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Abstract

The activity and the subunit expression of�-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA)/kainate ionotropic glutamate
receptors were studied in retina cells developing in chick embryos and in retina cells cultured as retinospheroids, at the same stages of
development. In the retinospheroids, the activity of the AMPA/kainate receptors was monitored by following the changes in the intracel-
lular free calcium concentration ([Ca2+]i ), in response to AMPA, kainate or tol-glutamate, and the expression of the receptor subunits
GluR1, GluR2/3, GluR4 and GluR6/7 was determined in the retinospheroids and in chick retinas by immunodetection using polyclonal
antibodies. The changes in [Ca2+]i in response to 400�M kainate increased from 5 h in vitro to 3 days, and remained constant until day 14,
whereas the [Ca2+]i in response to 500�M l-glutamate or 400�M AMPA increased from 5 h in vitro to 3 days, and thereafter decreased
slightly until day 14. The [Ca2+]i responses to kainate are mainly due to AMPA receptor stimulation, since the signals were abolished by
LY303070, the AMPA receptor antagonist, and were not affected by MK-801, the NMDA receptor antagonist. In retinospheroids, the levels
of expression of GluR1 subunit increased from 5 h in vitro until day 7, then decreased until day 14. The levels of expression of GluR2/3
and GluR4 subunits increased from 5 h in vitro until day 10, and remained constant until day 14. The levels of kainate receptor subunits
GluR6/7 increased from 5 h in vitro until day 3, and thereafter decreased slightly until day 14. In the retinas, the expression of GluR1 and
GluR6/7 subunits increased from day 8 until day 15, and then decreased until day 22 (post-natal 1). The subunits GluR2/3 and GluR4
increased from day 8 until day 18, and remained constant until day 22. The results suggest that AMPA/kainate receptors are expressed
at early embryonic stages, although at low levels and before synapse formation (E12). However, the AMPA receptors are not completely
functional at the first stage studied since they do not respond to the agonist AMPA. Also, the patterns of AMPA/kainate receptor subunit
expression in retinospheroids of chick embryo retina cells cultured in vitro and in retina cells developing in the embryo (in vivo) were
similar, indicating that the AMPA/kainate receptor subunits expression in these primary cultures mimics their expression in the developing
chick retina. © 2002 ISDN. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Glutamate is the major excitatory neurotransmitter in
the retina, and acts mainly by activating ionotropic gluta-
mate receptors (Bigge, 1999). In the CNS, these receptors
are known to play a role in development (Meier et al.,
1991), neuronal plasticity (Matus, 1999), dendritic spines
modulation (van Rossum and Hanisch, 1999), neuronal
cell death (Choi, 1988) and survival of different neuronal
cell types (Balazs et al., 1988). Ionotropic glutamate re-
ceptors can be divided according to their molecular struc-
ture, sensitivity to agonists, and physiological properties
into: �-amino-3-hydroxy-5-methylisoxazole-4-propionate
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(AMPA), kainate (Bettler and Mulle, 1995) orN-methyl-d-
aspartate (NMDA) receptors (Dingledine et al., 1999). Sev-
eral structural subtypes of AMPA receptor channel subunits
exist, where GluR1–4 subunits can be assembled together in
different combinations (Hollmann et al., 1989; Boulter et al.,
1990; Nakanishi et al., 1990), and also cloned in the chick
brain (Paperna et al., 1996). Also, several subunits of the
kainate receptors have been identified: the GluR5 (Bettler
et al., 1990), GluR6 (Egebjerg et al., 1991), GluR7 (Bettler
et al., 1992; Lomeli et al., 1992), KA1 (Werner et al., 1991)
and KA2 (Herb et al., 1992; Kamboj et al., 1992; Sakimura
et al., 1992), as reviewed previously (Seeburg, 1993; Holl-
mann and Heinemann, 1994). The AMPA/kainate receptor
channel is permeable to cations, and the activity of the re-
ceptor channel is well characterised, and can be modulated
by different subunits composition (Hollmann et al., 1991;
Burnashev et al., 1995), by protein kinase C (Carvalho
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et al., 1998) and by desensitising due to extracellular pro-
tons (Ihle and Patneau, 2000) (for review see Zorumski and
Thio, 1992; Bleakman and Lodge, 1998).

