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ABSTRACT: Organotypic cultures of retina explants

preserve the complex cellular microenvironment of the ret-

ina and have been used as a tool to assess the biological

functions of some cell types. However, studies to date have

shown that microglial cells activate quickly in response to

the retina explantation. In this study, microglial cells

migrated and ramified in quail embryo retina organotypic

cultures (QEROCs) according to chronological patterns

bearing a resemblance to those in the retina in situ, despite
some differences in cell density and ramification degree.

Retinal explants from quail embryos at 9 days of incuba-

tion (E9) proved to be the best in vitro system for reproduc-

ing a physiological-like behavior of microglial cells when

cultured in Eagle’s basal medium supplemented with horse

serum. During the first week in vitro, microglial cells

migrated tangentially in the vitreal part of QEROCs, and

some began to migrate radially from 3 days in vitro (div)

onward, ramifying in the inner and outer plexiform layers,

thus mimicking microglia development in the retina in situ,
although reaching a lower degree of ramification after 7

div. From 8 div onward, microglial cells rounded through-

out the explant thickness simultaneously with the nonphy-

siological appearance of dead photoreceptors and round

microglia in the outer nuclear layer. Therefore, E9 QER-

OCs can be used during the first week in vitro as a model

system for experimental studies of molecules putatively

involved in microglial migration and ramification. ' 2010
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INTRODUCTION

Migration and differentiation are key processes in the

development of microglia during embryonic and

postnatal development of the central nervous system

(CNS). These processes have been well characterized

in the developing quail avascular retina (Navascués

et al., 1995; Marı́n-Teva et al., 1998, 1999; Sánchez-

López et al., 2004) where two types of migrations,

tangential and radial, have been described. Ameboid
microglial cells enter the retina from the pecten/optic
nerve head area between 7 and 16 days of incubation
(E7–E16) and migrate tangentially in a central-to-pe-
ripheral direction (Navascués et al., 1995), crawling
on Müller cell end-feet by a cellular mechanism simi-
lar to that of cultured fibroblasts in vitro (Marı́n-Teva
et al., 1998). From E9 to the first half of the first post-
hatching week, ameboid microglial cells move radi-
ally in a vitreal-to-scleral direction to gain access to
plexiform layers, where they become ramified micro-
glia (Navascués et al., 1995; Marı́n-Teva et al., 1999;
Sánchez-López et al., 2004).

Experimental studies are now essential to gain

insight into the cellular and molecular mechanisms

of the migration and ramification of microglial

cells. This research is greatly facilitated by the use

of in vitro model systems, in which molecular manip-
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ulations of the microenvironment of microglial cells

can be readily performed. However, the drawback of

microglia-enriched cultures is that microglial cells

respond quickly to microenvironmental changes and

become activated (Slepko and Levi, 1996; Hurley

et al., 1999; Lee et al., 2002); hence, these cultures

do not reproduce the behavior of microglial cells

in situ. In contrast, organotypic cultures of slices

from different regions of the adult and developing

CNS on semiporous membranes in an air–liquid

interface (Stoppini et al., 1991) have proven valuable

to investigate the differentiation (Hailer et al., 1996,

1997) and the migratory behavior (Hailer et al., 1997;

Heppner et al., 1998; Czapiga and Colton, 1999; Dai-

ley and Waite, 1999; Stence et al., 2001; Grossmann

et al., 2002; Petersen and Dailey, 2004; Kurpius

et al., 2007) of microglia.

The retina is an especially favorable part of the

CNS for organotypic cultures, as it is a thin multilay-

ered region that allows whole-mounted explants to be

cultured, thereby avoiding the damage caused by tis-

sue slicing. Nevertheless, microglia in organotypic

cultures of whole-mounted retinal explants from dif-

ferent mammals activate shortly after retinal explan-

tation (Broderick et al., 2000; Mertsch et al., 2001;

Carter and Dick, 2003, 2004; Engelsberg et al.,

2004), precluding analysis of microglia in their origi-

nal state. Organotypic cultures from avian retinas

appear to be a better model system to study microglia

than those from mammalian retinas because the for-

mer lack blood vessels, while the degeneration of

blood vessels in the latter may possibly alter the

behavior of microglia. In this study, an in vitro model

system based on long-term quail embryo retina orga-

notypic cultures (QEROCs) was set up to achieve the

migration and differentiation of developing micro-

glial cells under conditions in which the retinal

cytoarchitecture is retained. The migration and rami-

fication of ameboid microglial cells in QEROCs

during the first week in vitro proved to bear a striking

resemblance to those in the retina in situ. Hence, our
in vitro model system provides a useful tool for future

experimental analyses of molecular mechanisms of

microglial migration and ramification.

METHODS

Animals

Retinas from embryonic quails (Coturnix coturnix japon-
ica) at E9, E10, E12, and E14 were used to obtain explants,

which were subsequently incubated in vitro as described

below. After selecting the embryonic age at which micro-

glial behavior in QEROCs was most similar to that in the

retina in situ, most of the study results were obtained from

E9 QEROCs. E9–E16 quail embryo noncultured retinas

were also studied to compare observations in E9 QEROCs

at different in vitro times with those in retinas in situ of

equivalent ages. The number of embryos and retinal

explants studied are given in Table 1.

Isolation and In Vitro Culture of Retinal
Explants

Explants of quail embryo retinas were cultured in vitro
according to the method described by Stoppini et al. (1991)

with some modifications (Marı́n-Teva et al., 2004). Briefly,

retinas were dissected out into cold Gey’s balanced salt so-

lution (Sigma, St. Louis, MO) supplemented with 5 mg/mL

glucose (Sigma) and 50 IU-lg/mL penicillin–streptomycin.

After removing the pigment epithelium, the central area of

each retina (containing migrating microglial cells) was iso-

lated. Then, square explants measuring 1 mm on each side

were cut on a McIlwain tissue chopper (Mickle, Guildford,

United Kingdom). Explants were subsequently placed on

30-mm Millicell CM culture plate inserts (Millipore, Biller-

ica, MA; pore size 0.4 lm) in six-well plates containing

1 mL/well culture medium and incubated in vitro for differ-

ent time periods (see below) at 378C in a humidified atmos-

phere with 5% CO2. Each retinal explant was placed on the

Millicell insert with its vitreal surface facing downward,

i.e., in close contact with the insert membrane. The medium

was replaced after 24 h in vitro (hiv) and every 3 days

in vitro (div) thereafter.
Various types of culture media were used in this study.

The most frequently used medium was composed of 50%

basal medium with Earle’s salts (BME), 25% Hank’s bal-

anced salt solution, 25% horse serum (HS), 1 mM L-gluta-

mine, 10 IU-lg/mL penicillin–streptomycin (all purchased

Table 1 Numbers of Retinal Explants and Embryos

(in Parentheses) Used in this Study

In vitro time

Embryonic age

E9 E10 E12 E14 E16

Non-cultured

explants

46 (5) 45 (3) 35 (5) 35 (6) 51 (4)

6 hiv 24 (4) 10 (3) – – –

12 hiv 24 (3) 10 (2) – – –

24 hiv 66 (8) 10 (3) – – –

2 div 34 (4) 10 (3) – – –

3 div 64 (19) 10 (4) 16 (2) 38 (7) –

5 div 72 (13) – – – –

7 div 86 (18) 10 (3) – – –

8 div 30 (11) 5 (3) – – –

10 div 24 (11) 5 (3) – – –

14 div 34 (4) 10 (3) – – –

E ¼ embryonic day; hiv ¼ hours in vitro; div ¼ days in vitro.
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from Invitrogen, Paisley, United Kingdom), and 5 mg/mL

glucose (BME + 25% HS). We also used three variants of

this culture medium that were obtained by replacing 25%

HS with 15% HS plus 10% chick serum (BME + 15% HS +

10% CS), with 25% CS (BME + 25% CS) or with insulin-

transferrin-sodium selenite supplement (ITS, Sigma) plus 5

mg/mL bovine serum albumin (BSA) Fraction V (BME +

ITS). The other culture medium tested was serum-free neu-

robasal medium (NB, Invitrogen) supplemented with either

B27 (Invitrogen, NB + B27) or N2 (Invitrogen, NB + N2).

