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ABS TR AC T

  Quail retinae were stained immunocytochemically with monoclonal antibody QH1, a 
specific marker for quail microglia, at various times up to 6 mo after unilateral 
intraorbital optic nerve transection, which is known to induce degeneration of ganglion 
cell axons and perikarya in the retina. A few days after transection, activated microglia 
displaying an amoeboid shape and strong QH1-immunoreactivity began to appear in the 
inner part of the retina including the inner plexiform layer. The number of these 
amoeboid cells transiently increased, particularly in the ganglion cell and in the optic 
nerve fiber layers, where retrograde neuronal degeneration actively occurs, and returned 
to the normal value 6 mo post-transection. In addition, we observed that numerous 
QH1-labeled macrophages intimately adhered to the surfaces of the pecten and the 
optic disc, and subsequently radially oriented in the retina. Furthermore, some of these 
vitreal macrophages and retinal microglia were labeled with PCNA, indicated migration 
and proliferation around the optic disc. The results of this study, for the first time, 
describe the temporal and spatial aspects of microglial activation in the avascular retina, 
and suggest that the proliferation of microglia and the migration of macrophages, 
attributable to a massive increase of activated microglia at the lesion site during micro-
glial activation, is a property shared by vascular and avascular central nervous system 
(CNS) tissue.
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IN TR O D U C TIO N

  Transection of the optic nerve of adult mammals 
leads not only to Wallerian degeneration of the ax-
ons in the nerve, but also to degeneration of most 
ganglion cell perikarya residing in the retina (Springer 
and Willson, 1989; Stoll et al., 1989). Microglial cells, 

known to be present in all mammalian retinae ex-
amined so far (Vrabec, 1970; Boycott and Hopkins, 
1981; Hume et al., 1983; Sanyal and De Ruiter, 
1985; Schnitzer, 1989), actively phagocytose de-
generating ganglion cells following lesions of the 
retina in rats and rabbits (Miller and Oberdorfer, 
1981; Barron et al., 1986; Schnitzer and Scherer, 
1990). On the other hand, the hematogenous origin 
of brain and retinal microglia has been assumed to 
depend on the migration of monocytes from the 
leptomeninges into neighboring CNS tissue late in 
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embryonic development, and their subsequent trans-
formation into microglia (del Rio-Hortega, 1932; 
Perry and Gordon, 1988). However, the origin and 
the migratory path of retinal microglia in the repair 
process at injury sites is not well defined.
  Avian retinae are remarkably different from their 
mammalian counterparts; astrocytes are lacking in 
the avian retinae, and Müller cells constitute the 
only astrocytic-like cell population (Reichenbach et 
al., 1993), whereas the avian retina contains a 
large number of oligodendrocytes (Cho et al., 1997, 
1999). Avian retinae are completely avascular, and 
include a structure called the pecten, a richly 
vascularized organ, which projects into the vitreous 
body from the optic disc (Romanoff, 1960; Meyer, 
1977). The avascular nature of this retina makes it 
possible to test the hypothetical relationship between 
microglial activation and tissue vascularization, 
since the presence of microglial cells has been 
reported in the adult quail retina by using QH1 
antibody, a marker for microglia and blood vessels 
in this species (Navascues et al., 1994). In addition, 
the absence of blood vessels in the retina greatly 
facilitates studies of microglia.
  However, to our knowledge, no studies have been 
published on microglial activation in the avian ret-
ina. In the present study, we examined microglial 
response in the adult quail retina, with regard to the 
spatial and temporal aspects of activation, and 
proliferation, and regarding the possible migratory 
path of microglia using an optic nerve transection 
model, an injury that does not breach the blood- 
retinal barrier. We compared the findings obtained 
with those of a mammalian counterpart.

M ATE R IALS  AN D  M E TH O D S

  Animal and tissue preparation
  All animal experiments were approved by the lo-
cal Institutional Animal Care and Use Committee. 
Forty adult Japanese quail were used in this study. 
Under deep anesthesia (20 mg/kg Ketamine; 80 
mg/kg Xylazine), the left optic nerve was ap-
proached intraorbitally, and completely transected by 
cutting the nerve immediately after the eyeball. The 
transection was performed unilaterally, the right ret-
ina served as a control. Quails treated in the above 
manner were allowed to survive for postoperative 

periods of 4, 7, 10, 14, 21, 28 and 180 d. The 
retinae of non-operated quails served as normal 
controls. Following enucleation, the cornea, lens, 
and vitreous body were removed and eyecups were 
immersion fixed for 3 hr at 4oC in 4% parafor-
maldehyde. They were cryoprotected by serial su-
crose treatment. The blocks containing the eyecups 
were rapidly frozen with liquid nitrogen and cut into 
10μm thick transverse sections on a freezing micro-
tome. Sections were then thaw mounted on gelatin- 
coated microscopic slides and stored at -20oC 
until required for immunohistochemistry.