Calcium currents induced by glutamate, alter during
maturation of cortical and hippocampal neurons in cul-
ture (Wahl et al., 1989; Barish and Mansdorf, 1991), due
to changes in binding sites for glutamate receptors (Wahl
et al., 1991). There is also evidence for changes in AMPA
activated Ca2+ currents during development (Jensen et al.,
1998), glutamate receptor binding (Kumar et al., 1994), and
expression of AMPA/kainate receptor during development
(Hack et al., 1995; Roche and Huganir, 1995; Pickard et al.,
2000) and during ageing (Nicoletti et al., 1995) in several
systems. In chick retina,�-amino-butyric acid (GABA)
receptors and calcium channels are active from early days
of development (Yamashita and Fukuda, 1993), and mus-
carinic acetylcholine responses (Yamashita et al., 1994b),
as well as glutamate evoked currents (Allcorn et al., 1996;
Sugioka et al., 1998), were also observed. Also, in chick
retina cells in culture, glutamic acid decarboxylase expres-
sion (de Mello et al., 1991) and GABA evoked currents
have been studied (Yamashita et al., 1994a), as well as
calcium channels (Yamashita et al., 1994a; Capela et al.,
1997), and kainate toxicity (Gibson and Reif-Lehrer, 1984;
Ferreira et al., 1998).

Several studies have proposed that ionotropic glutamate
receptors, including AMPA/kainate receptors, are important
in neuron outgrowth (Cuppini et al., 1999), in the control
of protein synthesis at developing synapses (Scheetz et al.,
2000), neuronal plasticity on dendritic spines (Fischer et al.,
2000) and glutamate neurotoxicity (Xia et al., 1995). Also,
studies from our laboratory have shown the importance of
glutamate receptors in modulating [Ca2+]i , as well as neu-
rotransmitter release in the chick retina cells (Duarte et al.,
1996a; Duarte et al., 1996b; Duarte et al., 1998). However,
the expression and activity of AMPA/kainate receptors dur-
ing retina cell development was not assessed in detail.

The aim of the present study was to investigate the ex-
pression, during development, of the AMPA/kainate recep-
tor subunits GluR1, GluR2/3, GluR4 and GluR6/7 in chick
embryo retina cells cultured as retinospheroids, during a pe-
riod of 14 days in vitro (DIV), and correlated these data
with the intracellular calcium changes upon AMPA/kainate
receptor activation. Furthermore, to determine whether the
retinospheroids are a reliable model to study the structural
and functional development of glutamate receptors, we have
compared the expression of the AMPA/kainate receptor sub-
units in the retinospheroids and in retinas with comparable
time of normal development in vivo.

2. Experimental procedures

2.1. Materials

Fetal Calf Serum was obtained from Biochrom, Berlin,
Germany. PVDF membranes, ECF and the secondary anti-

body conjugated with alkaline phosphatase were obtained
from Amersham Pharmacia Biotech, Buckinghamshire UK.
Antibodies against GluR1 (AB1504) and GluR2/3 (AB1506)
were from Chemicon International, Temecula, CA,
USA. Antibody against GluR4 (60666N) was from BD
Pharmingen, San Diego, CA, USA. Antibody against
GluR6/7 (#06-309) was from Upstate Biotechnology, USA.
Indo-1/AM was from Molecular Probes Inc., Eugene, OR,
USA. Ionomycin was Calbiochem–Novabiochem, Darm-
stadt, Germany. LY303070 was a gift from Eli Lilly Co.
(Indianapolis, IN). MK-801 was obtained from Merck Sharp
& Dohme Research Laboratories (Rahway, NJ). Sodium
dodecyl sulphate, 30% Acrylamide/bis (37.5:1) and Biorad
protein assay were from BIORAD Laboratories, CA, USA.
All other reagents were from Sigma–Aldrich, St. Louis,
MO, USA, or from Merck KGaA, Darmstadt, Germany.
White Leghorn eggs were obtained from a local hatchery.