E9, E10, E12, and E14 retinal explants were incubated

for 3 div to select the optimal embryonic age. Once E9 was

determined to be the most suitable age, E9 retinal explants

were incubated for 0 (noncultured explants), 6, 12, and 24

hiv and 2, 3, 5, 7, 8, 10, and 14 div.

Antibodies

The following monoclonal antibodies (mAbs) were used in

the immunocytochemistry studies: QH1, H5, 39.4D5, and

M1B4 (all from Developmental Studies Hybridoma Bank,

University of Iowa, Iowa City, IA). The QH1 mAb was

used to identify microglial cells because it labels all quail

hemangioblastic cells except for mature erythrocytes (Par-

danaud et al., 1987), including ameboid, ramified, and reac-

tive microglia (Cuadros et al., 1992). Because the quail ret-

ina is avascular, QH1 only labels microglia in retinal

explants. The H5 mAb recognizes vimentin and was used to

reveal Müller cells (Fischer et al., 2004). The 39.4D5 mAb

recognizes the transcription factor islet-1 and labels most

ganglion cells and other subsets of retinal neurons (Fischer

et al., 2002; Halfter et al. 2005). The M1B4 mAb is a

marker of tenascin, an extracellular matrix protein

expressed in the plexiform layers of the embryonic retina

(Pérez and Halfter, 1993; Belmonte et al., 2000; Sánchez-

López et al., 2004). In addition, the antiactive caspase-3

polyclonal antibody (pAb, R&D Systems, Minneapolis,

MN) was used to identify apoptotic cells in chick embryo

retina (Borsello et al., 2002). Working dilutions were as fol-

lows: QH1 at 1:4, H5 and M1B4 at 1:10, 39.4D5 at 1:250,

and antiactive caspase-3 at 1:100. Secondary Abs were

Alexa Fluor 488-conjugated goat anti-mouse IgG (dilution

1:500, Molecular Probes, Eugene, OR) to reveal primary

mAbs and Cy3-conjugated goat anti-rabbit IgG (dilution

1:500, Healthcare Europe, Freiburg, Germany) to reveal the

antiactive-caspase-3 pAb.

Immunolabeling of Whole-Mounted and
Cryosectioned Retinal Explants

QEROCs and noncultured retinas were fixed in 4% parafor-

maldehyde in 0.1 M phosphate-buffered saline (PBS, pH

7.4) for 1 h at 48C. Some of them were maintained as whole

mounts and processed free floating for immunocytochemis-

try, while others were cryosectioned before immunocyto-

chemical treatment.

Double immunocytochemistry was carried out on

whole-mounted QEROCs and noncultured retinas with the

QH1 mAb and antiactive caspase-3 pAb. After fixation,

these QEROCs and noncultured retinas were repeatedly

washed with 0.01 M PBS–0.1% Triton X-100 (PBS–0.1%

T) and permeabilized in PBS–1% Triton X-100 for 4 h at

48C. They were then washed with PBS–0.1% T and incu-

bated with 10% normal goat serum in 0.01 M PBS–1%

BSA–0.25% Triton X-100 (PBS–1% BSA–0.25% T) for 1

h at room temperature. After incubation with a mixture of

the primary Abs QH1 and antiactive caspase-3 in PBS–1%

BSA–0.25% T for 72 h at 48C, they were washed with

PBS–0.1% T and incubated with a mixture of the secondary

Abs in PBS–1% BSA–0.25% T for 4 h at room tempera-

ture. Whole mounts were then washed with PBS–0.1% T

and coverslipped with Fluoromount G (Southern Biotech,

Birmingham, AL).

After fixation, other E9 QEROCs and noncultured reti-

nas were cryoprotected by incubation in PBS–0.1% T con-

taining 10% sucrose overnight at 48C, then soaked in 7.5%

gelatin in the cryoprotective solution, frozen into ultracold

isopentane, and stored at �408C before sectioning on a

Leica CM1850 cryostat (Leica, Wetzlar, Germany); 20 lm
thick cross-cryosections were collected on gelatinized

slides and labeled by double immunocytochemistry with

one of the QH1, H5, 39.4D5, or M1B4 mAbs plus the anti-

active caspase-3 pAb. The immunocytochemical procedure

for cryosections was similar to that described above for

whole mounts with the following differences: early perme-

abilization with PBS–1% Triton X-100 was omitted; incu-

bation times in the mixture of primary Abs and the mixture

of secondary Abs were overnight and 2.5 h, respectively,

and staining with Hoechst 33342 (Sigma) diluted in 0.01 M
PBS (10 lg/mL) for 3 min was done before coverslipping

to reveal cell nuclei.

Immunolabeled whole-mounted explants and retinal

sections were observed under a Zeiss Axiophot upright

microscope (Zeiss, Oberkochen, Germany) equipped for

epifluorescence, and micrographs were obtained with a

Zeiss AxioCam digital camera.

Time-Lapse Imaging of Living
Microglial Cells Labeled by Direct
Immunofluorescence

Living microglial cells within some E9 QEROCs were

marked by direct immunolabeling with Alexa Fluor 488-

conjugated QH1 (A488-QH1) to study the dynamics of

microglial migration by time-lapse imaging. We conjugated

Alexa Fluor 488 with the QH1 mAb after purification of

immunoglobulin from QH1 supernatant. A HiTrap column

with Protein G Sepharose-MabTrap Kit (Healthcare

Europe) was used for purifying QH1 immunoglobulin. It

was then kept under agitation in a 0.5–3 mL Slide-A-Lyzer

dialysis cassette (Thermo Scientific, Rockford, IL) for 1

day at 48C and concentrated with an Amicon Ultracentrifu-

gal filter device with 10 kDa molecular weight cutoff

(Millipore). Immunoglobulin was then conjugated with

Alexa Fluor 488 by using the Alexa Fluor 488 mAb label-

ing kit (Molecular Probes) and kept in a 0.1–0.5 mL Slide-
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A-Lyzer dialysis cassette (Thermo Scientific) for 1 day

at 48C to remove sodium azide. The solution stock of

A488-QH1 (0.11 lg/lL) was stored as frozen (�208C)
5-lL aliquots.

Living microglial cells were labeled with A488-QH1 by

adding 2 lL of fluorescent mAb on each retinal explant just

after it was placed on the Millicell insert into the well con-

taining 1 mL culture medium. After incubation for 10 min

at 378C, A488-QH1 was bound to its specific antigen in the

cell membrane of living microglial cells, allowing us to

track their movement within the explant. Well plates con-

taining QEROCs were then transferred into a S-M incubator

(Pecon, Erbach, Germany) mounted onto the thermostated

stage of a Leica DM IRB fluorescence inverted microscope

(Leica). QEROCs were kept in the microscope incubator

for variable times at 378C in a humidified atmosphere with

5% CO2, and the movement of A488-QH1-positive cells

was analyzed from time lapse images acquired every 5 min

with a DFC300 FX digital camera (Leica) under a 403
objective.