  Immunohistochemistry
  Sections were sequentially treated with 0.3% H2O2 
in methanol for 30 min, incubated in 1% normal 
chicken serum in PBS for 1hr, and then incubated 
in diluted mouse anti-QH1 antibody solution (1：
300, Developmental Studies Hybridoma Bank, Uni-
versity of Iowa) overnight at 4oC. They were then 
exposed to biotinylated horse anti-mouse IgG 
(Vector, USA) and streptavidin peroxidase complex 
(Vector, USA), and finally treated with 3,3'-diamino-
benzidine (Sigma, USA) solution containing 0.003% 
H2O2 to visualize the antigen-antibody reaction. The 
sections stained with anti-QH1 controls for immuno-
histochemical staining included the omission of 
primary or secondary antibodies. To reveal the 
colocalization of proliferating microglia, we per-
formed double-labeling immunofluorescence stain-
ing. The two primary antibodies were applied to 
sections simultaneously, and this was followed by 
the simultaneous application of the two secondary 
antibodies. The dilutions used for primary antibod-
ies were 1：100 for anti-PCNA (Sigma, USA), 
which is a specific marker for proliferating cell 
nuclear antigen and 1：3000 for Ricinus communis 
agglutinin 1 (RCA-1; Vector), which is the specific 
marker for microglial cells (Mannoji et al., 1986). 
Specific labeling by the secondary antibodies was 
performed using CyTM3 labeled goat anti-mouse 
IgG 1：100 (Amersham, USA) and CyTM2 con-
jugated streptavidin IgG 1：500 (Amersham, USA). 
Each step was followed by washing 3 times for 10 
min with PBS. Sections were coverslipped in crystal 
mounts (Biomeda, USA), and observed under a Carl 
Zeiss fluorescent microscope. Some retinal whole 
mounts were prepared by using the free-floating 
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Fig. 1. Representative retianl sections stained immunohisto-
chemically with QH1 antibody showing alternations in the 
morphology and distribution of microglia after optic nerve 
transection (ONT). In the normal retina (A), QH1 labeled 
ramified cells whose cell bodies were localized mainly in 
the IPL. Following transection, QH1-immunoreactivity and the
cell number of microglial cells were transiently increased 
(B-E). Amoeboid cells showing strong QH1-immunoreactivity 
appeared primarily in the inner portion of the retina 4 and 
10 d after ONT (B, C). Two weeks after ONT, these a-
moeboid microglia exhibited enhanced immunoreactivity and 
larger cell bodies with short and stout processes (D). 
Thereafter these cells gradually diappeared and amoeboid 
cells were no longer observed 6 mo after ONT (F). Pho-
tomicrographs were taken from the retinal area 1 mm 
anterior from the optic disc in each experimental group. 
Normal control, A; Postoperational day 4 (B), 10 (C), 14 
(D), 21 (E) and 180 (F). Scale bar=50μm.

method described previously (Cho et al., 1997).

  Q uantitative analysis
  Sagittal sections though the optic disc were 
evaluated to obtain microglial densities in the three 
main layers of the retina; the nerve fiber layer 
(NFL) including the ganglion cell layer (GCL), and 
the inner plexiform (IPL) and outer plexiform (OPL) 
layers. The central part of sections obtained from 
lesioned and control sample at equal distances 
from the optic disc were chosen because this por-
tion of the retina contains a rich population of micro-
glia in the three layers described above (Navascues 
et al., 1994). The cell counts were made in the 
retina within 1 mm from the optic disc at a final 
magnification of ×100. At this magnification, the 
number and position of all QH1-labeled cell bodies 
residing in all retinal layers could be determined. 
No attempt was made to distinguish between ra-
mified and amoeboid cells. Five representative 
retinae from different animals were measured and 
mean cell densities, expressed as number per mil-
limeter, were calculated. The student's t-test was 
used for the statistical analysis.