2.2. Cell culture

Retinospheroid cultures were prepared from chick retina
cells isolated from 8-day-old chick embryos, as previously
described (Cristóvão et al., 1997).

2.3. Indo-1 loading and [Ca2+]i measurements

Chick retinospheroids with different times in culture
were incubated with 2�M of Indo-1/AM, as previously de-
scribed (Capela et al., 1997). The intracellular free calcium
concentration ([Ca2+]i ) was calculated using the program
“Grafical” and the formula developed by Grynkiewicz and
colleagues (Grynkiewicz et al., 1985): maximal fluores-
cence was obtained in the presence 10�M ionomycin, and
2 mM MnCl2 was used to determine the autofluorescence
(Gelfand et al., 1986).

2.4. Preparation of fractions enriched in plasma
membranes from retinospheroid cultures
and from retinas

Chick retinospheroids with increasing DIV and retinas
at equivalent stages of development in vivo were used to
prepare fractions enriched in plasma membranes. Retinas
at different stages, were isolated as previously described
(Cristóvão et al., 1997), except that the retina and the ep-
ithelium were incubated in Ca2+- and Mg2+-free Hank’s
balanced salt solution for 5–10 min before the removal
of the retina from the epithelium. The whole retinas or
retinospheroids washed in Na+-salt solution (in mM:
NaCl 132, KCl 4, MgCl2 1.4, glucose 6, CaCl2 1, and
10 HEPES-NaOH, pH 7.4), were briefly sonicated for six
times of during 5 s each (with 5 s interval) in Tris–HCl
buffer (20 mM Tris–HCl, 2 mM EDTA, 2 mM EGTA, 1 mM
PMSF, 10�M E64, 13�M benzamidine, 4�M pepstatin A,
pH 7.4). These suspensions were centrifuged for 5 min at
1500×g and the supernatants were centrifuged at 12,000×g



A.J. Cristóvão et al. / Int. J. Devl Neuroscience 20 (2002) 1–9 3

for 20 min. The pellets were resuspended in Tris–HCl buffer
supplemented with 1% (w/v) Triton X-100 and 0.1% (w/v)
SDS. These procedures were carried out at 4◦C. Protein
was measured with the Biorad reagent, and denatured by
dilution (1:1, v:v) in 100 mM Tris, 100 mM bicine, 8 M
Urea, 2% (w/v) SDS and 2% (w/v)�-mercapoethanol), fol-
lowed by 5 min at 95◦C, prior to SDS-poliacrylamide gels
(SDS-PAGE) analysis.

2.5. SDS-PAGE and Western blot

Samples containing 12.5�g of protein were applied in
each lane of a stacking gel of 4% SDS-PAGE, and sized
in a running gel of 7.5% SDS-poliacrylamide. Proteins
were transferred electrophoretically to PVDF membranes
for Western blot analysis. Membranes were blocked for
2 h at room temperature, in Tris-buffered saline (137 mM
NaCl, 20 mM Tris–HCl, pH 7.6), containing 0.1% Tween
20 (TBS-T) and 5% low fat milk. Immunodetection of
AMPA/kainate receptor subunits was carried out using rab-
bit polyclonal antibodies against GluR1, GluR2/3, GluR4,
GluR2, GluR6/7 and KA2 (dilutions used were 1:600,
except for GluR2, 1:200 and for GluR4, 1:1000) in 1%
milk–TBS-T, by incubation overnight, at 4◦C. After wash-
ing the membrane five times, for 10 min each, with 1%
milk–TBS-T, the immunolabeling was revealed using a sec-
ondary antibody coupled to alkaline phosphatase (1:20,000
dilution, Amersham), by incubation in TBS-T with 1%
low fat milk, for 1 h at room temperature. The membranes
were then washed five times, for 10 min each. Protein
immunoreactive bands were visualised by enhanced chemi-
fluorescence (ECF) on a Storm 860 Gel and Blot Imaging
System (Amersham Pharmacia Biotech), after incubation
of the membranes with ECF reagent for 5 min.

