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Degenerative processes in the marginal retina
of the tench ( 7inca tinca)
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SUMMARY

By cryolesion of the scleral-corneal perimeter of
the eye of a teleost we eliminated both the mar-
ginal growth ring and the immature portions
adjacent to the neural retina. Electron micros-
copy revealed necrotic destruction of the whole
of the germinative zone and a large number of
apoptotic cells in neighbouring zones. In the
degenerative processes that follow the lesion, at
least three types of cells are involved: microglial
cells, pigmentary cells and extravascular hete-
rophilic granulocytes.

Both microglia and the pigmentary cells act as
phagocytes and participate in the elimination of
debris from the lesioned area. Heterophilic gra-
nulocytes probably collaborate in the modifica-
tion of the environment for the subsequent rege-
neration. During the degenerative processes
after the lesion, all three cell types participate in
the transformation of the damaged retinal zone
into a favourable medium for later regeneration
of the neural tissue.
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INTRODUCTION

The retina of the teleosts grows throughout the
life of the animal thanks to the continual addi-
tion of cells. These originate both from a popu-
lation of disperse neural progenitors in the matu-
re retina, known as rod precursors, which only
originate photoreceptors of the rod type in con-
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trol animals (Lyall, 1957, Sandy and Blaxter, 1980;
Johns and Fernald, 1981), and, above all, from the
circumferential germinal zone (CGZ) (Boucher
and Hitchcock, 1998), which is located on the
peripheral margin of the retina (review in Fernald,
1991). Furthermore, the retina of the teleosts cons-
titutes an interesting model for the study of the
response to lesions of the central nervous system
(CNS) because of its capacity to regenerate, both
morphologically and functionally, damaged retinal
zones (reviews in Hitchcock and Raymond, 1992;
Raymond and Hitchcock, 1997).

Studies of the processes occurring in the fish
retina after mechanical (Hitchcock et al., 1992;
Cameron and Easter, 1995) or chemical lesions
(Maier and Wolburg, 1979; Raymond et al., 1988;
Negishi et al., 1991), which address the neuronal
response during regeneration, are relatively fre-
quent. By contrast, the degenerative processes
that appear after retinal lesion to these animals
have received little attention (Maier and Wol-
burg, 1979; Jimeno et al., 1999).

It is known that after the production of a
lesion of the CNS, the tissue remnants originated
are phagocytosed by diverse types of cells,
among which microglial cells and some types of
blood cells are outstanding. Previous studies
have demonstrated the functions of the micro-
glial cells in the visual pathway of fish after a
traumatic lesion: the elimination of remains
(Springer and Wilson, 1989; Dowding et al.,
1991; Battisti et al., 1995; Velasco et al., 1995)
and, as in other models, the release of factors
that affect the adjacent area (Giulian et al., 19806;
Leibovich et al., 1987). Nonetheless, there are
few data on the role of these cells in the retina
of fish (Dowding et al., 1991; Velasco et al, 1995;
Jimeno et al., 1999).
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Other cells that develop phagocytic capacity
in the retina of vertebrates as an indispensable
condition for its correct functioning are the cells
of the retinal pigment epithelium (RPE). Under
normal conditions, these cells participate in the
renovation of the outer segments (OS) of pho-
toreceptors (PR) (for a review, see Steinberg,
1985). However, their participation as phagocy-
tic elements in degenerative processes origina-
ted by lesions in the retina of fish has not been
described.

Here we report an electron microscopy (EM)
study of the cellular and tissue modifications of
the retina of a species of teleost fish during the
degenerative processes originated by elimina-
tion, using a cryolesion technique, of its margi-
nal proliferative zone.

MATERIALS AND METHODS

All procedures used in this work were in accor-
dance with the guidelines of the European Com-
munities Council Directive (86/609/EEC) and
current Spanish legislation for the use and care
of animals.

For this study 27 adult tench (Tinca tinca L.,
1758, Cyprinidae, Teleostei) were used. They
were obtained from a commercial hatchery and
kept in aquaria at 18-20°C. The animals were
anaesthetised with 0.03% tricaine methanesulp-
honate (MS-222, Sigma) and the sclero-corneal
zone of the right eye was lesioned with a cryo-
genic system (Cry-AC, Brymill) for 5s.