R ES U LTS

  M orphology and distribution of microglial cells
  In the normal retina, as described previously (Na-
vascues et al., 1994), QH1-immunoreactivities are 
localized specifically in ramified (resting) microglial 
cells, which have small bodies with scanty cyto-
plasm and long slender processes extending radially 
over the retinal layers. These bodies were found 
mainly in the IPL and NFL, although some were 
found in the OPL (Fig. 1A). These findings on the 
topography and shape of microglial cells in the 
quail retina are generally in accordance with pre-
vious findings in the adult rabbit retina (Schnitzer 
and Scherer, 1990). Following optic nerve transec-
tion (ONT), staining intensity, shape, number and 
the distribution of retinal microglial cells were rap-
idly changed. About 4 days after ONT, strong QH1- 
immunoreactivities were found in the amoeboid 
cells (Fig. 1B). These were more numerous in the 
inner retinal layers, such as the IPL, NFL and GCL, 
than in the outer retinal layers. Similar findings 
were noted 10 d after transection: strong QH1+ 

amoeboid cells were found in the OPL in addition 
to the inner retinal layers (Fig. 1C). At 2 and 3 
weeks after transection, larger amoeboid cells with 
short and stout processes appeared in the NFL and 
GCL where retrograde degeneration of ganglion cells 
was actively observed (Fig. 1D, E). Six mo after 
ONT, retinal microglia resumed a ramified shape, 
and activated microglial cells were no longer appar-
ent (Fig. 1F). Whole mount preparations demon-
strated the morphologies of resting and activated 
microglial cells. In the IPL of the normal retina, 
QH1+ cells displayed a typical morphology of ram-
ified microglia, and were scattered in a mosaic-like 
fashion throughout this layer (Fig. 2A). However, 
microglial cells in the NFL were poorly ramified, 
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Table 1. Numbers of QH1-labeled microglia in the different layers following optic nerve transection

  Layer
Postoperative day (D)

Control 4 D 10 D 14 D 21 D 180 D

  NFL 11.0±1.7 17.7±0.6* 42.7±1.5*  84.3±2.1* 39.7±1.5* 12.0±2.0
  IPL 19.7±1.5 47.0±2.6* 17.0±2.6  13.3±1.5 15.3±1.5 14.7±1.5
  OPL  5.7±1.2  5.3±0.6  9.3±0.6   9.3±1.5  7.3±1.2  5.7±1.2

  Total 37.0±3.6 70.0±2.0* 69.0±3.6* 107.0±5.0* 62.3±1.2* 32.3±3.8

Figures are means±S.D. The numbers of cells per section were determined in three animals of each group. *Statistically significant 
differences between control and lesioned retinae at the same layer (P＜0.001).

Fig. 2. QH1+ microglial cells in the whole-mounted retina 
of controls (A, C) and 14 d after ONT (B, D). In the 
normal retina, QH1+ cells in the IPL displayed typical mor-
phology of ramified (resting) microglia (A), but microglial 
cells in the NFL were poorly ramified, with processes 
mainly oriented parallel to the the optic axons (C). Fol-
lowing ONT, microglia in both layers were more intensely 
QH1-labeled, and exhibited larger cell bodies with shorter 
and thicker processes, although their characteristic pattern of 
distribution in both layers was largely preserved during gan-
glion cell degeneration (B, D). Photomicrographs were taken 
from the retinal area 1 mm anterior to the optic disc in 
each experimental group. Scale=50μm.

with bipolar processes that were mainly oriented 
parallel to the optic axons (Fig. 2C). They were 
more numerous close to the optic disc than in the 
peripheral areas. Following ONT, microglia in both 
the IPL and NFL were more intensely QH1-labeled, 
and exhibited larger cell bodies with shorter, thicker 
and more branched processes, although their cha-
racteristic pattern of distribution in both layers was 

largely preserved during the ganglion cell degenera-
tion (Fig. 2B, D). We counted the number of micro-
glial cells in the retinal layer within 1 mm of length 
from the optic disc in sagittal section, results are 
shown in Table 1. These results demonstrate that 
overall density of microglia began to increase sig-
nificantly in a few days after ONT (P＜0.001). This 
increase peaked (2.8 fold) 2 weeks after lesion, 
thereafter the number of QH1+ microglial cells de-
creased gradually and returned to the normal value 
6 mo after ONT. When we compared the three 
main layers of the lesioned retina, namely the NFL 
including GCL, IPL, and OPL, with the respect to 
cell density, the cell counts in the NFL always led 
the total increase of cell density in the lesioned ret-
ina, while those in other two layers remained roughly 
constant. This means that increases in the micro-
glial cell population were confined to the retinal 
layers where the retrograde degeneration of gan-
glion cells actively occurred.

