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Abstract

Unlike mammals, fish retinal ganglion cells have the capacity to repair their axons even after
optic nerve transection. In the process of fish optic nerve regeneration, a large number of genes
have been described as regeneration-associated molecules. Using molecular cloning techniques,
we identified two types of cDNA clones belonging to the transglutaminase (TG) family which
were upregulation genes; one is cellular factor XIIl (cFXIII) and the other is a tissue type TG
named TGg. cFXIII mRNA started to increase in the retinal ganglion cells at 1-2 days, peaked
at 5-7 days, and returned to the control level by 20 days post optic nerve injury. In contrast, TGg
MRNA started to increase at day 5-10, peaked at day 20, and then gradually decreased by day 40
after nerve injury. To elucidate the molecular involvement of these TGs in optic nerve
regeneration, we studied the effects of recombinant TGgr protein or overexpression of cFXIII
using a retinal explant culture system. cFXIII effectively induced neurite outgrowth only from
naive (intact) retinas. In contrast, the TGgr protein significantly enhanced neurite outgrowth only
from primed retinas, in which the optic nerve had been crushed 5-7 days previously. These
reciprocal expressions of cFXIIl and TGr suggest that these two types of TGs are important for
the neurite sprouting and axonal elongation processes, respectively, during optic nerve

regeneration processes.



95.1. Introduction

Fish retinal ganglion cells (RGCs) have the capacity to repair their axons even after optic nerve
transection. We screened for regeneration-associated genes using axotomized fish retinas to
identify the molecules for the rescue and repair of mammalian CNS neurons. In our previous
study [1-3] , four periods of goldfish optic nerve regeneration were reported: (i) the first period,
preparation for neurite sprouting (06 days after nerve injury); (ii) the second, axon elongation

(1-6 weeks after nerve injury); (iii) the third, synaptic refinement in the tectum (2-5 months after

nerve injury); and (iv) the last, restoration of visual function (6 months after nerve injury). To
identify the genes whose expression was specifically upregulated in each optic nerve
regeneration period, a cDNA library was prepared from goldfish optic nerves and retinas after
nerve injury. Out of many candidate molecules, we cloned two types of transglutaminase (TG),
protein cross-linking enzymes, were identified as upregulation molecules. Factor XIII-A was
upregulated mainly in the first stage of regeneration [3, 4], and TGg increased and had axon

elongation effects only in the second period of optic nerve regeneration after nerve injury [5].

95.2. Cellular Factor X111 (cFXI1I)

Factor XIII (FXIII) was originally identified as a plasma transglutaminase (TG) heterotetramer
(A2B>) consisting of two catalytic A subunits and two non-catalytic B subunits. It promotes clot
stability by catalyzing the formation of covalent cross-linking reactions in polymerized fibrin as
a blood coagulation factor [6]. Cellular FXIIT (cFXIII) consists of a homodimer of A subunits
(A2); it exists as an intracellular form of FEXIII in various tissues, platelet, monocytes,
macrophages and megakaryocytes [7, 8]. By the screening of a cDNA library prepared from

goldfish retina at 1 day after optic nerve injury, a positive clone with a 2,560 bps fragment was
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identified as the full-length cDNA clone of FXIII-A (DNA Data Bank of Japan; Accession No.
AB622931) encoding a protein of 744 amino acid residues with a predicted molecular mass of
83.8 kDa [3]. FXI11-A mRNA signals in the retina started to increase at day 1 and peaked at 3-7
days, then had decreased by 20 days after optic nerve injury (Table 95.1). The distribution of
FXI111-A was confined to the RGC layers [3, 4] during the period of neurite sprouting in the optic
nerve regeneration process.

To investigate the functional role of upregulation of cFXIII in optic nerve regeneration, we
induced overexpression of the FXIII-A gene using retinal explant cultures by lipofection. Neurite
outgrowth was assessed as the ratio of the outgrowth in the control culture and the FXIII-A
overexpression culture (Fig.95.1). In this study, we compared the effect of neurite outgrowth
using two types of retinas; one was an unprimed retina (naive retina without optic nerve lesion),
and the other was a primed one in which the optic nerve had been injured 5 days previously. As
seen in Fig. 95.1, the FXIII-A overexpression experiments showed that cFXIII induced neurite
outgrowth only from unprimed (naive) retinas but not from primed retinas. Fig.95.1b shows that
these inductive effects of neurite outgrowth were lost in the primed retina. The levels of
endogenous cFXIII in the primed retina had already increased in RGCs at this time.