2.6. Statistical analysis

Results are presented as mean± S.E.M. of the indicated
number of experiments. The results were analysed using
one-way ANOVA, after log transformation of the original
data. Differences between treatments were determined using
the Tukey–Kramer multiple comparisons test.

3. Results

3.1. [Ca2+]i responses to AMPA, kainate and
l-glutamate during development of retinospheroids

The [Ca2+]i responses to the stimulation of AMPA/kainate
receptors were examined at five development ages of
retinospheroids. The ages tested, corresponds to embryos
with 8 days (day of cell isolation) plus the number of DIV.

Stimulation of chick embryo retina cells, cultured as
retinospheroids, with 400�M AMPA rapidly increase the
[Ca2+]i , and this increase was age dependent (Fig. 1A–E).
Taking the difference between basal [Ca2+]i and concentra-

Fig. 1. [Ca2+]i responses to 400�M AMPA of retinospheroids during
development in vitro. Traces represent [Ca2+]i responses at 5 h in vitro
(A) and at 3, 7, 10 and 14 DIV (B–E). Indo-1 loaded retinospheroids
were placed in Na+-salt solution buffer, and the [Ca2+]i was measured
as described in experimental procedures. Where indicated by the arrow
400�M AMPA was added to the medium. Traces represent the average of
at least seven independent experiments and S.E.M. are shown every 30 s.

tion at 20 s after stimulation (�[Ca2+]i ), this difference was
calculated for each developmental age (Fig. 3). We found
that, in response to stimulation with 400�M AMPA, at 5 h
in vitro, there were no changes in the [Ca2+]i , but at 3 DIV
the�[Ca2+]i increased by a value of 206.7 ± 25.7 nM and
decreased continuously to attain a value of 139.8±10.4 nM
at 14 DIV (Fig. 3), which was significantly lower than
the �[Ca2+]i measured at 3 DIV (Fig. 3). It should be
noted that the basal value of [Ca2+]i did not significantly
change throughout development, with the exception of 5 h
in vitro, where we observed a slightly higher value of
206.2 ± 10.2 nM, as compared with those obtained for 3,
7, 10, 14 DIV, 110.8 ± 14.7, 96.5 ± 10.3, 82.0 ± 8.3 and
93.4 ± 13.3 nM, respectively.

Stimulation of chick embryo retina cells, cultured as
retinospheroids, with 400�M kainate also rapidly in-
creased the [Ca2+]i , and this increase was age dependent
(Fig. 2A–E). Taking the�[Ca2+]i for each developmental
age (Fig. 3), in response to stimulation with 400�M kainate,
the �[Ca2+]i increased from a value of 99.8 ± 3.2 nM at
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Fig. 2. [Ca2+]i responses to 400�M kainate of retinospheroids during
development in vitro. Traces represent [Ca2+]i responses at 5 h in vitro
(A) and at 3, 7, 10 and 14 DIV (B–E). Indo-1 loaded retinospheroids
were placed in Na+-salt solution buffer, and the [Ca2+]i was measured as
described in Fig. 1, except that at the arrow 400�M kainate was added
to the medium. Traces represent the average of at least six independent
experiments and S.E.M. are shown every 30 s.

5 h in vitro, to a value of 397.8± 23.7 nM at 3 DIV and re-
mained relatively constant until 14 DIV (Fig. 3). The basal
values of [Ca2+]i are comparable to those reported in Fig. 1.
The [Ca2+]i increase due to the stimulation with kainate is
mainly due to AMPA receptor activation since it was almost
completely inhibited by the AMPA receptor antagonist,
LY303070 (15�M), as determined for the 7 DIV cultured
retinospheroids (�[Ca2+]i due to kainate 423.12±32.2 nM;
�[Ca2+]i due to kainate+ LY303070, 25.35 ± 8.4 nM).
Also, the NMDA receptor antagonist, MK-801 (7.5�M),
did not significantly affect this [Ca2+]i signal, further ex-
cluding any contribution of the NMDA receptor activation
(�[Ca2+]i due to kainate+ MK-801, 411± 16.5 nM).