Quantitative Analysis of Microglia Density
and Morphology in Different Retinal
Layers

The density and morphology of microglial cells were quan-

tified in the nerve fiber layer (NFL), where they migrated

tangentially, and in the inner (IPL) and outer (OPL) plexi-

form layers, where they ramified. The elongation index, a

morphological parameter calculated by the equation [major

axis length in lm]/[minor axis length in lm], was deter-

mined for nonramified microglial cells in the NFL. The

transformation index, a morphological parameter previ-

ously used to evaluate the ramification of microglial cells in
vitro (Fujita et al., 1996), was determined for ramified

microglial cells in the IPL and OPL. The transformation

index was calculated by the equation [cell perimeter in

lm]2/4p[cell area in lm2]. The mean values of density,

elongation index, and transformation index were deter-

mined in each layer of E9 QEROCs at different times in
vitro and in retinas in situ of equivalent ages, based on

image analysis data on microscopic fields of 60,000 lm2,

using Image Tool 2.0 software (University of Texas Health

Science Center, San Antonio, TX). Student’s t tests were

used for quantitative comparisons of mean values between

QEROCs and retinas in situ.

RESULTS

Setup of QEROCs to Achieve
Ramification of Microglial Cells

Different culture media and embryonic ages of retinal

explants were tested to setup the best experimental

conditions for achieving migration and ramification of

microglial cells in QEROCs. E9 was the first develop-

mental age tested because, at this time, central areas of

the retina are filled with tangentially migrating micro-

glial cells on the vitreal surface that are beginning to

migrate radially towards the plexiform layers, where

they will adopt a ramified phenotype (Navascués et al.,

1995; Marı́n-Teva et al., 1998). When E9 retinal

explants were cultured for 3 div in BME + 25% HS,

microglial cells ramified in the explant [Fig. 1(A)],

hence mimicking their behavior in the retina in situ
(Navascués et al., 1995). The partial replacement of

HS with CS in the above culture medium gave rise to

a strong change in the morphological features of

microglial cells, which showed a round phenotype

with short and thick processes [Fig. 1(B)]. The com-

plete replacement of HS with CS in the culture me-

dium caused microglial cells to become much more

round, possessing a large vacuolated cell body without

processes [Fig. 1(C)]. The replacement of HS with a

supplement containing ITS and BSA produced a rami-

fied appearance of microglial cells in E9 + 3div QER-

OCs [Fig. 1(D)], although their cell bodies were larger

and more rounded in comparison to the microglial

cells in QEROCs cultured in BME + 25% HS [com-

pare Fig. 1(D) with Fig. 1(A)]. Finally, microglial cells

in E9 + 3 div QEROCs cultured in NB supplemented

with either B27 [Fig. 1(E)] or N2 [Fig. 1(F)] had

slightly ramified phenotypes. Microglial cells in both

media showed large irregular cell bodies with proc-

esses of variable length and thickness, very different

from those in the retina in situ. Taken together, these

results indicated that BME + 25% HS was the optimal

culture medium for the developing microglial cells in

E9 + 3 div QEROCs to maintain a comparable mor-

phology to that in the retina in situ.
Different embryonic ages of cultured retinal

explants were also tested (Fig. 2). In contrast with the

ramified appearance of microglial cells in E9 + 3 div

QEROCs [Fig. 2(A)], these cells evidenced some

degree of rounding in QEROCs from E12 and E14

retinas, showing large cell bodies with short and thick

processes in E12 + 3 div [Fig. 2(B)] and E14 + 3 div

[Fig. 2(C)] QEROCs. Consequently, these embryonic

ages were not used for organotypic cultures in this

study. The results in E10 QEROCs (not shown) were

similar to those in E9 QEROCs, except for a higher

number of microglial cells per explant.

Ameboid Microglia Retained their
Tangential Migratory Activity in E9
QEROCs During the First 24 hiv

Observations in noncultured E9 retina explants

revealed abundant QH1-positive ameboid microglia

Microglia in Retina Organotypic Cultures 299
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distributed on the entire vitreal surface of the retina

[Fig. 3(A,B)]. Their phenotype was typical of cells in

the process of tangential migration in the retina in
situ, described in previous studies (Navascués et al.,

1995; Marı́n-Teva et al., 1998), i.e., an elongated cell

body that emits polarized cell processes bearing

broad lamellipodia. In E9 + 6 hiv and E9 + 24 hiv

QEROCs, QH1-positive microglial cells showed no

signs of rounding and retained their migratory pheno-

type [Fig. 3(C–F)], suggesting that their migratory

activity on the vitreal surface of QEROCs continued

during the first 24 hiv, as observed in the embryonic

retina in situ between E9 and E10.

We studied the dynamics of microglial movements

by examining time-lapse fluorescence micrographs of

QEROCs immunostained in vitro with A488-QH1

mAb and cultured up to 24 hiv in a culture chamber

fitted to the heated stage of a fluorescence inverted

microscope. Microglial cells underwent cyclic

changes in their morphology during their in vitro
migration (Fig. 4). First, they extended a lamellipo-

dium, or a short process ending in a lamellipodium,

at the leading edge of their body; then, they translo-

cated the cell body forward and finally retracted the

rear of the cell, where a thin process remained.

Microglial cells also extended lamellipodia from

parts of their surface other than the leading edge, but

these were rapidly retracted and were not used to

migrate. Although most microglial cells migrated

along approximately parallel pathways (coincident

with ganglion cell axon trajectories), not all of them

were migrating in the same direction, and cells mov-

ing forward, backward, and sideways were observed

in all QEROCs (not shown), as also occurs in the ret-

ina in situ. Taken together, these results suggest that

the migratory behavior of microglial cells in E9

QEROCs during the first 24 hiv is consistent with the

behavior previously inferred from static images of

quail embryo retinas in situ (Marı́n-Teva et al., 1998).

Tangential migration of microglia takes place in the

vitreal part of the quail embryo retina during a period

of physiological apoptosis in the ganglion cell layer

Figure 1 Morphological appearance of QH1-positive microglial cells in the vitreal border of the

inner plexiform layer of E9 quail embryo retina organotypic cultures after incubation for 3 div in ba-

sal medium with Earle’s salts (BME, A–D) or neurobasal medium (NB) supplemented with different

components (E and F). Microglial cells show a physiological-like ramified appearance after incuba-

tion of retinal explants in BME supplemented with 25% HS (BME + 25% HS, A). By contrast, they

show a round phenotype after incubation of retinal explants in BME supplemented with either 15%

HS plus 10% CS (BME + 15% HS + 10% CS, B) or 25% CS (BME + 25% CS, C). Microglial cells

also show a ramified phenotype in retinal explants incubated in BME supplemented with a mixture of

insulin, transferrin, and sodium selenite (BME + ITS, D); however, this phenotype is somewhat dif-

ferent from that seen in the retina in situ. After incubation of retinal explants in NB containing either

B27 supplement (NB + B27, E) or N2 supplement (NB + N2, F), microglial cells have a ramified

phenotype but show a nonphysiological appearance. Scale bar: 100 lm.
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(GCL) and inner nuclear layer (INL; Marı́n-Teva

et al., 1999). In fact, apoptotic cells were detected in

both retinal layers by immunolabeling with the antiac-

tive caspase-3 pAb (Fig. 5). In noncultured E9 retina

explants, antiactive caspase-3-positive neurons were

mainly located in the GCL and the vitreal part of the

INL, whereas QH1-positive microglial cells were

migrating in the NFL and on the vitreal surface of the

retina [Fig. 5(A,B)]. After 24 hiv, migrating microglial

cells became more abundant in E9 QEROCs [Fig.

5(C)], while apoptotic cells continued to be observed

in the GCL and vitreal part of the INL [Fig. 5(C,D)].

Apoptotic cells were clearly more abundant in the

GCL of E9 + 24 hiv QEROCs [Fig. 5(C,D)] than in

the GCL of noncultured E10 retina explants [Fig.

5(E,F)], probably as a consequence of ganglion cell

axotomy during isolation of the explants. However,

the abundance of apoptotic ganglion cells did not

affect the migratory behavior of microglial cells.

