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Abstract
The distribution of NADPH-diaphorase (ND) positive elements was analyzed throughout the visual pathway of the tench in normal
conditions and after optic nerve transection. In the control retina, ND-labeled elements were observed in the photoreceptor, inner nuclear,
outer nuclear and ganglion cell layers. In the optic nerve of control animals, small and numerous ND-positive glial cells that were
identified as presumably astrocyte-like cells were observed. In the optic tracts and optic tectum, a different type of ND-positive glial cell
was detected. Axotomy induced severe changes in the ND staining pattern in the visual pathway. A decrease in the number of ND-stained
cells was detected in the retina. In the optic nerve of lesioned animals, the number of small cells gradually decreased, whereas the number
of large cells did not change. Two new ND-positive cell populations were observed after the lesion: microglial-like cells appeared close to
the lesioned area from 24 h to 7 days after transection, and astrocyte-like cells were found throughout the optic nerve from 14 days up to
at least 120 days. The total number of ND-stained glial cells increased at 30 and 60 days and returned to control parameters at 120 days.
In addition, the number of ND-positive cells increased at the same survival times in the optic tracts and in the retinorecipient strata of the
optic tectum with respect to control animals. Thus, degenerative / regenerative processes in the fish visual pathway are accompanied by an
increase in the number of ND-positive cells. Synthesis of nitric oxide is elicited in microglial-like cells as a response to axon injury,
whereas the expression in astrocyte-like cells seems to be associated with both normal processes under physiological conditions and with
the regenerative phase after the lesion.  2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Abbreviations: A, central artery of the optic nerve head; aot, anterior
optic tract; CGS, central gray stratum of the optic tectum; CNS, central
nervous system; CWS, central white stratum of the optic tectum; dot,
dorsomedial optic tract; GCL, ganglion cell layer of the retina; INL, inner
nuclear layer of the retina; IPL, inner plexiform layer of the retina; mPS,
magnocellular pretectal superficial nucleus; MS, marginal stratum of the
optic tectum; ND, NADPH-diaphorase; NO, nitric oxide; NOS, nitric
oxide synthase; ONFL, optic nerve fiber layer of the retina; ONL, outer
nuclear layer of the retina; OPL, outer plexiform layer of the retina; OS,
optic stratum of the optic tectum; OT, optic tectum; PB, 0.1 M phosphate
buffer, pH 7.3; PL, photoreceptor layer of the retina; pPS, parvocellular
pretectal superficial nucleus; Ret, retina; SFGS, superficial fibrous and
gray stratum; vot, ventrolateral optic tract
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´
E-mail address: mraa@gugu.usal.es (R. Arevalo).

Nitric oxide (NO) is a free diffusible gas synthesized by
the enzyme nitric oxide synthase (NOS), which acts in
several functions within the central nervous system (CNS).
One of the methods for the detection of nitrergic cells is
NADPH-diaphorase (ND) histochemistry [45], which reveals the presence of NOS in aldehyde-fixed tissues [8].
The role of NO in axonal regeneration after a lesion
remains controversial. It may act as a neuroprotector
through the inactivation of harmful molecules produced as
a result of cellular damage [61] or by increasing the local
blood flow [2], with subsequent improvement in the
accessibility of active cells and molecules that would favor
regeneration. On the other hand, the neurotoxic effect of
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NO during regeneration processes has been demonstrated
[42,62].
Axotomy in the mammalian CNS leads to degeneration
of the affected neurons. Thus, a transection of the mammalian optic nerve results in the death of most retinal
ganglion cells [48]. By contrast, these cells in fish are
capable of regenerating their axons after transection,
restoring visual function [50]. The glial population of the
fish visual system has some peculiarities that could favor
regeneration after a traumatic lesion of the optic nerve.
After injury to the optic nerve, fish astrocytes do not
develop a glial scar [51], and oligodendrocytes present a
lower amount of myelin inhibitory proteins, which are also
inactivated during optic nerve regeneration [47]. Moreover,
the removal of debris produced by the optic nerve lesion
occurs rapidly in the first week after the lesion in fish [13].
By contrast, degenerated axons require more than 5
months to be eliminated from the lesioned area in mammals [5].
Another special feature of the fish visual system that
presumably plays a crucial role in the regeneration of the
optic pathway is the continuous growth of the retina [21]
and optic tectum (OT) [52] even in adult life. The OT
presents glial cells with distinctive peculiarities. Thus,
astrocytes are not abundant and cells with shared characteristics of both astrocytes and oligodendrocytes have been
described [28].
There are no previous data on the distribution of NO
synthesizing cells in the teleostean visual system. In this
study, (1) we describe the normal distribution and morphological characteristics of ND-positive cells in the
teleostean visual system to study whether differences with
the non-regenerating mammalian visual system can be
ascertained, and (2) we analyze changes in the ND staining
pattern at different survival stages (1, 3, 7, 14, 30, 60 and
120 days) after optic nerve transection.