  P roliferation and migration of microglia l cells
  The increased number of microglial cells present 
in the NFL and GCL could have been caused by 
the proliferation of cells situated in the retina or, 
alternatively, to invasion by macrophages. To test 
these possibilities, we first examined the apperance 
of macrophages from the pecten and the adjacent 
retinal portion, since it has been suggested that the 
pecten is the main source of macrophages that 
migrate into the retina during the embryonic period 
(Navascues et al., 1995; Marin-Teva et al., 1998). 
In the normal retina, QH1+ cells could not be de-
tected on the surface of the pecten, although the 
pecten and its attachment to the optic disc ap-
peared to be darkly stained due to the inherent blood 
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Fig. 3. Sections of the pecten and of the adjacent retina 
stained immunohistochemically with QH1 antibody, showing a 
possible QH1+ macrophage migratory path from the pecten 
to the retina following ONT. No QH1+ cells were detected 
on the vitreal surface of the pecten or retina in the con-
trols (A), although the inside of the pecten and its attach-
ment to the optic disc appeared to be dark due to the in-
herent blood vessels and pigment cells residing in these or-
gans. A few days after ONT, however, many QH1+ cells 
(arrows) were observed along the vitreal surfaces of the 
pecten (B), and retina (C, D). These QH+ vitreal macro-
phages were continually found up to 2 weeks postlesion, 
but then disappeared, and were absent at 4 weeks post- 
lesion (F). Note that QH1+ cells were elongated or amoe-
boid in shape and intimately adhered to the vitreal surface 
of the pecten and to its attachment with the retina (B, C, 
D). In the retina, QH1+ cells often appeared underneath 
the internal limiting membrane or situated along the neve 
fibes of the retina (E). Normal control, A; Postoperational 
day 4 (B, C), 7 (D), 10 (E), and 28 (F). Scale=100μm in 
A; 25μm in E (applies to B-E); 50μm in F.

Fig. 4. Double-labeled retina with RCA-1 and PCNA showing 
proliferating microglial cells after ONT. Four days later 
PCNA was found in the nuclei of some RCA-1-labeled 
microglia cells (arrows) in the IPL throughout the central (A) 
and peripheral (B) area. At 7 d after ONT, PCNA im-
munoreactivities were mainly found in the microglial cells 
(arrows) located in the NFL (C). Note PCNA+ microglial 
cells (arrow heads) positioned on the inside or vitreal side 
of the internal limiting membrane and in close contact with 
the membrane (C). Scale bar=25μm.

vessels and pigment cells reside in these organs 
(Fig. 3A). A few days after ONT, however, many 
QH1+ cells were observed along the vitreal surface 
of the pecten and adjacent retina (Fig. 3B, C, D). 
These QH+ macrophages were continually found up 
to 2 weeks postlesion, but then disappeared (Fig. 
3F). QH1+ macrophages were elongated or amoe-
boid in shape, without any cellular processes, and 
intimately adhered to the vitreal surface of the pec-
ten or midway between the pecten and the retina 
(Fig. 3B, C, D). In the retinal portion, QH1+ macro-

phages were often observed underneath the inter-
nal limiting membrane or situated along the nerve 
fibers of the retina (Fig. 3E). These findings sug-
gest that macrophages are derived from the pecten 
and migrate into the injured portion of the reina. 
We also investigated whether microglial cells pro-
liferate in the injured retina by double-labeling using 
PCNA antibody and lectin RCA-1. Immunofluore-
cent microscopy revealed that PCNA was colo-
calized in many microglial cell bodies in the IPL 
throughout the central (Fig. 4A) and the peripheral 
(Fig. 4B) retina 4 d post-lesion. At 7 d after ONT, 
PCNA immunoreactivities were mainly found in cells 
located in the NFL or those cells positioned in 
close contact with the inner limiting membrane (Fig. 
4C). On the other hand, PCNA-labeled microglial 
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cells were not observed in the contralateral control 
retina from the same animal.