For comparison, we also followed the [Ca2+]i changes in
the cultured retinospheroids, when stimulated with 500�M
l-glutamate. Taking the�[Ca2+]i for each developmen-
tal age (Fig. 3), in response to stimulation with 500�M
l-glutamate, the�[Ca2+]i increased from a value of 34.1±
0.97 nM, at 5 h in vitro, to a value of 255.4 ± 18.0 nM at
3 DIV (Fig. 3), and decreased continuously to a value of
180.2± 8.4 nM at 14 DIV (Fig. 3), which was significantly

Fig. 3. Changes in intracellular free calcium (�[Ca2+]i ) in re-
sponse to 400�M AMPA, 400�M kainate or 500�M l-glutamate of
retinospheroids during development in vitro (5 h or 3, 7, 10 and 14
days). �[Ca2+]i was obtained as the difference between basal [Ca2+]i

and [Ca2+]i at 20 s after stimulation, obtained from individual experi-
ments as presented in Figs. 1 and 2. Bars represent the average of at least
five independent experiments in different cultures± S.E.M. Significantly
different from 5 h in vitro cells: P < 0.001. Significantly different from
3 DIV cells: P < 0.05.

lower than the�[Ca2+]i measured at 3 DIV (Fig. 3). The
basal values of [Ca2+]i did not differ significantly from those
reported in Fig. 2.

3.2. Expression of AMPA/kainate receptor subunits
in retinospheroids in culture

We also examined the presence of AMPA/kainate recep-
tor subunits at different stages of development in retina cells
cultured as retinospheroids, using commercial antibodies
against the subunits GluR1, GluR2/3, GluR4 and GluR6/7
(Fig. 4). It is observed that the GluR1 immunoreactivity in-
creased in cultures from a value of 2.7% at 5 h in vitro (%
of relative expression of total of 5 ages studied, for each
PVDF membrane analysed) to a value of 47.4% at 7 DIV
(Fig. 4B), and then decreased to a value of 15.6% at 14
DIV (Fig. 4B). The GluR2/3 immunoreactivity increased
from a value of 0.13% at 5 h in vitro to 35.6% at 10 DIV
and decreased to a value of 31% at 14 DIV (Fig. 4B). The
GluR4 immunoreactivity increased from a value of 0.8%
at 5 h in vitro to a value of 31.8% at 10 DIV and remain
constant until day 14 (Fig. 4B). The GluR6/7 immunore-
activity increased from a value of 4% at 5 h in vitro to
a value of 27.1% at 3 DIV, and decreased slightly to a
value of 20.1% at 14 DIV (Fig. 4B). We could not de-
tect any reaction with the antibody against KA2 or against
two different antibodies against GluR2 (data not shown).
We have determined whether the changes in the expression
of AMPA/kainate receptors subunits in the cultured retina
cells (Fig. 4) were due to protein concentration changes in
each line load, using the cytoskeleton protein actin. The
amount of this protein remained relatively constant for all
samples, with the exception of 5 h in vitro, where it was
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Fig. 4. Temporal expression of different AMPA/kainate receptor subunits
of enriched plasmatic membranes isolated from retinospheroids, as com-
pared to rat brain (first lane). (A) AMPA/kainate receptor subunits were
sized by SDS-PAGE, and visualised by ECF, as described in experimen-
tal procedures. To test for the presence of the same amount of protein
per lane, immunoreactivity of actin was followed in all samples analysed.
Each lane was loaded with 12.5�g of protein (representative of three ex-
periments). (B) Quantification of the expression profile of AMPA/kainate
receptor subunits during five stages of development in vitro (5 h or 3,
7, 10 and 14 DIV) plotted as percentage of the total expression of each
subunit for all the five stages studied (n = 3).

only 37.5% as compared to the actin present in the other
stages.