Radial Migration and Ramification of
Microglial Cells in E9 QEROCs During the
First Week In Vitro

From 24 hiv to 2 div, microglial cells progressively

lost their elongated and polarized phenotype. In E9 +

2 div QEROCs, they had a slightly larger body that

emitted multiple short processes in different direc-

tions [Fig. 6(A)]. Cross-sections of E9 + 2 div QER-

OCs (not shown) revealed that microglia were located

not only in the NFL, as occurred after 24 hiv, but also

in the GCL. These observations strongly suggest that

microglial cells in E9 + 2 div QEROCs had stopped

their tangential migration on the vitreal surface and

were starting to migrate radially toward more scleral

layers of the retina.

Cross-sections of E9 + 3 div QEROCs [Fig. 6(B)]

showed that microglial cells were present in the NFL

and GCL as well as in the vitreal border of the IPL

(v-IPL) and intermediate regions of this layer (i-IPL),

corroborating the radial migration of microglial cells

in QEROCs. Analyses of whole-mounted E9 + 3 div

QEROCs at different focal planes revealed that the

body of many QH1-positive microglial cells was

located at the level of the NFL and GCL [Fig. 6(C),

arrows] and emitted a leading thin radial process that

ramified at the v-IPL or i-IPL [Fig. 6(C0), arrows].
The cell body and processes of other QH1-positive

cells in E9 + 3 div QEROCs were completely local-

ized within the IPL [Fig. 6(C0), arrowheads]. These
observations were compatible with the radial migra-

tion of microglial cells in QEROCs by a similar

mechanism to that previously described in the quail

embryo retina in situ (Sánchez-López et al., 2004).

In E9 + 5 div QEROCs, QH1-positive microglial

cells were mainly located in the GCL, v-IPL, and i-

IPL, and some of them had reached the scleral border

of the IPL [s-IPL, Fig. 7(A)], as observed in the quail

embryo retina in situ at E14 (Marı́n-Teva et al.,

1999), a developmental stage equivalent to E9 + 5

div. Some microglial cells were located between the

GCL and v-IPL [Fig. 7(B), thin arrows], whereas

other QH1-positive cells were seen in the i-IPL [Fig.

7(B0), arrowheads] or s-IPL [Fig. 7(B@), thick arrows]

and displayed a more or less ramified phenotype,

indicating that differentiation of microglial cells was

taking place in the IPL of E9 + 5 div QEROCs.

After 7 div, the tissue at the free edge of retinal

explants slightly spread, giving rise to a narrow mar-

ginal area around the original explant outline in

which QH1-positive cells were irregularly distributed

[Fig. 8(A,A0)]. The microglial cells in the original

Figure 2 Morphological appearance of QH1-positive microglial cells in the vitreal border of the

inner plexiform layer of explants from retinas of different embryonic ages after incubation for 3 div

in basal medium with Earle’s salts supplemented with 25% horse serum. Microglia show a physio-

logical-like ramified phenotype in an explant from E9 retina (A) that contrasts with the partially

ramified ameboid appearance in explants from E12 (B) and E14 (C) retinas. Scale bar: 50 lm.
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area of the explant were arranged throughout the reti-

nal thickness in a similar pattern to that in the retina

in situ at an equivalent developmental stage. Obser-

vations of whole-mounted E9 + 7 div QEROCs at dif-

ferent focal planes revealed the presence of microglia

with a ramified phenotype in the GCL/v-IPL

[Fig. 8(B)], s-IPL [Fig. 8(B0)], and OPL [Fig. 8(B@)].
Observations of cross-sections of E9 + 7 div QER-

OCs [Fig. 8(C)] confirmed this microglia distribution

pattern. The presence of incipiently ramified micro-

glial cells in the OPL suggested that some microglial

cells had migrated radially from the IPL to the OPL

by traversing the INL, reproducing behavior observed

in the quail embryo retina in situ at E16 (Marı́n-Teva

et al., 1999), a developmental stage equivalent to E9

+ 7 div. In addition, a few QH1-positive microglial

cells with a nonramified phenotype began to be

seen at this time on the scleral surface of the explant

Figure 3 Microglial cells migrating in the nerve fiber layer of QH1-immunolabeled explants

from E9 quail embryo retinas fixed at 0 hiv (E9 + 0 hiv, A, B) or after culture in basal medium with

Earle’s salts supplemented with 25% horse serum for 6 hiv (E9 + 6 hiv, C, D) and 24 hiv (E9 + 24

hiv, E, F). Boxed areas in A, C, and E are seen at higher magnification in B, D, and F, respectively.

Note that QH1-positive microglial cells in cultured explants (C–F) maintain an elongated pheno-

type with polarized lamellipodia-bearing processes, similar to that of cells migrating tangentially in

noncultured explants (A, B). Scale bar: 200 lm for A, C, and E; 52 lm for B, D, and F.
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[Fig. 8(A0), asterisks], on the photoreceptor layer

[Fig. 8(C), asterisk]; this observation is compatible

with the arrival of these cells by migration from the

marginal area around the original outline of retina

explants. QH1-positive cells were not observed at

this scleral location in the E16 retina in situ.

Quantitative Comparison of Microglia
Density and Morphology Between
QEROCs and Retinas In Situ of
Equivalent Ages

Microglial cell densities in the IPL and OPL did not sig-

nificantly differ between E9 + 7 div QEROCs and E16

retinas in situ (Fig. 9), revealing a similar microglial col-

onization of the plexiform layers by radial migration

between QEROCs and retinas in situ. Nevertheless,

comparison of microglial cell densities in the NFL/GCL

and IPL of QEROCs after 24 hiv and 3 div with those in

the same layers of retinas in situ of equivalent ages (Fig.
9) suggested that the radial migration of microglia was

slightly delayed in QEROCs with respect to retinas in
situ. In fact, microglial cell density in the NFL/GCL of

E9 + 24 hiv QEROCs was significantly lower than in

the same layer of E10 retinas in situ (Fig. 9), explained

by the absence in QEROCs of the entry of further micro-

glial cells from the pecten/optic nerve head area. In con-

trast, microglial cell density in the NFL/GCL increased

Figure 4 Dynamics of movement of two QH1-immunolabeled microglial cells (cell 1 and cell 2) in

an E9 quail embryo retina organotypic culture. Alexa Fluor 488-conjugated QH1 was added to the cul-

ture medium at the beginning of incubation in the culture chamber fitted to the heated stage of the

inverted microscope. Microglial cell bodies show strong fluorescent labeling, whereas cell processes and

lamellipodia are weakly labeled. After 6 h of in vitro incubation, time-lapse micrographs were taken ev-

ery 5 min (0–40 min). Cells 1 and 2 move in opposite directions: cell 1 upward and cell 2 downward,

moving out of the micrograph field after 30 min. Cell 1 moves by extending a lamellipodium (thin

arrows) at the leading edge of its body, which is subsequently translocated simultaneously with a retrac-

tion of the rear of the cell (thick arrows). Both cells extend transient lamellipodia from regions other than

the leading edge (arrowheads in cell 1 at 15 min and cell 2 at 5 min), which are rapidly retracted. These

transient lamellipodia can make contact with the surface of neighboring microglial cells, contributing to

the redirection of the cell’s movement (see cells 1 and 2 in the frame at 5 min). Scale bar: 40 lm.
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in E9 + 3 div QEROCs to a significantly higher level

than in E12 retinas in situ (Fig. 9), probably due to the

increased cell proliferation and later withdrawal of

microglia from the NFL by radial migration in QEROCs

in comparison to retinas in situ. This hypothesis is sup-
ported by our finding of a significantly lower microglial

cell density in the IPL of E9 + 3 div QEROCs than in

the same layer of E12 retinas in situ (Fig. 9).
Analysis of the elongation index in the NFL/GCL,

a morphological parameter related to the tangential

migratory activity of microglial cells, revealed signif-

icant differences between E9 + 24 hiv QEROCs and

E10 retinas in situ but not between E9 + 3 div QER-

OCs and E12 retinas in situ or between E9 + 7 div

QEROCs and E16 retinas in situ [Fig. 10(A)].