D IS C U S SIO N

  The present study demonstrates for the first time 
the response of microglial cells in the avian retina 
after retrograde degeneration of the ganglion cell 
axons and perikarya. In particular, it was found that 
strong QH1-immunoreactive amoeboid cells appeared 
a few days after optic nerve transection and their 
numbers began to increase. This increase con-
tinued for up to 2 weeks post-lesion, and gradually 
returned to the normal value 6 mo after ONT. 
Moreover, this increase of microglial cells occurred 
mainly in the NFL and GCL, while those in the IPL 
and OPL remained constant. Microglial increases in 
these layers have been described in the rabbit 
(Schntizer and Scherer, 1990) and the rat (Thanos, 
1991a, b; Thanos et al., 1993). Thus, it appears 
that increased microglial cell number is largely 
confined to the retinal layers, in which ganglion cell 
degeneration is actively occurring. This increased 
number of microglial cells in the retina could be 
due either to the proliferation of cells located in the 
retina or, alternatively, to the migration of microglia 
to the injured site. We observed a considerable 
number of PCNA-labeled microglia after ONT in the 
lesioned retina, suggesting that some microglial 
cells in the retina are capable of proliferation. This 
is in accordance with observations of the degenera-
ting optic nerve in the rat (Skoff, 1975) and rabbit 
(Schntizer and Scherer, 1990). Interestingly, we 
found that majority of PCNA+ microglial cells, which 
appeared at earlier time points, were in the IPL, 
although a few PCNA+ microglial cells appeared at 
later time points in the NFL. Furthermore, when 
PCNA-labeled microglia appeared in the IPL, this 
was accompanied by a concomitant increase of 
microglia density in this layer. This suggests that 
some microglia proliferating in the IPL may migrate 
to the NFL. This notion is also supported by pre-
vious studies, which reported that microglia pro-
liferate far away from the lesion site (Riva-Depaty 
et al., 1994; Ziaja and Janeczko, 1999) and migrate 
through the rat retina to the layers of neuronal 
degeneration (Thanos and Richter, 1993). On the 
other hand, it has long been believed that macro-

phages invade the degenerating CNS from the 
blood stream. However, direct evidence is lacking 
because of the non-availability of cell markers ca-
pable of distinguishing macrophages from microglia. 
In this study, however, we were able to demon-
strate the existence of long distance macrophage 
migration due to the unique structure of the avian 
retina. Avian retinae are completely avascular and 
include a structure called the pecten, which is a 
richly vascularized organ that projects into the vitre-
ous body from the optic disc (Romanoff, 1960; 
Meyer, 1977). This organ provides nutrients and ox-
ygen to the retina through the vitreous body. During 
the embryonic period, the pecten is the source of 
amoeboid macrophages, microglial precursors. They 
migrate from the pecten to the retina along the 
vitreal side to spread across the entire surface of 
the retina, and then migrate radially to colonize 
different depths of the retinal wall, where they dif-
ferentiate into ramified microglia (Cuadros et al., 
1993; Marin-Teva et al., 1998). A similar mode of 
migration was found in this study. A few days after 
ONT, we observed numerous vitreal macrophages 
intimately adherent to the surfaces of the pecten 
and retina. Subsequently, they were found located 
underneath the internal limiting membrane and along 
the nerve fibers of the retina. Further tracing of the 
migratory paths of these macrophages was not pos-
sible, because when macrophages migrate into the 
retinal layers they are no longer distinguishable from 
the intrinsic microglial cells. This sequence of events, 
however, suggests that QH1+ macrophages derived 
from the pecten migrate into the injured site of the 
retina where they contribute to microglial cell num-
bers in the NFL. On the other hand, we did not ob-
serve PCNA-labelling in the vitreal macrophages of 
the pecten, although a few PCNA-labeled cells were 
found in the NFL, though it appears that at least 
some of PCNA-labeled cells in the NFL are mi-
grated macrophages because they were located on 
the inside or vitreal side of the internal limiting 
membrane.
  In conclusion, this study demonstrates for the first 
time microglial activation, migration and proliferation 
in the avascular retinal tissue. Further studies un-
derlying the fate of the migrating macrophages in 
relation to intrinsic microglial cells should improve 
our understanding of microglial function in injured 
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CNS tissue.
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