The tench were kept in aquaria until sacrifice
at 2, 15, 30, 60, 90, 120, 180 or 240 days post-
injury. The animals were anaesthetised again,
and perfused intracardially with 50 ml of isoto-
nic saline solution (0.63% NacCl in distilled water)
containing 5 Ul/ml heparin and fixed with 150-
200 ml of a solution containing 2.5% glutaral-
dehyde, 2% paraformaldehyde and 0.05% CaCl2
in 0.1 M cacodylate buffer (pH 7.4). The eyes
were removed, the lenses extracted, and the reti-
nas cut into pieces and stored in the same solu-
tion overnight at 4°C.

The pieces were washed in 0.1 M cacodylate
buffer (pH 7.4) with 0.18 M sucrose and 2 mM
CaCl2. Post-fixation was carried out in 1% OsO4 in
distilled water containing 1% potassium ferricyani-
de for 2 h. Before dehydration, the pieces were
subjected to block staining with 1% uranyl acetate
in distilled water. Dehydration was performed
using a graded series of cold ethanol and Epon
812 (Fluka) was employed as embedding resin.

Semi-thin sections were stained with toluidine
blue and ultra-thin sections were mounted on
Formvar-coated one-hole grids, contrasted with
uranyl acetate and lead citrate, and studied using
a ZEISS EM-900 electron microscope.

RESULTS

An increase in the population of microglial cells
caused by cryolesion of the circumferential
growth zone (CGZ) has been described in the
whole of the retina, (Jimeno et al., 1999), alt-
hough this is the only known modification of the
mature retina as a result of elimination of the
marginal ring. Our results demonstrate that, in
this model, the degenerative reactions are limi-
ted to the lesioned zone itself and to the adjacent
zones; i.e., to the germinative and maturing por-
tions of the peripheral retina. Therefore, in this
study, our descriptions of degenerative proces-
ses focus on these zones of the retina of adult
teleosts.

The CGZ of the retina of control animals was
a narrow ring formed by a dense packing of
undifferentiated cells (Fig. 1A). Between the
CGZ and the mature retina there was a zone of
differentiation a few micra wide (Fig. 1A), in
which vitreal and scleral portions could be dis-
tinguished. The vitreal zone was composed of
inner plexiform and ganglion cell layers, both
well differentiated, as well as a very thin layer of
the axons of the ganglion cells. The scleral por-
tion was less well defined and consisted of a
dense accumulation of cells in diverse states of
differentiation, which on maturing originated the
photoreceptor layer, the inner and outer nuclear
layers and, between these later, the external ple-
xiform layer.

In animals sacrificed two days after the lesion
the CGZ was completely destroyed. What was the
marginal ring was occupied by necrotic tissue, with
no survivors from among the cells that formed this
zone at the time of injury. The cellular debris sho-
wed the typical characteristics of traumatic death,
such as swelling and rupture of the nuclear enve-
lope. In the zone of differentiation, adjacent to the
CGZ, most of the cells were in different states of
apoptosis and had the morphological characteris-
tics typical of this process: cell shrinkage and cha-
racteristic condensations of chromatin in nuclei
with an intact envelope (Fig. 1B,C).

Both among the debris of the CGZ and in the
adjacent zone of differentiation there were nume-
rous very active phagocytes with very euchroma-
tic nuclei and an organelle-rich cytoplasm (Fig.
1D).Most of these cells were identifiable as micro-
glia and their cytoplasm contained phagosomes
with cell remains and even complete cells in an
advanced state of apoptotic degeneration.