2. Material and methods
Thirty-two adult tench of both sexes (Tinca tinca L.,
1758) with body weights ranging between 100 and 150 g
´
were obtained from a local hatchery (Machacon,
Salamanca, Spain). The animals were anesthetized with
0.03% tricaine methanesulfonate (MS-222, Sigma, St.
Louis, MO, USA). All procedures were in accordance with
the guidelines of the European Communities Directive
(86 / 609 / EEC) and current Spanish legislation for the use
and care of animals (BOE 67 / 8509-12, 1998), and conformed to NIH guidelines. Connective and fatty tissues
were first removed from around the left eye, and the optic
nerve was transected at approximately 1 mm from the
eyeball with fine scissors to avoid damage in the parallel
artery. Lesioned animals were kept in tanks on a 12 h
light / 12 h dark cycle at 18–20 8C from 1 to 120 days

following the optic nerve cut. Four animals were used at
each survival period (1, 3, 7, 14, 30, 60 and 120 days). The
contralateral visual pathway and four animals free of
surgery were used as controls.
After the different survival periods, the animals were
again deeply anesthetized with MS-222 (Sigma) and
perfused transcardially with 0.63% NaCl solution followed
by 4% paraformaldehyde and 2% (w / v) picric acid in 0.1
M phosphate buffer, pH 7.3 (PB). Retinas, optic nerves
and brains were postfixed for 4 h at 4 8C in the same
fixative. After fixation, tissue was washed in PB overnight
and immersed in 30% (w / v) sucrose in PB, frozen using
liquid nitrogen and cut in a cryostat (Leica, Nussloch,
Germany). Sections (25 mm thick for retinas and brains, 20
mm thick for optic nerves) were thaw-mounted on gelatincoated slides, rinsed in several changes of PB and processed for ND histochemistry as previously described [1].
Briefly, sections were incubated in a medium containing 1
mM b-NADPH (Sigma), 0.8 mM nitroblue tetrazolium
(Sigma) and 0.08% Triton X-100 (Probus, Badalona,
Spain) in PB, at 37 8C for 3–4 h. The course of the
reaction was controlled under a microscope. After incubation, sections were rinsed in PB, dehydrated in a graded
ethanol series, cleared in xylene and mounted with Entellan (Merck, Darmstadt, Germany). Controls for the
histochemical procedure were carried out as previously
described [1] and no residual reaction was observed.
Sections were analyzed using brightfield condensers
with 43, 103, 163, 203, 403 and 1003 planapochromatic objectives (Leica). Numeric images were obtained
with an Olympus DP10 digital camera coupled to a Leica
DMRB photomicroscope. Original pictures were processed
digitally with AdobeE PhotoshopE 6.0 (San Jose, CA,
USA) software so as to obtain optimal contrast within the
same figure plate.
One hundred cells belonging to each morphological type
were selected and their maximum diameters were measured using a digitizer tablet connected to a semiautomatic
image analysis system (MOP-Videoplan, Kontron, Munich,
Germany). When labeled cells were scarce, all stained cells
were measured.
Cell counts were performed under a 163 objective.
Labeled cells in the optic nerve were counted in two bins
(56.700 mm 2 each), one bin 270 mm rostral and the other
270 mm caudal to the lesion. Only cells within the confines
of the glia limitans of the nerves were counted. In both the
dorsomedial (dot) and ventrolateral optic tracts (vot), only
one bin was counted at the level where both the parvocellular (pSP) and magnocellular (mSP) superficial preoptic
nuclei could be detected at the same time. In the OT, three
bins were counted, one in the dorsomedial, one in the
central and one in the ventrolateral zone. All the bins were
located in the optic (OS) and superficial fibrous and gray
strata (SFGS) at the level where both parts of the valvula
cerebelli could be detected. In all zones, the differences
between the control group and the lesioned animals were