According to these findings, the tangential migration

of microglial cells in the vitreal part of retinal

explants was transiently affected at the beginning of

in vitro incubation but returns to normality thereafter.

The transformation index of microglial cells,

which is directly proportional to the degree of cell

ramification (Fujita et al., 1996), was analyzed in the

plexiform layers, which showed only ramified micro-

glial cells in both QEROCs and retinas in situ. In the

IPL, the transformation index did not significantly

differ between E9 + 3 div QEROCs and E12 retinas

in situ but was significantly lower in E9 + 7 div QER-

OCs than in E16 retinas in situ [Fig. 10(A)]. Hence,

the differentiation of microglial cells was similar

between QEROCs and retinas in situ at the beginning

of the process [compare (B) with (C) in Fig. 10], but

their degree of ramification at the end of differentia-

tion was higher in retinas in situ than in QEROCs

[compare (D) with (E) in Fig. 10]. Similar results

were found in the OPL [Fig. 10(A)].

Changes in the Cytoarchitecture of the
Cultured Retina During the First Week
In Vitro

The cytoarchitecture of the cultured retina during the

period of microglial migration and differentiation

Figure 5 Distribution of migrating microglial cells (green) and apoptotic cells (red) in E9 quail

embryo retina explants after incubation for 24 hiv (E9 + 24 hiv, C and D) compared with that in non-

cultured explants of retinas at E9 (A and B) and E10 (age equivalent to E9 + 24 hiv, E and F). Micro-

glial cells are immunolabeled with the QH1 mAb and apoptotic cells with the antiactive caspase-3

pAb in whole mounts (A, C, and E) and cross-sections (B, D, and F) of retinal explants; cell nuclei

are stained with Hoechst 33342 (blue) in cross-sections (B, D, and F). Simultaneous with the presence

of migrating microglial cells on the vitreal surface, numerous antiactive caspase-3-positive apoptotic

neurons are seen in the ganglion cell layer (GCL) and, to a lesser degree, in the inner nuclear layer

(INL) of E9 + 24 hiv retina explants (C and D), as occurs in noncultured E9 (A and B) and E10 (E

and F) retinas. However, apoptotic neurons in the GCL are more abundant in E9 + 24 hiv retina

explants than in noncultured E10 retinas (compare C and D with E and F, respectively), with no appa-

rent effect on the migratory behavior of the respective microglial cells. Scale bar: 100 lm.
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was analyzed in cross-sections of E9 QEROCs from

24 hiv to 7 div. Double labeling with Hoechst and the

H5 mAb (which recognizes vimentin) revealed that

all three nuclear layers [GCL, INL, and outer nuclear

layer (ONL)] and the vimentin-positive Müller cell

scaffolding in E9 QEROCs during the first 7 div

maintained a comparable organization to that of reti-

nas in situ (Fig. 11). Thus, Müller cells from 24 hiv to

7 div formed a dense network of vimentin-positive

cell processes radially arranged throughout the entire

retinal thickness [Fig. 11(A–C)], as observed in

freshly isolated retinas (not shown). The only differ-

ence between the vimentin-positive Müller cell scaf-

folding in QEROCs and that in the retina in situ was

observed at 2–3 div, when increased vimentin immu-

nostaining was detected in the vitreal part of the scaf-

folding [asterisks in Fig. 11(B)], probably as a reac-

tion of Müller cells to ganglion cell axotomy during

Figure 6 Changes in phenotype and distribution of QH1-immunolabeled microglial cells (green)

in E9 quail embryo retina explants after incubation for 2 div (E9 + 2 div, A) and 3 div (E9 + 3 div,

B, C, C0) showing the end of tangential migration and beginning of radial migration. A: Whole-

mounted E9 + 2 div retina explant showing that microglial cells in the nerve fiber layer–ganglion

cell layer (NFL–GCL) border have a star-shaped phenotype with processes in several directions,

suggesting that they have halted tangential migration. B: Cross-sectioned E9 + 3 div retina explant

showing that some microglial cells (arrowheads) have reached the vitreal part of the inner plexi-

form layer (IPL). The ganglion cell layer (GCL) and inner nuclear layer (INL) are distinguished by

the Hoechst 33342 (blue) staining of cell nuclei. C and C0: Microscopic field of a whole-mounted

E9 + 3 div retina explant focused at the NFL–GCL border and the vitreal part of the IPL (v-IPL),

respectively. Some microglial cells have their soma in the NFL–GCL border (arrows in C) and

emit processes with incipient ramification in the v-IPL (arrows in C0), typical of microglial cells in

the radial migration process. Other poorly ramified microglial cells are entirely located in the v-IPL

(arrowheads in C0). Scale bar: 100 lm for A, C and C0; 105 lm for B.
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dissection of the retinal explant. The thickness of the

INL and ONL did not show significant changes from

24 hiv to 7 div [Fig. 11(A0–C0)]. However, the thick-

ness of the GCL and NFL progressively decreased

during the first week of in vitro culture [Fig. 11(A0–
C0)], probably as a result of increased cell death in

the GCL at 24 hiv [Fig. 5(C,D)]. In contrast, the

thickness of the OPL and IPL (the two synaptic layers

of the retina) increased during the first week of in
vitro culture [compare these layers in Fig. 11(A0–
C0)]. This indicates a comparable development of

these layers between QEROCs and retinas in situ,
which was confirmed by comparing the expression

pattern of the extracellular matrix glycoprotein tenas-

cin in QEROCs from 24 hiv to 7 div [Fig. 12(A,C)]

with that in retinas in situ at equivalent embryonic

ages [Fig. 12(B,D)]. The expression of tenascin in the

IPL and OPL in QEROCs included a progressive

stratification in the IPL from E9 + 3 div to E9 + 7 div

[Fig. 12(C)], reproducing observations in retinas in
situ from E12 to E16 [Fig. 12(D)].

We also compared the expression pattern of the

transcription factor islet-1 (immunolabeled with the

39.4D5 mAb) between E9 QEROCs from 24 hiv to 7

div and retinas in situ at equivalent embryonic ages

(E10–E16). In E9 + 24 hiv retina explants, islet-1 was

expressed in the cell nucleus of neuron subpopulations

in the ONL, INL, and GCL [Fig. 13(A)]. This islet-1

expression pattern was also observed in E10 retinas

in situ [Fig. 13(B)]. In E9 QEROCs from 3 div to 7

div [Fig. 13(C)], islet-1-positive nuclei had disap-

peared from the ONL, whereas cell subpopulations

persisted in the INL and GCL. A similar distribution

of islet-1-positive nuclei was also detected in retinas

in situ from E12 to E16 [Fig. 13(D)]. According to

these findings, neuronal development in the ONL,

INL, and GCL of E9 QEROCs during the first week

in vitro was comparable to that of retinas in situ.

Delayed Microglial Rounding in E9
QEROCs During the Second Week
In Vitro

After 8 div, rounded microglial cells were observed

for the first time in the ONL of E9 QEROCs, where

they were progressively more abundant up to 14 div

(the last in vitro time studied). Microglial cells began

to be observed in the ONL immediately after the first

observation of QH1-positive cells on the scleral sur-

face of the explant [Fig. 8(A0)] and simultaneous with

the appearance in the ONL of abundant antiactive

caspase-3-positive photoreceptors [Fig. 14(A,A0)],
which had not been detected in QEROCs up to 7 div.