On the other hand, a large number of FXIII-A positive cells accumulated in the area
surrounding the optic nerve injury site within a few hours after nerve injury [3]. Nuclear staining
of the crushed optic nerve sections with DAPI showed that DAPI-positive glial cells merged with
FXII1-A expressing cells. These cFXIII positive cells in the injured optic nerves were identified
as astrocytes/microglial cells by immunohistochemical study using the antiserum of some glial
marker proteins. The increased level of FXIII-A mRNA was maintained for 1-40 days in the

optic nerve after optic nerve injury [3].

—Fig.95.1



95.3. Retinal transglutaminase (TGR)

Following the end of increasing cFXIIl expression in the damaged retina, retinal
transglutaminase (TGgR), a different type of TG, was identified as an upregulated gene (DNA
Data Bank of Japan; Accession No. AB198723) encoding 678 amino acid residues, with a
predicted molecular mass of 75.9 kDa [5]. The levels of TGr mRNA and protein increased only
in the RGCs during the period 5-40 days, and peaked at 20 days after optic nerve injury (Table
95.1). This corresponds to the period of axonal elongation during the optic nerve regeneration
process.

To investigate the functional role of upregulation of TGr in optic nerve regeneration, we
prepared retinal explant cultures in the presence of recombinant TGg protein. The percentage of
explants showing positive neurite outgrowth was compared under various culture conditions. As
seen in Fig. 95.1, the TGg protein induced neurite outgrowth from the primed retina but not from
the unprimed retina. The addition of recombinant TG to the retinal culture also induced striking
neurite outgrowth from adult rat RGCs [5]. These molecular and cellular data strongly suggest
that TGr promotes axonal elongation at the surface of injured RGCs after optic nerve injury.

<Table.95.1
95.4. Conclusions
The TG family catalyzes post-translational, covalent protein cross-linking reactions in diverse

<—Fig.95.2
processes in nervous systems [9]. During goldfish optic nerve regeneration, we observed
expression of two types of TG gene, FXIII-A and TGg, in the RGCs (Table 95.1). However,
these different types of TG are upregulated at different stages in optic nerve regeneration (Fig.

95.2). TGr is upregulated in the second stage (1-6 weeks after injury), which corresponds to the
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period of axonal elongation to the target and the beginning of synaptic connection in the tectum
[5]. On the other hand, FXIII-A is upregulated in the first stage, which corresponds to the period
of preparation for axon regrowth [3]. In our culture study, we clearly demonstrated that the
endogenous FXII1-A protein (cFXIII) in RGCs induced neurite outgrowth from naive retinas, but
not from primed retinas. In contrast, recombinant TGgr protein induced a drastic extension of
long and thick neurites only from primed retinas in which the optic nerve had been injured 5-7
days previously. These results correspond to the peak period of upregulation for these two types
of TGs. Additionally, it is strongly suggested that cFXIII produced by non-neuronal cells also
induce the elongation of regenerating axons. These reciprocal changes in the expression of
cFXIIl and TGr in the RGCs in the early stage of regeneration suggest that the both types of
TGs are important for neurite sprouting and axonal elongation, respectively, during optic nerve

regeneration.
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Figure Legends

Fig. 95.1. Neurite outgrowth effects of cFXIIl or TGr protein in goldfish retinal explant
cultures.

Neurite outgrowth for 5 days of culture in the presence of FXIII-A or TGr protein in unprimed
(naive) goldfish retinal explants (a) and primed retinal explants (b) compared with controls (no
addition).

a) Overexpression of FXIII-A protein increased the number of unprimed explants with neurite

outgrowth compared with the controls and TGr (**P<0.01 increased relative to control).

b) Recombinant TGr protein (0.01U/ml) increased the number of primed explants with neurite

outgrowth compared with the controls (**P<0.01 increased relative to control).

Fig. 95.2 Pattern diagram of cFXI11 and TGg expression in the goldfish retina during optic

nerve regeneration

Table Legend

Table 95. 1 Two types of TG expression in goldfish after optic nerve injury

Period of increase after | Localization of .
. . . Function
optic nerve injury protein
1- 10 days RGC Neurite sprouting
Cellular Factor XI1I . .
~ ?
(CFXII) 2,3 hours Optic nerve Wound healing®
~40days | Optic nerve Axonal elongation
Retinal TG (TGR) 5 - 40 days RGC Axonal elongation
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