D. Clemente et al. / Brain Research 925 (2002) 183 – 194

analyzed using Student’s t-test. Critical values of P,0.05
and P,0.01 were used for all analyses.

3. Results
In this study, we analyzed the tench visual pathway from
the retina to the OT. The optic axons run towards the brain
throughout the optic nerve, decussate in the optic chiasm
and arrive at the brain within the anterior optic tract (aot).
In the brain they follow the dot and vot to arrive at the
preoptic area, the thalamus, the accessory optic system, the
pretectum and the OT, mainly in its OS and SFGS.
A wide distribution of ND-positive cells was observed
throughout the tench visual pathway. After lesion of the
left optic nerve, alterations in the ND distribution pattern
were detected in the ipsilateral retina and optic nerve, and
in the contralateral optic tracts and OT. ND labeling in the
contralateral retina and optic nerve as well as the ipsilateral
postchiasmatic visual pathway did not exhibit any changes
and remained as in control animals at all survival periods
analyzed. An increment in the total number of ND-positive
glial cells was detected in the optic nerve and tracts as well
as in the OT. Table 1 summarizes the main characteristics
of ND-positive glial cells of the tench visual pathway: size,
intensity of labeling, shape of the somata, disposition,
location and time of apparition.

3.1. ND in the visual pathway in normal conditions
In the retina of control animals, ND-positive staining
was observed in the inner segments of photoreceptors (Fig.
1a and e) and in cells located in the outer nuclear layer
(ONL), inner nuclear layer (INL) and ganglion cell layer
(GCL) (Fig. 1a). ND-positive cells of the ONL were
scattered and small (6–8 mm) (Fig. 1a). In the INL,
ND-stained cells were more abundant than in the ONL and
showed diameters ranging between 4 and 8 mm (Fig. 1f).
In the GCL (Fig. 1c), ND-positive cells showed two
different morphologies: the first group was formed by
scattered, large (10–15 mm) and intensely labeled cells,
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and the second by numerous, small (6–8 mm) and weakly
stained neurons. Small glial-like cells arranged in rows
(type I) in the optic nerve fiber layer and ND-stained blood
vessels were detected in the most vitreal part of the retina.
Thin processes crossing the retina from the outer limiting
membrane to blood vessels, where they resembled endfeet
¨
of Muller
cells, were lightly ND stained.
In the optic nerve of control specimens, ND-positive
blood vessels and two different cell types (types I and II)
of labeled glial cells (Table 1) were observed oriented in
parallel to the optic axons (Fig. 2a and b). Type I cells
appeared as small (4–7 mm) and weakly stained cells
isolated or arranged in short rows. This type showed round
somata, generally without labeled prolongations (Fig. 2b,
arrows). The type II cells were formed by a population of
cells with larger (9 to 14 mm), strongly labeled and
isolated fusiform somata and one or two labeled prolongations (Fig. 2b, arrowheads), often close to blood vessels.
The optic nerve head showed ND-positive glial cells from
both types I and II, the latter being less abundant (Fig. 3a
and b).
A high density of moderately labeled ND-positive glial
cells (type III) arranged in rows of three or four cells was
present in the aot, dot and vot (Table 1). These cells
showed round or fusiform somata (5 to 8 mm) and usually
presented one or two thin prolongations oriented in
different directions (Fig. 4a, c and e). The same type III
glial cells were detected in the mPS and pPS (Fig. 4a) and
in the OT, where they appeared mainly in the retinorecipient layers, the OS and the SFGS (Fig. 3e). A few type III
cells were also present in the central white stratum (CWS)
and in the periventricular stratum. Rounded ND-stained
neurons (5–8 mm) were observed in the mPS and in the
boundary between the OS and the SFGS and between the
central gray stratum (CGS) and CWS.