Figure 7 Distribution and ramification of QH1-immuno-

labeled microglial cells (green) in the ganglion cell layer

(GCL) and the vitreal (v-IPL), intermediate (i-IPL), and

scleral (s-IPL) parts of the inner plexiform layer of E9 quail

embryo retina explants after incubation for 5 div (E9 + 5

div). A: Cross-sectioned E9 + 5 div retina explant showing

a horizontally ramified microglial cell (thick arrow) at the

s-IPL. Other ramified microglial cells are seen at the GCL +

v-IPL level (thin arrows). The GCL and inner nuclear layer

(INL) are distinguished by the Hoechst 33342 (blue) stain-

ing of cell nuclei. B–B@: Microscopic field of a whole-

mounted E9 + 5 div retina explant focused at three different

retinal depths (B is focused at the GCL + v-IPL level, B0 at
i-IPL, and B@ at s-IPL). Microglial cells are incipiently

ramified, showing thick processes at GCL + v-IPL (thin

arrows in B) and thinner processes at i-IPL (arrowheads in

B0) and s-IPL (thick arrows in B@). Scale bar: 90 lm for A;

100 lm for B–B@.

306 Carrasco et al.

Developmental Neurobiology



Figure 8 Distribution and appearance of QH1-immunolabeled microglial cells (green) in E9 quail

embryo retina explants after incubation for 7 div (E9 + 7 div). Low magnification of a whole-

mounted E9 + 7 div retina explant focused inside the retina (A) and on the scleral surface of the

explant (A0). The square delimited by white lines represent the outline of the original retinal explant,

which has spread during the incubation time and given rise to a marginal area (ma) around the origi-

nal outline in which QH1-positive microglial cells are irregularly distributed. Numerous ameboid

QH1-positive cells bearing short and thick processes (asterisks in A0) are also seen on the scleral sur-

face of the explant. B–B@: Microscopic field of a whole-mounted E9 + 7 div retina explant focused at

three different levels through the retinal thickness: at the ganglion cell layer and vitreal border of the

inner plexiform layer (GCL + v-IPL, B); the scleral border of the inner plexiform layer (s-IPL, B0);
and the outer plexiform layer (OPL, B@). Ramified microglial cells are seen at GCL + v-IPL (thin

arrows in B), s-IPL (solid thick arrows in B0), and OPL (open thick arrows in B@). C: Cross-sectioned
E9 + 7 div retina explant showing QH1-positive microglial cells at different levels throughout the ret-

inal thickness, including the GCL + v-IPL (thin arrows), s-IPL (solid thick arrow), and OPL (open

thick arrow). The section was stained with Hoechst 33342 (blue) to distinguish cell nuclei in the GCL

and nuclear layers. A QH1-positive cell (asterisk) is seen on the scleral surface of the retinal explant.

Scale bar: 300 lm for A and A0; 55 lm for B–B@; 70 lm for C.
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Numerous contacts were frequently observed

between these rounded microglial cells and antiactive

caspase-3-positive photoreceptors [Fig. 14(A0,B,B0)],
suggesting a relationship between photoreceptor

death and the arrival of microglia into the ONL.

Most microglial cells in the GCL, IPL, and OPL,

which showed a ramified shape in E9 + 7 div QER-

OCs, also displayed a rounded phenotype from 8 div

onward [Fig. 14(C,C0)], coincident with the appear-

ance of microglia and dead photoreceptors in the

ONL. Rounding of microglia throughout the retinal

thickness did not result from structural changes in the

retinal layers, whose cytoarchitecture during the sec-

ond week in vitro [Fig. 14(A)] was similar to that

seen at 7 div.

DISCUSSION

This study introduces and characterizes an in vitro ret-

ina model optimized to study the migration and differ-

entiation of microglial cells under conditions that

allow a development of microglia during the first week

in vitro comparable to that of the retina in situ and pre-
serve the cytoarchitecture of the developing retina.

E9 QEROCs are an Ideal Model for
In Vitro Experimental Studies of
Migration and Differentiation
of Microglia

In this investigation, development of microglia in E9

QEROCs throughout the first week in vitro bore a

striking resemblance to that in the retina in situ, while
microglial rounding was delayed until the second

week in vitro, when dying photoreceptors also

appeared. To our best knowledge, this is the first report

of organotypic cultures in which developing microglial

cells do not round during the first hours and div as a

response to the explant isolation and subsequent in
vitro culture conditions; as a result, their phenotype,

migratory behavior, and differentiation pattern mimic

those observed in situ. Only two studies (Lee et al.,

2008; Liang et al., 2009), carried out on retinal

explants from CX3CR1+/GFP transgenic adult mice,

showed microglial cells that retained their physiologi-

cal phenotype. These studies examined the dynamic

behavior of cell processes in resting microglia of adult

mouse retina. However, they used retinal explants

maintained for only a few hours in a temperature-con-

trolled chamber mounted on a microscope stage and

through which oxygenated Ringer solution was super-

fused. The long-term organotypic culture systems used

in this study widen the experimental possibilities.

In support of the physiological-like nature of

microglial cell behavior in our E9 QEROCs up to 7

div, the chronological patterns of migration and rami-

fication of microglial cells bear a resemblance to

those observed in the retina in situ of equivalent ages.

In the explant, as in the retina in situ, microglial cells

migrate tangentially in the NFL and on the vitreal

surface of QEROCs during the first 24 hiv and

migrate radially thereafter, progressively colonizing

more scleral retinal layers, including the GCL, IPL,

Figure 9 Microglial cell densities in the nerve fiber

layer–ganglion cell layer (NFL/GCL), inner plexiform layer

(IPL) and outer plexiform layer (OPL) of E9 quail embryo

retina organotypic cultures (E9 QEROCs) after incubation

for 1 (1 div), 3 (3 div) and 7 (7 div) days in vitro and of reti-
nas in situ of equivalent embryonic ages (E10, E12 and

E16). Data are presented as mean 6 SEM of microglial cell

numbers (CNs) obtained in 10 microscopic fields (MFs) of

60,000 lm2 from different E9 QEROCs or retinas in situ at

each in vitro time or equivalent developmental age. Aster-

isks depict significant density differences (p < 0.05). In the

NFL/GCL, mean cell densities in E9 QEROCs were signifi-

cantly different at all three in vitro times from those in reti-

nas in situ of equivalent ages. Note that cell density was

significantly higher in the NFL/GCL of E9 QEROCs after

incubation for 3 div than in that of E12 retinas in situ, while
it was significantly lower in the IPL. In the IPL and OPL,

no significant differences were found between E9 QEROCs

after incubation for 7 div and E16 retinas in situ.
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and OPL. Radial migration of microglial cells in E9

QEROCs follows a chronological pattern in which

they reach the vitreal border and intermediate levels

of the IPL at E9 + 3 div, the scleral border of the IPL

at E9 + 5 div, and the OPL at E9 + 7 div. These time

points are equivalent to E12, E14, and E16, respec-

tively, when microglial cells reach similar respective

levels in central areas of the quail retina in situ (Nav-

ascués et al., 1995; Marı́n-Teva et al., 1999). Further-

more, microglial cells in E9 QEROCs move forward,

backward, and sideways during their tangential

migration (Fig. 4), as also observed in the retina in
situ (Marı́n-Teva et al., 1998). In addition, the retinal

cytoarchitecture is well preserved in QEROCs during

the first 7 div and does not differ from that in freshly

isolated quail embryo retinas of equivalent ages. In

fact, immunocytochemistry studies have revealed

similarities in the distribution of different retinal

components such as Müller cells (Prada et al., 1995,

1998; Sánchez-López et al., 2004), tenascin (Bel-

monte et al., 2000; Sánchez-López et al., 2004), and

islet-1-positive neurons (Fischer et al., 2002; Hashi-

moto et al., 2003; Halfter et al. 2005) between retinas

in situ and QEROCs.