3.3. Expression of AMPA/kainate receptor subunits
in the chick retina developed in the embryo

We have further examined the presence of AMPA/kainate
receptor subunits in chick retinas developed in the embryo,
using the same antibodies used for AMPA/kainate receptor
subunits in the retinospheroids cultures (Fig. 5). The GluR1
immunoreactivity increased in the retinas from a value of
0.27% at day 8 to a value of 39.4% at day 15 decreasing to
a value of 22.0% at day 22 of development (post-natal 1)
(Fig. 5B). The GluR2/3 increased from a value of 4.5%
at day 8 to a value of 28.9% at day 18, and decreased to
a value of 25% at day 22 of development (Fig. 5B). The
GluR4 increased continuously from a value of 2.9% at day

Fig. 5. (A) Temporal expression of different AMPA/kainate receptor
subunits of enriched plasmatic membranes isolated from chick retinas,
at the same stage of development of retinospheroids used in Fig. 4.
AMPA/kainate receptor subunits were sized by SDS-PAGE, and visualised
by ECF, as described in experimental procedures. To test for same amount
of protein per lane, immunoreactivity of actin was followed in all samples
analysed. Each lane was loaded with 12.5�g of protein (representative
of three experiments). (B) Expression profile of AMPA/kainate subunits
during five stages of development in vitro plotted as percentage of the
total expression of each subunit for all the five stages studied (n = 3).

8 to a value of 34.7% at day 22 of development (Fig. 5B).
The GluR6/7 immunoreactivity increased from a value of
6.9% at day 8 to a value of 37.9% at day 15, decreasing
to a value of 19.9% at day 22 of development (Fig. 5B).
We could not detect any reaction with the antibody against
KA2 or against two different antibodies against GluR2 (data
not shown). We have also determined whether the changes
observed were due to protein concentration changes in each
line load, using the cytoskeleton protein actin. The amount of
this protein remained relatively constant for all the samples,
with the exception of 5 h in vitro, where it was only 58.5%
as compared to the actin present in the other stages.

4. Discussion

4.1. [Ca2+]i responses to AMPA, kainate and
l-glutamate during development of retinospheroids

In the present work we determined that the AMPA recep-
tors were not functionally active in retinospheroids cultured
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for 5 h in vitro (8 days of development), but they were ac-
tive at 3 DIV, and these response decreased until 14 DIV.
Part of these results are not in accordance with the activity
obtained in intact retinas from chick embryo (Sugioka et al.,
1998), since the responses to AMPA were observed already
from day 7 of development. However, these authors also ob-
served response until day 9, which then decreased until day
13 of development in the embryo, in accordance to our re-
sults. Also, our results are in accordance with the fact that
at 5 h in vitro is before synapse formation in the embryo
(E12) (Hering and Kroger, 1996) or synapse formation in
stratospheroids of chick retina (E6 plus 8 DIV) (Hering and
Kroger, 1999). The absence of response to AMPA at early
stages of development in cultured retinospheroids (5 h in
culture) occurs in parallel to the appearance of functionally
active NMDA receptors (not shown), which is in agreement
to the reported sequential participation of glutamate recep-
tors during development: first NMDA receptors followed by
AMPA receptors (Ben-Ari et al., 1997). It should be noted
that, the increase observed in the [Ca2+]i signals from 5 h
in vitro to 3 DIV (Fig. 3) cannot be attributed entirely to a
trypsin effect in the receptors, as we previously showed for
the same preparation (Capela et al., 1997).