3.2. ND in the visual pathway of lesioned animals
After lesion of the left optic nerve, the ND staining
pattern underwent significant changes in the ipsilateral

Table 1
Glial cell types in the tench visual system in control optic nerve and after transection
Type I

Type II

Type III

Type III
(activated)

Type IV

Type V

Size a (mm)
Intensity a
Shape a

4–7
Weak
Round

9–14
Strong
Fusiform

Isolated, short rows
Retina, ON and
ONH
C, 1, 3, 7, 14, 120

Isolated
ON and
ONH
All

7–9
Strong
Round or
fusiform
Short rows
aot, dot, vot
and OT
30 and 60

3–5
Strong
Round

Disposition
Location b

5–8
Moderate
Round or
fusiform
Short rows
aot, dot, vot
and OT
C, 1, 3, 7, 14, 120

Isolated
ON

9–14
Strong
Round, fusiform,
polygonal
Long rows
ON

1, 3, 7

14, 30, 60, 120

Timing c
a

Related to cell somata.
Abbreviations as in list. C, control animals; ON, optic nerve; ONH, optic nerve head.
c
Number of days after optic nerve transection.
b
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Fig. 1. ND distribution pattern in the retina of the tench. In control animal retina (a) the ND-positive elements include cells (arrowheads) in the outer
nuclear layer (ONL), inner nuclear layer (INL) and ganglion cell layer (GCL) and thin vertical prolongations in the INL (arrows). At 30 days after
transection (b), only a few ND-positive cells are observed in the GCL (arrowheads). (c) Two types of ND-positive cells were observed in the GCL of
control animals: small and numerous (arrows) and big and scattered (arrowhead). (d) High magnification of a tench retina 30 days after the transection
showing a large cell (arrow) and some small cells (arrowhead) within the GCL. (e) High magnification of the photoreceptor layer showing numerous
ND-stained inner segments (arrows) in a control retina. (f) High magnification of the INL and IPL of a control retina showing ND-positive cells
(arrowheads) and thin vertical processes (arrows). Scale bar: (a) and (b) 50 mm; (c)–(f) 20 mm.

retina and optic nerve and in the contralateral aot, dot and
vot, superficial pretectal nuclei and OT.
No variations were observed in the ND staining pattern
in the tench retina until 30 days after the transection, when
the number and intensity of ND-positive neurons decreased
in all layers that presented ND-stained elements in normal
conditions (Fig. 1b). In the GCL, the decrease in the
number and intensity of staining affected both small and
large ND-positive cells (Fig. 1f). However, 60 days after