Although the chronological patterns of microglia

migration and ramification in E9 QEROCs closely

resemble those in retinas in situ, some differences can

be detected. Thus, the arrival of microglia to the IPL

appears to be slower in QEROCs than in retinas in
situ (Fig. 9); the density of microglial cells in the

NFL/GCL is lower in E9 + 7 QEROCs (Fig. 9), and

the ramification degree of microglia in the plexiform

Figure 10 A: Quantification of morphological parameters [elongation index in nerve fiber layer–

ganglion cell layer (NFL/GCL) and transformation index in inner (IPL) and outer (OPL) plexiform

layers] of E9 quail embryo retina organotypic cultures (E9 QEROCs) after incubation for 1 (1 div),

3 (3 div) and 7 (7 div) days in vitro and of retinas in situ of equivalent embryonic ages (E10, E12,

and E16). Data are presented as mean 6 SEM of values obtained from the analysis of microglial

cell numbers (n) shown in each bar in retinal explants from at least three different embryos. Aster-

isks depict significant differences (p < 0.05). The elongation index in the NFL/GCL was signifi-

cantly higher in E9 QEROCs after incubation for 1 div than in E10 retinas in situ but no significant

differences were found between E9 QEROCs at more advanced in vitro times and retinas in situ of

equivalent embryonic ages. The transformation index in the IPL and OPL was significantly lower

in E9 QEROCs after incubation for 7 div than in E16 retinas in situ but was not significantly differ-

ent between E9 QEROCs after incubation for 3 div and E12 retinas in situ. B–E: Comparison of

morphological features of ramified microglial cells in the IPL between E9 + 3 div and E9 + 7 div

QEROCs and retinas in situ of equivalent ages. Microglial cells have a similar ramification in E9 +

3 div QEROCs (B) and in E12 retinas in situ (C), but show a lower ramification degree in E9 + 7

div QEROCs (D) than in E16 retinas in situ (E). Scale bar: 20 lm.
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layers is also lower in E9 + 7 div QEROCs than in

retinas in situ of equivalent age (Fig. 10A). Neverthe-

less, despite these variations, microglia in E9 QER-

OCs behave in a similar manner to those in retinas in
situ and, after 7 div, attain a ramified morphology, as

also observed in E16 retinas. Therefore, it is reasona-

ble to think that comparable chemotactic and chemo-

kinetic factors and cell–cell interactions operate in

both retinal explants and retinas in situ. Hence, the
QEROCs used in this study offer an excellent model

system for investigating the molecular mechanisms

underlying the migration and differentiation of micro-

glia. Some of the lessons learned in this system may

likely be generalized to migration and ramification

mechanisms in mammalian species, although it is evi-

dent that a variety of specific factors can operate in

distinct parts of the CNS and in different species.

Culture Conditions of E9 QEROCs for
Maintaining Migration and Ramification
of Microglia

Two culture media, BME and NB supplemented

with different nutrients were tested in this study for

the incubation of E9 QEROCs. According to our

results, BME + 25% HS is the best culture medium

for maintaining the migration and ramification of

developing microglial cells. Serum-free culture pro-

tocols, in which medium ingredients are clearly

defined, would appear to be preferable for culturing

retinal explants, allowing the ready manipulation of

any component that may affect microglial cell

behavior. Furthermore, the serum-free NB supple-

mented with B27 and N2 has been described as

superior to the HS-containing medium for maintain-

ing the viability of retinal explants from adult rats

(Johnson and Martin, 2008). However, in this study,

BME + 25% HS was superior to serum-free NB

supplemented with either B27 or N2 for favoring

the physiological-like behavior of microglial cells

in E9 QEROCs. These results are surprising, as se-

rum proteins (e.g., immunoglobulins, complement,

Figure 11 Vimentin-positive Müller cells in cross-sec-

tions of E9 quail embryo retina explants after incubation for

24 hiv (E9 + 24 hiv, A), 2 div (E9 + 2 div, B), and 7 div

(E9 + 7 div, C). Retina explant sections have been immuno-

labeled with the anti-vimentin H5 mAb (A–C) and cell

nuclei stained with Hoechst 33342 to reveal the retinal nu-

clear layers (A0–C0). ONL: outer nuclear layer; OPL: outer
plexiform layer; INL: inner nuclear layer; IPL: inner plexi-

form layer; GCL: ganglion cell layer. Müller cell scaffold-

ing of the retina shows a physiological-like organization in

retina explants throughout the three in vitro incubation

times, except for an increased vimentin immunostaining in

the vitreal part of the E9 + 2 div explant (asterisks in B),

probably in response to ganglion cell axotomy during dis-

section of the retinal explant. Scale bar: 50 lm.

Figure 12 Tenascin distribution in cross-sections of E9

quail embryo retina explants after incubation for 24 hiv (E9

+ 24 hiv, A) and 7 div (E9 + 7 div, C) and retinas in situ of

equivalent embryonic ages: E10 (B) and E16 (D). Sections

have been immunolabeled with the anti-tenascin M1-B4

mAb and stained with Hoechst 33342 (not shown) to reveal

the retinal nuclear layers. Tenascin is strongly expressed in

the inner (IPL) and outer (OPL) plexiform layers in E9 ret-

ina explants from 24 hiv to 7 div (A and C), mimicking

observations in the retina in situ from E10 to E16 (B and

D). INL: inner nuclear layer. Scale bar: 50 lm.
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thrombin, and albumin) have been reported to serve

as activation signals for microglial cells (Patrizio

et al., 1996; Si et al., 1997; Nakamura, 2002;

Garden and Möller, 2006; Ransohoff and Perry,

2009). Nevertheless, the physiological-like behavior

of microglia was only observed when QEROCs

were incubated in BME supplemented with HS but

not with CS. HS must contain factors that favor the

viability of the retinal explant without affecting

developing microglial cells, probably because these

cells lack receptors for these factors. Rounding of

microglial cells in the presence of CS means that

the serum of this avian species contains factors that

are recognized as activation signals by quail micro-

glia, likely because chick and quail are closely

related species.

Why Microglia Do Not Round in E9
QEROCs During the First 7 div

The physiological-like development of microglial

cells in E9 QEROCs incubated in BME + 25% HS

during the first week in vitro might be due to a combi-

nation of several favorable conditions. First, the use

of the retina allows the culture of whole-mounted

explants without slicing the tissue, so that the upper

and lower surfaces of cultured explants coincide with

the scleral and vitreal retinal surfaces, respectively,

reproducing the natural conditions of the retina

in situ. Second, we placed the retinal explants on the

membrane of culture plate inserts with the ganglion
cells downward, unlike most studies using organo-
typic cultures of retina, in which ganglion cells are
placed upward (Mertsch et al., 2001; Engelsberg
et al., 2004; Koizumi et al., 2007; Johnson and Mar-
tin, 2008). Our orientation is more physiological than
the upward-facing GCL, especially in quail retina
explants, because the avian retina is avascular and
nutrients appear to diffuse from blood vessels of the
pecten into the retina through the vitreous (Bellhorn
and Bellhorn, 1975). Thus, retinal explants with their
vitreal surface in contact with the insert membrane,
through which nutrients diffuse from the culture me-
dium, would mimic the physiological situation. In
support of this proposition, we found that microglial
cells showed a nonphysiological rounded phenotype
and migrated toward peripheral areas of retinal
explants when cultured with ganglion cells facing
upwards (results not shown).

Another factor that might influence the physiologi-

cal-like behavior of microglia in E9 QEROCs is the

low degree of development of microglial cells at the

beginning of the culture. In this respect, we found

that microglia in E12 and E14 QEROCs had morpho-

logical signs of activation, and there is published evi-

dence that microglial cells behave differently at dif-

ferent ages. Thus, Graeber et al. (1998) showed that

the microglial response to axotomy in the rat facial

nucleus differs between the neonatal and adult brain.