In this post-injury period, granular (heterop-
hils) leukocytes were very frequently found in
the zone of lesion. These heterophils featured a
large number of cytoplasmic granules with an
axial electron-dense crystalloid (Fig. 1E). The
localisation of these cells in this post-lesion
period indicated that they were from the RPE
(Fig. 1B,E).
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Fig. 1.— A and B: Semi-thin sections (1 pm thick) stained with toluidine blue. Scale bar: 50 pm A: Circumferential growing zone (CGZ)
from a control retina showing proliferative cells (arrows). B: Adjacent portion of the CGZ 2 days after lesion. Numerous necrotic
(small arrows) and apoptotic (arrowheads) cells in the ONL and INL can be seen. Note a granulocytic cell (big arrow) penetrating
among the photoreceptor’s segments. C,D and E: ultra-thin sections from a 2 days post-lesioned retina. C: Necrotic (arrow) and
apoptotic (arrowheads) cells in the ONL of the portion adjacent to the lesioned CGZ. D: Microglial cell in the lesioned CGZ for-
ming cytoplasmic expansions (arrows) to remove the cell debris (black asterisks). The phagocytic cell has a very euchromatic
nucleus and many phagosomes in its cytoplasm (white asterisks). E: Granulocytic cell (heterophil) embedded among the RPE cells
and the photoreceptor’s segments showing typical ovoid granules (arrows).
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Fig. 2.— A, C and E: Semi-thin sections (1 pm thick) stained with toluidine blue. Scale bar: 50 pm B and D: Ultra-thin sections. Az Post-
lesion retina at 15 days. The lesioned portion is occupied by round cells containing many pigment granules. B: Magnification
of a pigmented cell present in the neural retina. Arrows: proliferative cells. C: Post-lesion retina at 30 days. The proliferative
cells (small arrows) have still not reconstituted the CGZ. In the area where the CGZ had formerly been, some holes due to the
necrosis can be observed (asterisk). Large arrows: cells filled with pigment in the neural retina. D: Pigmented cells in the vitre-
al-most part of the retina at 30 days post-lesion. E: Peripheral retina 240 days post-lesion. The CGZ is regenerated (small arrow)
and still there are some pigmented cells embedded in the neural retina. Some of these cells (large arrows) are in the connec-
tive tissue.
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Fifteen days after the cryolesion, the popula-
tion of necrotic cells had diminished in an evi-
dent way. Nevertheless, apoptotic cells conti-
nued to be very abundant, particularly in the
presumptive ONL (Fig. 2A). In this period, pha-
gocytes became less abundant in the lesioned
zone, while most of the heterophils infiltrated in
the neural retina were located in scleral portions,
in particular close to the outer segments of the
photoreceptors.

In the damaged retina of all the cryolesioned
animals sacrificed between 15 and 240 days after
the injury the presence of numerous RPE cells
was very notable. These cells were mainly loca-
ted in the lesioned zone and its neighbourhoord
(differentiation zone), although some were loca-
ted in any of the layers of the mature retina, at a
distance from the damaged marginal ring. The
RPE cells infiltrated in the neural retina became
round in shape and their cytoplasm contained
both pigment granules and myeloid phagosomes
(Fig. 2B).

Between 30 and 240 days post-lesion apopto-
tic cells were scattered throughout the presump-
tive ONL of the maturation zone. As the post-
lesion period progressed the apoptotic cells
became scarcer.

In animals sacrificed after post-lesion periods
of more than a month, microglial cells with
abundant phagosomes could be visualized in the
vitreal portions of the retina.

The RPE cells infiltrated in the neural retina,
which during the first month post-lesion were
distributed throughout the scleral-vitreal extent
of the retina, were mainly located in vitreal por-
tions in longer post-lesion periods (Fig. 2C, D, E)
In the longest post-lesion periods of those analy-
sed (240 days), after crossing the whole of the
neural retina some of these RPE cells reached
zones of connective tissue associated with the
vitreous humour (Fig. 2E).

Discussion

The retina of some fish (reviews in: Hitchcock
and Raymond, 1992, Raymond and Hitchcock,
1997) and amphibians (Stone, 1950, Sologub,
1968) are capable of morphological and functio-
nal regeneration after diverse types of lesions.
Studies on the regenerative processes in these
models are abundant. By contrast, however, the
processes occurring prior to the beginning of
regeneration have not been studied in depth.
Although these processes are usually referred
to as “degenerative”, they should be differentia-
ted from the degeneration originated by lesions
to the retina of mammals. Whereas in mammals
this process concludes with the elimination of the
damaged tissue and the formation of a scar, in

fish and amphibians the lesioned zone must be
prepared for later effective regeneration at the
same time as the damaged tissue is eliminated.