the axotomy, the retina recovered the ND staining pattern
observed in control animals.
In the region of the optic nerve just in contact with the
lesion, ND-positive cells were not observed at any of the
survival times analyzed (Fig. 2c and e). After the optic
nerve was cut, two new types of ND-positive glial cells
(types IV and V) were observed (Table 1). At 1, 3 and 7
days after optic nerve transection, type IV cells could be
detected in the optic nerve. They were restricted to the area
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Fig. 2. Evolution of ND staining in the optic nerve of the tench. In all six photographs the ocular part of the optic nerve is on the left. In control animals
(a), blood vessels and glial cells are positive to ND in the whole extension of the nerve. (b) High magnification of the area marked in (a). Both type I cells
in rows (arrows) or isolated (arrowhead) as well as type II cells (big arrows) can be observed in the control optic nerve. At 3 days after the axotomy (c) the
region directly affected by the lesion does not present stained cells, and close to this, in a thin band of tissue (limited by lines), type IV ND-positive cells
are observed. The rest of the optic nerve does not change with respect to control animals. Type IV cells can be observed in (d) (arrows), which represents a
high magnification of the marked area in (c). At 60 days after the section (e), the region directly affected by the lesion continues without ND staining
(limited by lines) and in both parts of the nerve, the ocular and the encephalic parts, a high density of type V ND-positive glial cells can be observed. (f)
High magnification of the marked area in (e) showing the type V cells. These ND-positive cells were present in rows (arrowheads) or isolated with
polygonal somatas (arrows). Scale bar: (a) and (c) 150 mm; (b), (d) and (f) 30 mm; (e) 100 mm.
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Fig. 3. Distribution of ND activity in the optic nerve head and optic
tectum of the tench. (a) Low-power photomicrograph of the optic nerve
head from a control animal. This structure presents numerous ND-positive
cells arranged in rows (arrows) following the optic nerve axons arising
from the optic nerve fiber layer (ONFL) of the retina (Ret). (b) High
magnification of the area outlined in (a). Both type I (arrows) and type II
(arrowheads) cells could be observed. (c) At 60 days after transection, the
number and intensity of labeled glial cells (arrows) is higher. (d) High
magnification of the area marked in (c) showing both type I (arrows) and
type II cells (arrowheads). (e) ND histochemistry in the optic tectum of
control animals. The ND-positive glial cells (arrows) are more abundant
in the optic stratum (OS) and in the superficial fibrous and gray stratum
(SFGS), but they appear in other strata such as the central white stratum
(CWS). (f) At 60 days after the section, the same strata demonstrate
staining, but the number of ND-positive cells increases, especially in the
retinorecipient layers. Scale bar: (a), (c) and (d) 100 mm; (b) 50 mm; (e)
and (f) 20 mm.