Microglial behavior in organotypic cultures could

be affected by ganglion cell degeneration, which is

produced by the optic nerve transection inherent in

the isolation of retinal explants (Mertsch et al., 2001;

Manabe et al., 2002; Engelsberg et al., 2004). In fact,

a massive cascade of cell death has been described in

the GCL of immature rodent retinas within hours

after explantation (Manabe et al., 2002; Engelsberg

et al., 2004; McKernan et al., 2007), coinciding with

the presence of activated microglial cells in this layer

(Mertsch et al., 2001; Engelsberg et al., 2004). We

found that cell death in E9 QEROCs during the first

24 hiv, as revealed by active caspase-3 expression, is

Figure 13 Distribution of islet-1-positive neurons in

cross-sections of E9 quail embryo retina explants after incu-

bation for 24 hiv (E9 + 24 hiv, A) and 5 div (E9 + 5 div, C)

and retinas in situ of equivalent embryonic ages: E10 (B)

and E14 (D). Sections have been immunolabeled with the

anti-islet-1 39.4D5 mAb and stained with Hoechst 33342

(not shown) to reveal the retinal nuclear layers. ONL: outer

nuclear layer; INL: inner nuclear layer; IPL, inner plexiform

layer; GCL: ganglion cell layer. Subpopulations of islet-1-

positive neurons in the nuclear layers of E9 + 24 hiv (A) and

E9 + 5 div (C) retina explants are similar to those seen in

E10 (B) and E14 (D) retinas in situ, respectively. Note that

islet-1-positive cells are seen transiently in the ONL in both

E9 + 24 hiv retina explant (A) and E10 retina (B) and disap-

pear in explants at later incubation times (C), mimicking

observations in the retina in situ (D). Scale bar: 50 lm.
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Figure 14 Distribution of apoptotic photoreceptors (red) simultaneously with the presence of

QH1-positive microglial cells (green) in the outer nuclear layer (ONL) of E9 quail embryo retina

explants after incubation for 10 div (E9 + 10 div). Microglial cells are immunolabeled with the

QH1 mAb (green) and apoptotic photoreceptors with the antiactive caspase-3 pAb (red) in a cross-

section (A) and a whole mount (B, C) of E9 + 10 div retina explants. Cell nuclei in the section are

stained with Hoechst 33342 (blue). Boxed areas in A, B, and C are seen at higher magnification in

A0, B0, and C0, respectively. A: Nonramified ameboid microglial cells are present in all retinal

layers but are especially abundant in the ONL, where numerous antiactive caspase-3-positive apo-

ptotic cells are present. OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform

layer; GCL: ganglion cell layer. B and C: The same microscopic field of a whole-mounted E9 + 10

div retina explant focused at two different retinal levels: the ONL (B) and the GCL and vitreal part

of the IPL (GCL + v-IPL, C). Microglial cells in both levels show nonramified phenotypes with

short thick processes (B0 and C0), typical of ameboid cells. Numerous contacts between ameboid

microglial cells and apoptotic photoreceptors are observed in the ONL (A0 and B0). Scale bar:

50 lm for A–C; 10 lm for A0; 17 lm for B0 and C0.
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higher in the GCL and similar in the INL when com-

pared to the retina in situ of equivalent age. In E9 quail
retinas in situ, microglial precursors migrate tangen-

tially in the vitreal part of the central retina simultane-

ously with a wave of naturally occurring cell death in

the GCL (Navascués et al., 1995; Marı́n-Teva et al.,

1999). Our group previously demonstrated that migrat-

ing microglial cells appear to ignore dying cells in the

GCL and continue their migration to colonize the

entire vitreal part of the retina, only occasionally phag-

ocytosing cell debris (Marı́n-Teva et al., 1999). This

behavior is consistent with our observations that

microglial cells in E9 QEROCs do not alter their tan-

gential or radial migration programs despite some

increase in cell death in the GCL.

Finally, differences in cellular composition between

mammalian and avian retinas might also contribute to

explain why microglial cells activate during the first

hiv in explants of developing rodent retinas (Mertsch

et al., 2001; Engelsberg et al., 2004) but not in QER-

OCs. Thus, the avian retina is devoid of astrocytes and

blood vessels, whose presence might affect the behav-

ior of microglial cells in rodent retina cultures. Blood

vessels degenerate in organotypic cultures of postnatal

rat retinas shortly after the transfer of retinal explants

into culture (Mertsch et al., 2001) and might contribute

to induce activation in microglial cells. This response

would not take place in avian retina explants, in which

astrocytes and blood vessels are absent.

Why Microglia Round in E9 QEROCs
After 7 div

In E9 QEROCs, rounded microglial cells appear in the

ONL from 8 div onward, coinciding with the appear-

ance of abundant antiactive caspase-3-positive photo-

receptors in this layer. A similar coincidence between

the presence of activated microglia in the ONL and the

appearance of dying photoreceptors has been described

in explants of developing rat retina (Engelsberg et al.,

2004). There are two possible explanations for this

coincidence. First, photoreceptor death in the ONL

could be triggered by the rounded microglial cells that

begin to be seen on top of the photoreceptor layer

from 7 div onward, which probably migrate from the

marginal area around the original outline of the retinal

explant. It is known that microglial cells can promote

photoreceptor death by producing cytotoxic substances

in some experimental models of retinal degeneration

(Zeng et al., 2005; Zhang et al., 2005; Langmann,

2007). In our model system, the observation of abun-

dant contacts between microglial cells and antiactive

caspase-3-positive photoreceptors from 8 div onward

support this hypothesis. However, we cannot rule out

the other possibility, i.e., that a wave of photoreceptor

death in E9 + 8 div QEROCs, triggered by mecha-

nisms independent of microglial cells, may activate

these cells and attract them into the ONL. We high-

light that E9 + 8 div QEROCs would be equivalent to

quail retinas in situ on the first postnatal day, in which

no photoreceptor death is present. The occurrence of

photoreceptor death in E9 + 8 div QEROCs may be

due to the absence of factors that would be present in

the retina in situ. Dying photoreceptors might in turn

attract microglial cells into the ONL, as described in

different models of developing and adult retinal degen-

eration in rodents (Thanos, 1992; Kunert et al., 1999;

Zeng et al., 2005; Zhang et al., 2005; Yang et al.,

2007; Santos et al., 2010). If this is the case, we cannot

rule out that photoreceptor cell death is amplified by

microglial cells after their arrival in the ONL. At any

rate, further research is required to clarify the origin of

delayed photoreceptor death in E9 + 8 div QEROCs.

CONCLUDING REMARKS

In conclusion, this study demonstrates that, despite

some differences in cell density and ramification

degree, there is a resemblance between the chrono-

logical pattern of migration and ramification of

microglial cells in E9 QEROCs incubated up to 7 div

and that observed during retinal development in situ.
Hence, the experimental model system described in

this study can be used as a tool to unravel the molecu-

lar mechanisms involved in the migration and differ-

entiation of developing retinal microglia. In addition,

E9 QEROCs incubated from 7 div onward serve as a

model to study the possible role of retinal microglia

in photoreceptor degeneration.

The QH1 (developed by F. Dieterlen-Lièvre), 39.4D5

(developed by T.M. Jessell), H5 (developed by J.R. Sanes),

and M1B4 (developed by D.M. Fambrough) mAbs were

obtained from the Developmental Studies Hybridoma Bank

developed under the auspices of the National Institute

of Child Health and Human Development and maintained by

The University of Iowa, Department of Biological Sciences.

The authors thank Richard Davies for improving the English.
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