In a previous work, we conducted a light
microscopy study of the modifications of the
microglia taking place during degeneration in
this experimental model of retinal lesion using
morphological and histochemical techniques
(Jimeno et al., 1999). Nonetheless, in the dege-
nerative processes in the model used here, as
well as the microglia, other types of cells partici-
pate that are not identifiable by light microscopy
and which are of importance in the creation of
propitious conditions for posterior regeneration.

In the tench retina, under normal conditions
the microglia constitute a scant population of
small polymorphic cells (the resident microglial;
Jimeno et al.,, 1999) which is the equivalent of
the highly ramified resident microglial in mam-
mals (Rio Hortega, 1920; Streit, 1995). Further-
more, the existence of ameboid microglia in the
retinas of adult tench is noteworthy (Jimeno et
al., 1999). In mammals this type of microglia is
only present during development. In teleosts, its
presence in the retina, optic nerve and tectum of
adult animals is associated with the continuous
growth of the visual system of these animals
(Velasco et al., 1995).

The results of this work concerning the morp-
hological changes of the microglia and their tem-
poral sequence are consistent with those repor-
ted using histochemical methods (Jimeno et al.,
1999). Tomato lectin and NDPase reveal increa-
ses in the population of cells that react to these
markers and electron microscopy discloses that
these cells have the ultrastructural characteristics
of microglial cells. The morphology of these cells
in the lesioned zone is ramified and with the
typical characteristics of very active phagocytes.

As well as the histochemically-labelled micro-
glial cells uncovered using light microscopy,
electron microscopy allows the identification of
other cell types that participate in the degenera-
tive processes of the lesioned retina, such as
cells from the RPE and blood cells.

In the retina of control animals the main
function of RPE cells is phagocytosis of the shed
portions of the outer segments of photorecep-
tors (for a review, see Steinberg, 1985). There
are no data available about any activity of these
cells in relation to the degenerative processes
originated by lesions. Nevertheless, among the
results of the present work the location of RPE
cells in all layers of the lesioned retina is note-
worthy. We did not find significant ultrastructu-
ral differences between these cells and the RPE
cells of unlesioned animals, although when they
are present in the lesioned neural retina their
shape is rounder than when they are in their ori-
ginal location in the pigment layer. It cannot be
ruled out that some of these cells might be
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macrophages which have phagocytosed granu-
les of pigment from the cytoplasm of RPE cells
damaged by the cryolesion.

In the retina of amphibians RPE cells partici-
pate actively in the regenerative processes that
follow a lesion. These cells are able to transdif-
ferentiate and regenerate the neural retina of
these animals (Stone, 1950; Keefe, 1973; Okada,
1980; Klein et al., 1990). By contrast, the regene-
ration of the neural retina of fish by transdiffe-
rentiation of cells from their pigmentary epithe-
lium is not considered possible (Knight and
Raymond, 1995).

We are in agreement with the above authors
because we never observed any mitotic figures
among the RPE cells and because in the neural
retina all these cells contained melanin granules
in their cytoplasm, and the loss of these granu-
les is one of the first steps required in the trans-
differentiation process (Stroeva and Mitashov,
1983; Reh and Levine, 1998). We believe that
RPE cells from the surroundings of lesion could
act, in some way, as migrating phagocytes inside
the lesion, helping the microglial cells to remove
all the cellular debiris.

Some “wandering” phagocytes in the retinas
of fish have been described, mostly among the
RPE cells (Braekevelt, 1980). However, the cells
that we observed in this layer of the tench retina
could be clearly identified as heterophils owing
to the characteristic granules with an axial crys-
talloid that filled the cytoplasm. It is known that
in some pathologic dysfunctions, these cells can
behave as phagocytes (Hine, 1992), but this
behaviour was never observed in our model. In
the scleral-most parts, these cells were seen to
be filled with their typical granules, although in
the inner and vitreal parts these granules were
fewer in number. This suggests that during the
degenerative process these cells release substan-
ces from the granules that are able to modify the
medium (Galli et al., 1984; Vallejo and Ellis,
1989), favouring the later regenerative processes.