close to the lesion and were more numerous in the
encephalic part than in the ocular part. Type IV cells had
small (3 to 5 mm), round and strongly ND-labeled somata,
and occasionally showed one stained prolongation (Fig.
2d).
Type V cells were intensely ND-stained and presented
round, fusiform or triangular somata (9 to 14 mm),
showing two or three stained prolongations (Fig. 2f; Table
1). Whereas at 14 days after the lesion, type V cells
appeared close to the lesion zone, at 30 and 60 days after
the cut, they could be observed in the whole optic nerve
(Fig. 2e). However, at 120 days after the lesion, the
number of ND-positive type V cells clearly decreased,
although they were still present in the lesioned optic nerve.
Fitting with the appearance of type V cells, a decrease in
the number of type I cells with respect to non-lesioned
animals was detected. Thus, at 30 and 60 days after
transection, type I cells could not be observed in the tench
optic nerve. By contrast, we did not observe any changes
in the number or distribution of type II cells in any of the
survival periods analyzed. Although there were variations
in the numbers of glial cell types in the optic nerve, the
total number of ND-positive glial cells increased (Fig. 5a
and b). Thus, whereas in the ocular part of the lesioned
optic nerve a significant increment in the total number of
ND-stained cells was observed only at 30 days after
transection, in the encephalic part the increment was
evident and statistically significant at 30 and 60 days after
the cut. However, at 120 days, the number of cells
appeared similar to control animals.
Changes in the optic nerve head were detected only at
30 and 60 days after the lesion (Fig. 3c and d). In these
periods, the number and intensity of ND-positive cells was
slightly higher than in control animals, returning to control
levels 120 days after the optic nerve was cut.
In the postchiasmatic visual pathway, changes in the
number of ND-stained cells were not detected until 30
days after transection (Table 1), when a large number of
ND-positive glial-like cells in the contralateral aot, dot and
vot were observed with respect to control animals (Fig. 4b
and d; Fig. 5c and d). These cells presented similar
characteristics to the type III cells appearing in control
animals, but they were slightly larger and more intensely
labeled (Fig. 4f). Changes in the numbers of stained cells
were very significant at 30 and 60 days after the optic
nerve was cut in the dot, but only at 60 days in the vot
(Fig. 5c and d). At 120 days, the number of cells was
similar to control animals.
We did not observe any changes in the number, distribution or morphological features of ND-stained neurons
within the encephalic visual pathway of the tench after
axotomy of the optic nerve. However, variations in NDstained glial cells were observed in both the pPS and mPS
as well as in the OT (Table 1). These changes were
detected 30 and 60 days after the lesion and consisted of
an increase in the number and intensity of ND-positive
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Fig. 4. ND staining of the tench diencephalic visual pathway at the level of the pretectum in control animals (a) and 30 days after the transection (b). In
lesioned animals, the number of ND-stained glial cells in the dorsomedial optic tract (dot) and ventrolateral optic tract (vot) is higher than in control
animals. High magnification of the outlined area in the vot of control animals (c) and after transection of the optic nerve (d). The marked areas in (c) and
(d) are shown at a higher magnification in panels (e) and (f), showing the morphology of type III cells in the normal and activated state, respectively. Scale
bar: (a) and (b) 100 mm; (c) and (d) 30 mm; (e) and (f) 10 mm.
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Fig. 5. Variations in the total number of ND-stained cells / bin in the optic nerve and diencephalic optic tracts of the tench. For all graphs, the differences in
values between the control and the lesioned groups at each survival time were compared using Student’s t-test; *P,0.05, **P,0.01. (a) ND-labelled cell
count in the ocular part of the optic nerve. The differences between control and lesioned groups are very significant only at 30 days after the section. (b)
ND-labelled cell count in the encephalic part of the optic nerve. There was a significant increase in the number of labelled cells at 30 and 60 days after the
optic nerve was cut. (c) Total ND-stained cells in the dot. The number of stained cells is very significantly higher at postoperative days 30 and 60. (d) Total
ND-stained cells in the vot. Although there was an increase in the number of cells at postoperative days 30 and 60, it was significant only at 60 days.

type III cells in the pPS, and the appearance of NDpositive type III cells in the mPS similar to those observed
in the pPS at the same stage (Fig. 4b, d and f). At 30 and
60 days after optic nerve lesion, we observed in the OT an
increase in the number and intensity of ND-positive type
III cells within all strata that presented ND staining in
control animals. This increase was more evident in the
dorsomedial and ventrolateral zones of the optic tectum,
within the SO and SFGS, and the retinorecipient strata,
where the difference in the number of type III cells
between control and lesioned animals was statistically
significant (Figs. 3f and 6). However, although there was
an increment in the number of cells in the central part of
the OT at the same survival times, it was not statistically
significant. At 120 days after transection, the ND staining
pattern returned to control conditions (Fig. 6).

4. Discussion
In this study, the distribution of ND activity was
analyzed in the visual pathway of the tench in normal

conditions and after transection of the optic nerve. The ND
distribution pattern was severely affected by the lesion.
Thus, we detected new types of ND-positive cells (types
IV and V) and one of the ND-positive cell types located in
the optic nerve of control animals (type I) disappeared.
However, the number of total ND-positive glial cells
exhibited an increase in both parts of the lesioned optic
nerve which was statistically significant at 30 days in the
ocular portion and also at 60 days in the encephalic part.
Moreover, the lesion elicited an increase in the number of
total ND-positive type III cells in the aot, dot and vot and
in the OT, and a decrease in the number and staining
intensity of the ND-positive elements in the retina.
The distribution of ND-positive cells has been analyzed
in the retina of other teleosts and a high interspecies
divergence in ND staining has been reported. ND staining
in photoreceptors is restricted to their inner [12,30, present
results] or outer segments [60], but ND labeling in their
somatas has not been described so far. NO-generating
agents activate the production of cGMP which is present in
the outer segments of rod photoreceptors [31], regulating
phototransduction processes through membrane cation

