants display
defects in fasciculation and extension, as well as increased
branching. Interestingly, and in contrast to CNS axons, most
peripheral axons appear normal in bashful mutants. In mice,
the conditional knockout of laminin yl subunit in cortical
neurons results in profound defects in neuronal migration and
morphogenesis (Chen et al., 2009).

A number of in vitro studies demonstrate that lamininl not
only acts as a simple permissive substratum but, if provided
locally, can also direct growing axons (Adams et al., 2005; Turney
and Bridgman, 2005). Laminin isoforms primarily stimulate
axon extension through adhesion and by signaling downstream
of integrin receptors (Kuhn et al., 1995). Nevertheless, other
receptors, such as syndecans or dystroglycan, may be involved in
certain neurons (Hamill et al., 2009). Regarding the PC, integrin

B1 has been found in PC axons (Caprile et al., 2009) and could
therefore be a possible receptor for the laminin found in the
present analyses.

Although, laminin alone has potent effects on neuronal
morphogenesis, this protein could also function by modulating
responses to axon guidance cues, such as netrins (Hopker et al.,
1999) and different Eph/ephrin family members. In this context,
while EphB displays no effect on retinal ganglion cell axons
when growing on the cell adhesion molecule L1, when cultured
on a combined laminin-L1 substratum, growth cones pause but
remain dynamic in response to EphB (Suh et al., 2004). Laminin-
mediated modulation can be important for PC development
since Eph family members have been reported at the midline,
where axons must decide to cross or not cross the midline (Stanic
etal., 2014). At this point, PC axons (positive for NCAM, similar
to L1) become defasciculated, and the presence of laminin may
be important to pause the growth cones, thereby allowing the
axons to detect Eph members expressed at the midline. The
presence of laminin can also switch or nullify inhibitory axon
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SCO-spondin

FIGURE 7 | Expression of decorin and perlecan in chicken prosomere 1 at stage HH29. Immunohistochemistry against perlecan (A-C) or decorin (D,E) and
SCO-spondin (green). (C,F) Higher magnification of the areas framed in (B) and (E), respectively, showing the absence of both molecules in the roof plate and in the

lateral region. The localization of perlecan and decorin is restricted to the external limiting membrane (arrows in C,F). TOPRO 3 was used as nuclear counterstain.
Scale bars = 200 pm in (A,B,D,E); 25 um in (C,F).

FIBRONECTIN
TENASCIN
AXONS e OSTEOPONTIN LAMININ DECORIN
PERLECAN
N
\N

FIGURE 8 | Scheme showing PC axonal trajectory and the localization of the PC axons and ECM molecules analyzed in this study in relation to the
CoP subdivisions detailed in Figure 1B.

guidance cues. For example, ephrin-A5 is an important repulsive Considering the modulatory effects of laminin on Eph/ephrin
factor toward retinal ganglion cell axons. This repulsive effect ~ family members, detailed analyses were performed to establish
is maintained in vitro by retinal neurons using fibronectin as a  the presence of this protein in the roof plate, where EphA7
substrate. However, when cultured on laminin, retinal ganglion  (Figures 5G-I; Stanic et al., 2014) and other Eph/ephrin family
cells are attracted toward a gradient of soluble ephrin-A5 (Weinl =~ members have been found (results not published). In the

et al., 2003).

roof plate, laminin was located in the ECM co-localizing with
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SCO-spondin and in close contact with PC axons and basal
prolongations of the roof plate cells, positives for EphA7. The PC
axons expressed integrin p1, a potential receptor for laminin and
SCO-spondin, thus suggesting that laminin might modulate the
effects of both SCO-spondin and the EphA7.

Osteopontin

At postnatal stage, osteopontin is principally associated with
peripheral axon regeneration and it is upregulated during CNS
injury. However, osteopontin appears to have different roles
depending on axon type. For example, this protein increases
motor axon outgrowth (Wright et al., 2014) but inhibits sensory
axon outgrowth (Kury et al, 2005). Furthermore, postnatal
hippocampal neurons cultured in an osteopontin substrate show
more primary neurites than neurons grown in a laminin substrate
(Plantman, 2012). Osteopontin expression and function during
CNS development has not been previously described, but in vitro
experiments with embryonic retinal ganglion cell neurons show
that using this protein as a substrate promotes axonal growth,
and the additional presence of laminin produces an additive effect
(Ries et al., 2007).

Osteopontin contains an Arg-Gly-Asp cell-binding sequence
specific to integrins. In fact, it has been reported the binding
to avp3, avpfl, avp5, and o981, and a4Pl integrin (Liaw et al.,
1995; Smith et al., 1996; Bayless et al., 1998). PC axons express
the B1 integrin subunit, although the alpha subunit has not been
described, suggesting a possible axon-osteopontin interaction
through these receptors.

ECM Molecules Unrelated to Axonal

Trajectory

Fibronectin

Fibronectin has been broadly used in vitro as a substrate for
embryonic neurons due to its permissive effect on axonal growth.
However, fibronectin expression in embryonic mice is restricted
to the pial surface and blood vessel walls, with expression absent
in the CNS (Milner and Campbell, 2002; Lathia et al., 2007). The
presently obtained results revealed the same expression pattern
in chick embryos, with expression restricted to the external
membrane and blood vessels. Therefore, fibronectin does not
appear to participate in the guidance of commissural axons.

Perlecan

Perlecan is a major heparan sulfate proteoglycan constituent of
basement membranes. Additionally, perlecan surrounds axonal
fascicle bundles from olfactory sensory neurons in embryonic
mice (Shay et al, 2008). Perlecan can also promote neurite
extension in vitro (Nakamura et al., 2015). In chick embryos, the
expression pattern of this protein has been studied until HH17,
where, as in the present report, perlecan becomes circumscribed
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