In this work we used an effective method
—the cryolesion— to eliminate the proliferative
growth zone and the adjacent immature retina.
At EM level we found that the proliferative cells
of these two portions had been destroyed and all
of them were necrotic or apoptotic, depending
on their location. Furthermore, we observed that
at least three kinds of cells showed a reaction to
this lesion: microglial cells, RPE cells and some
types of blood cells. Both microglial and RPE
cells act as phagocytes, removing all the cell
debris from the area of the lesion, and the blood
cells could release the substances contained in
their granules to the environment.

We know that after this kind of retinal dama-
ge the CGZ recovers its original state (Jimeno et
al., 1999) and therefore we propose that the role
of all these cells at the site of the lesion after

cryolesion is very important for later regenera-
tion of this retinal portion, probably because one
of their functions is to transform the degenerati-
ve area in a manner favouring the later regene-
ration of the neural tissue.

ACKNOWLEDGEMENTS

We would like to thank Mr. G.H. Jenkins for
revising the English version. This work has been
supported by grants from La Junta de Castilla y
Leon (SA23/99, SA30/99), DGES (PB97-1341)
and FEDER-CICYT (1FD97-1739).

REFERENCES

Barmist WP, WaNG J, BoGek K and Murray M (1995).
Macrophages, microglia and astrocytes are rapidly acti-
vated after crush injury of the goldfish optic nerve: a
light and electron microscopic analysis. J Comp Neurol,
354: 306-320.

BenestaD HB and Laerum OD (1989). The neutrophilic gra-
nulocyte. In: Iversen OH (ed). Cell kinetics of the
inflammatory reaction. Curr. Top. in Pathol. 79. Sprin-
ger-Verlag, Berlin, pp 7-36.

BoucHer S-EM and HitcHcock PF (1998). Insulin-related
growth factors stimulate proliferation of retinal progeni-
tors in the goldfish. J Comp Neurol, 394: 386-394.

BRrAEKEVELT CR (1980). Wandering phagocytes at the retinal
epithelium-photoreceptor interface in the teleost retina.
Vis Res, 20: 495-499.

CAMERON DA and EASTER SS Jr. (1995). Cone photoreceptor
regeneration in adult fish retina: phenotypic determina-
tion and mosaic pattern formation. J Neurosci, 15: 2255-
2271.

DOWDING AJ, MAGGS A and Scg: - -+ J (1991). Diversity amongst
the microglia in growing and regenerating fish CNS:
immunohistochemical characterization using FL.1, an anti-
macrophage monoclonal antibody. Glia, 4: 345-364.

FERNALD RD (1991). Teleost vision: seeing while growing. J
Exp Zool, 5: 167-180.

Gatur §], Dvorak AM and Dvorak HF (1984). Basophils and
mast cells: morphologic insights into their biology,
secretory patterns and function. Progress in Allergy, 34:
1-141.

GIULIAN D, BakER TJ, SHIH LN and LACHMAN LB (1986). Inter-
leukin-1 of the central nervous system is produced by
ameboid microglia. J Exp Med, 164: 594-604.

HINE PM (1992). The granulocytes of fish. Fish and Shellfish
Immunol, 2: 79-98.

HircHcock PF, LINDSEY MYHR K], EASTER SS, MANGIONE-SMITH
R and Jones DD (1992). Local regeneration in the retina
of the goldfish. J Neurobiol, 23: 187-203.

HircHcock PF and RayMOND PR (1992). Retinal regeneration.
Trends Neurosci, 15: 103-108.

JIMENO D, VELAScO A, Liro C, Lara JM and Ayon J (1999).
Response of microglial cells after a cryolesion in the
peripheral proliferative retina of tench. Brain Res, 816:
175-189.



Degenerative processes in the marginal retina of the tench (Tinca tinca)

Jonns PR and FErNALD RD (1981). Genesis of rods in teleost
fish retina. Nature, 293: 141-142.