D. Clemente et al. / Brain Research 925 (2002) 183 – 194

Fig. 6. Variations in the total number of ND-stained cells / bin in the
dorsomedial (a), central (b) and ventrolateral (c) OT of the tench. For all
graphs, differences in values between the control and the lesioned groups
at each survival time were compared using Student’s t-test; *P,0.05,
**P,0.01. The increment in the number of ND-labelled cells appeared at
the same survival times. However, the values were slightly higher in the
ventrolateral part than in the others. This increment was significant in
both the dorsomedial and ventrolateral part of the OT, but not in the
central part.

channel activation [15]. In our study, the presence of ND
labeling in the inner segments could indicate a role of NO
in phototransduction. Thus, nitric oxide could diffuse out
from the inner segments, acting through the guanilate
cyclase of the outer segments.
In the INL, ND labeling has been described in several
cellular types such as horizontal, bipolar, amacrine and
¨
Muller
cells in the goldfish and in the carp [12,30], in
¨
Muller
cells in the catfish [30] and in subpopulations of
amacrine and horizontal cells in Atlantic salmon [18]. This
demonstrates a high species-specific divergence between
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teleosts with respect to the nitrergic neurons in the retina.
With regard to the GCL, there are several studies that
report ND-positive retinal ganglion cells in fish
[12,30,58,60]. However, we do not exclude in our study
the possibility of ND staining in displaced amacrine cells
as occurs in mammals [29,59]. The possibility that NO
released by ganglion cells could be used to transmit retinal
signals to central visual areas can be ruled out on the basis
of distance. Therefore, NO could act as a retrograde
messenger between ganglion and amacrine cells [43]. It
has been demonstrated that NO has a neurotoxic effect in
the survival of rat axotomized retinal ganglion cells
[23,24]. In teleosts, few retinal ganglion cells die within
the first days after an injury to the optic nerve [19], which
is in contrast to our observations. The decrease in putative
ND-labeled retinal ganglion cells might be NO-mediated
by the large number of ND-positive glial cells that could
be observed in the optic nerve head 30 and 60 days after
the axotomy.
There are no studies available concerning the distribution of ND-positive cells in the optic nerve of teleosts. We
consider that type I and II cells may be identified as
astrocytes because of their morphological characteristics
(size and shape), their typical disposition and location. This
is in agreement with previous reports on the identification
of ND-positive glial cells as astrocytes in the mammalian
optic nerve [41].
We consider type III cells as a different glial cellular
type because of the different morphology and size in
comparison with prechiasmatic ND-labeled glial cells, as
has been reported in other studies with other markers in the
teleostean visual pathway [37,56]. In fact, these cells have
morphological characteristics similar to cells located in the
brain identified as oligodendrocytes [1,40,57]. By contrast,
in the normal mammalian brain, oligodendrocytes are
negative to NOS immunocytochemistry [22] and NDpositive glial cells have been identified as astrocytes
[33,34]. In mammals, there are changes in the ND-positive
neuronal subpopulation of visual centers after the optic
nerve is cut [63], which was not observed in our study.
Specific neurochemical markers such as S-100 and
GFAP, which allow clear astrocytic identification in mammals [32], are not helpful in the teleostean visual system
[36,37]. Thus, in the control goldfish optic nerve, S-100positive cells were identified as oligodendrocytes and as
Schwann cells after injury [37]. Moreover, GFAP is not
evident in control fish optic nerve [36] and has been
reported in vitro in both the oligodendrocytes and astrocytes of teleosts [3].
The identification of type IV cells is controversial. The
morphology, location, and disposition of these cells are
similar to those described by Battisti et al. [4] and Velasco
et al. [55] in the crushed optic nerve of fish. We consider
them as activated microglial cells, since our observations
are in agreement with the morphology, location and
disposition in the crushed optic nerve of fish. However,
Nona et al. [38] do not describe microglial cells in the

192

D. Clemente et al. / Brain Research 925 (2002) 183 – 194

ocular part of the lesioned optic nerve. Moreover, induction of ND activity in microglial cells has been reported in
vitro after the addition of interleukins [33]. Interleukin-1,
the concentration of which increases after CNS injury [35],
induces NOS expression in microglial cells [6]. However,
we cannot rule out the possibility that type IV cells could
be phagocytosing astrocytes as described previously in
teleosts [4,7,38].
In other studies of microglial cells in the fish visual
system, changes in the microglial population of the retina
after crushing of the optic nerve [44] or retinal lesion [20]
have been described with other markers. The difference
with our study is that ND is not present in microglial cells
in the control retina. This could indicate that a closer
stimulus is necessary for ND induction in this glial type,
which might explain the appearance of ND-positive microglial-like cells exclusively in the proximity of the
lesion.
The presence of cytoplasmatic hypertrophy associated
with a profusion of large and thick processes as well as
cellular biochemical activation has been reported as a
typical feature of activated astrocytes after a traumatic
lesion in the CNS [39]. Thus, type V cells could be
activated astrocytes on the basis of their morphological
characteristics. The possibility that type V cells arise from
other parts of the visual system seems unlikely, because
astrocytic migration to a lesioned area has not been
demonstrated [17]. On the other hand, evidence of important astrocytic mitotic activity is rare [26,39]. Therefore, type V cells could be in situ activated astrocytes that
begin to express ND activity. This induction of ND
activity in astrocytes has been demonstrated previously
after a variety of treatments in vitro and in vivo [14,16,33].
Our study reveals a large number of ND-positive glial
cells in the visual pathway of the tench. Although the
number of each glial cell type shows different changes
after the lesion, the total number of ND-positive glial cells
increases during the regeneration processes after optic
nerve axotomy. This might suggest an increase in the NO
generated by all the different glial cells, which could affect
the regenerative processes. It has been established that NO
produces demyelination [49], probably through its high
oxidative ability [10], which should include the elimination
of myelin-embedded inhibitors [46,47], and acts as a
pretreatment prior to phagocytosis.
During rat CNS development, when regeneration is
possible, oligodendrocytes express guanylate cyclase,
which is activated by NO, but they do not at adult age
[53]. Therefore, the NO released by the astrocytes could
contribute to axonal remyelination through oligoden¨
drocytic guanylate cyclase activation. Klocker
et al. [23–
25] reported that NOS was upregulated in the presence of
BDNF, and a putative supportive role for NO in rat
regenerating axons after cutting of the optic nerve was
proposed. On the other hand, it has been demonstrated that
NO can activate two major pathways of BDNF signal

transduction [11,27]. Therefore, BDNF might amplify its
signaling in a feed-forward loop by increasing NOS
activity. In the tench, BDNF is located in oligodendrocytes
[54] and NO can be released by astrocytes (present
results). Thus, it may be a reciprocal regulation between
astrocytes and oligodendrocytes through the release of NO
and BDNF, respectively, to improve the regeneration of
retinal ganglion cell axons.
It is also possible that NO has a toxic effect on
regenerating axons in the optic tectum. The NO generated
by the large number of ND-positive glial cells that appear
in the SFGS and OS at 30 and 60 days after transection
may be eliminating ectopic synapses during refinement.
The positive staining in control animals can be explained,
because the fish retina continues to produce new cells
throughout its adult life [21]. This phenomenon implies
that new connections are produced in the optic tectum and,
therefore, continuous refinement is necessary during the
life of the animal. It would be interesting to study the
inhibition of NOS and its effects on the regeneration of the
optic nerve.
A final aspect to consider is that it has been established
that NO modulates the local blood flow within the CNS
[9]. Therefore, the large number of ND-positive cells
throughout the optic nerve and tracts and in the OT of
control animals, and after the lesion, could modify the
regulation of blood flow, increasing the supply of substances and active cells required for regeneration.
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