KEeere JR (1973). An analysis of urodelian retinal regenera-
tion: IV. Studies of the cellular source of retinal regene-
ration in Triturus cristatus carnifex using 3H-thymidine.
J Exp Zool, 184: 239-258.

KLEIN LR, MAcLEISH PR and WiESEL TN (1990). Immunolabe-
lling by a new retinal pigment epithelium antibody
during retinal development and regeneration. J Comp
Neurol, 293: 331-339.

KniGgHT JK and RAYMOND PA (1995). Retinal pigmented epit-
helium does not transdifferentiate in adult goldfish.
Neurobiol, 27: 447-456.

LeBOVICH SJ, POLVERINI PJ, SHEPARD HM, WisEMAN DM, SHIVE-
LEY V and Nuser N (1987). Macrophage induced angio-
genesis is mediated by tumor necrosis factor-alpha.
Nature, 329: 630-632.

LyaiL AH (1957). The growth of the trout retina. Quart J
Micros Sci, 98: 101-110.

Maier W and WoLsurG H (1979). Regeneration of the gold-
fish retina after exposure to different doses of ouabain.
Cell Tissue Res, 202: 99-118.

NEeGIsHI K, SuGAwWARA K, SHINAGAWA S, TErRaNisHI T, Kuo CH
and Takasakl Y (1991). Induction of immunoreactive
proliferating cell nuclear antigen (PCNA) in goldfish
retina following intravitreal injection with tunicamycin.
Dev Brain Res, 63: 71-83.

OkADA TS (1980). Cellular metaplasia or transdifferentiation
as a model for retinal cell differentiation. Curr Top Dev
Biol, 16: 349-380.

RayMOND PR and HiTcHcock PF (1997). Retinal regeneration:
Common principles but a diversity of mechanisms. Adv
Neurobiol, 72: 171-184.

RaymMOND PR, ReIFLER MJ and RiviIN PK (1988). Regeneration

of goldfish retina: rod precursors are a likely source of
regenerated cells. J Neurobiol, 19: 431-463.

Ren TA and LevINE EM (1998). Multipotential stem cells and
progenitors in the vertebrate retina. J Neurobiol, 36:
206-220.

Rio HORTEGA P (1920). Estudios sobre neuroglia. La microglia
y su transformacién en células de bastoncillo y cuerpos
granulo-adiposos. Trab Lab Inves Biol, 18: 37-83.

SANDY JM and Braxter JHS (1980). A study of retinal deve-
lopment in larval herring and sole. J Mar Biol Assoc UK,
60: 59-71.

SoLoGUB AA (1968). On the capacity of eye pigmented epit-
helium for transformation into retina in anuran amphi-
bian tadpoles. Tsitologiya, 10: 1526-1532.

SPRINGER AD and WiLsoN BR (1989). Light microscopic study
of degenerating cobalt-filled optic axons in goldfish:
role of microglia and radial glia in debris removal. J
Comp Neurol, 282: 119-132.

STEINBERG RH (1985). Interactions between the retinal pig-
ment epithelium and the neural retina. Doc Ophthalmol,
60: 327-346.

STONE LS (1950). Neural retina degeneration followed by
regeneration from surviving retinal pigment cells in graf-
ted adult salamander eyes. Anat Rec, 106: 89-109.

STREIT WJ (1995). Microglial cells. In: Kettenmann H, Ran-
som BR (eds.). Neuroglia. Oxford University Press, New
York, pp 85-96.

STROEVA OG and MitasHov VI (1983). Retinal pigment epit-
helium: proliferation and differentiation during deve-
lopment and regeneration. Int Rev Cytol, 83: 221-293.

VALLEJO AN and Eius AE (1989). Ultrastructural study of the
response of eosinophil granule cells to Aeromonas sal-
monicida extracellular products and histamine libera-
tors in rainbow trout Salmo gairdneri Richardson. Dev
Comp Immunol, 13: 133-148.

VELAscO A, CamiNos E, VECINO E, LArRA JM and AJON J (1995).
Microglia in normal and regenerating visual pathways of
the tench (Tinca tinca L. 1758; Teleost): a study with
tomato lectin. Brain Res, 705: 315-324.

151