We also observed that kainate can induce [Ca2+]i re-
sponses in retinospheroids cultured for 5 h in vitro (8 days
of development), and these responses increased until 3 DIV,
and remained relatively constant until 14 DIV. These results
are in accordance with those obtained in intact retinas from
chick embryo (Allcorn et al., 1996; Sugioka et al., 1998), in
which responses to kainate were observed at day 7 of de-
velopment, and this response increased until day 9 and re-
mained relatively constant until day 13, during development
in the embryo. One interesting aspect is that kainate can ac-
tivate the AMPA receptors, without desensitising the AMPA
receptor (Bleakman and Lodge, 1998), and in the cultured
retina cells, kainate-induced calcium increase is mainly due
to the activation of AMPA receptors, since LY303070, the se-
lective AMPA receptor antagonist, almost completely abol-
ished the response to kainate, as we have determined in 7
DIV cultured retinospheroids, and as previously reported in
chick retina cells cultured as monolayers (Carvalho et al.,
1998). Thus, in the present study, kainate will mainly acti-
vate AMPA receptors, and the difference between the AMPA
and the kainate responses, could be explained by the desen-
sitisation of the AMPA receptor, which may be intensively
active at early embryonic stages, so that the agonist AMPA
could not induce a response at 5 h in vitro, but kainate re-
sponse is already clearly seen at this developmental stage.
It should be mentioned that we have tested the possibility
that the activation of AMPA/kainate receptors may cause
depolarisation of the retinospheroids and lead to the release
of glutamate which could activate the NMDA receptor. In
fact, when we stimulated the 7 DIV cultured retinospheroids
with AMPA or kainate in the presence and in the absence of
MK-801, the NMDA receptor antagonist, we could not ob-
serve any differences in the [Ca2+]i responses to kainate or

AMPA, indicating that NMDA receptor does not contribute
significantly to these signals, at least for the time courses of
the present [Ca2+]i measurements.

It was also found that stimulation of cultured retinosphe-
roids with l-glutamate lead to an increase in the�[Ca2+]i
that is maximum at 3 DIV and then decreased (Fig. 3). A
parallel result was found in the retina of chick developed in
the embryo (Sugioka et al., 1998). The development of the
[Ca2+]i response tol-glutamate was similar from that ob-
tained with AMPA, where the�[Ca2+]i response decreases
from 3 DIV until 14 DIV. These data suggests that AMPA
receptors are good candidates to be the major receptors re-
sponsible for glutamate transmission in the retinospheroids.
The presence of these functionally active AMPA receptors
could be important for the establishment and orientation of
synapses during retinogenesis (Cuppini et al., 1999; Fischer
et al., 2000; Scheetz et al., 2000), and are important for the
spontaneous activity in the chick retina (Wong et al., 1998).

4.2. Expression of AMPA/kainate receptor subunits
in the chick retina: retinospheroids versus embryo

In the chick retina, we could observe the expression of
GluR1, GluR2/3 and GluR4 AMPA receptor subunits and
of the kainate receptor subunits GluR6/7, both in the cul-
tured retinospheroids and in the retina of chick embryos.
The AMPA/kainate receptor subunits present in the chick
retina have been previously reported in mature cat, rat
and rabbit retinas (Muller et al., 1992; Hamassaki-Britto
et al., 1993; Peng et al., 1995; Qin and Pourcho, 1996;
Qin and Pourcho, 1999), during development (Zhang et al.,
1996; Grunder et al., 2000), and more recently in rat
brain (Janssens and Lesage, 2001) and hippocampal cul-
tures (Tsuzuki et al., 2001). However, we could not detect
the presence of the kainate subunit KA2, suggesting that
the antibody used does not recognise this subunit in the
chick (we have also tried in chick cortex and cerebellum,
with no response). Thus, since there is no information
available on protein data bases, we cannot exclude the
possibility of the existence of KA2 in the chick retina.
Also, in the present study, we could not detect any reaction
with commercial antibodies against GluR2, suggesting that
the GluR3 subunit is mainly contributing to the expression
detected with the antibody utilised (antibody GluR2/3),
which is in agreement with observations in cat retina in
which the GluR2 subunit is confined to a small population
of amacrine cells (Qin and Pourcho, 1999).

It is important to note that the low expression of the
AMPA/kainate subunits at 5 h in cultured retinospheroids is
not due to degradation of the receptor, because the antibod-
ies recognise the C-terminal of the subunits, which are inside
the cell and, therefore, could not be affected by trypsin, and
there are no bands different from those that appear in the
blots of other stages and in the rat (not subjected to trypsin).

The most interesting result, however, is the pattern of ex-
pression of AMPA/kainate subunits, which is very similar
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in the retinospheroids and in the embryonic retina. Also,
there is a similarity of the pattern of [Ca2+]i changes in re-
sponse to AMPA/kainate during development of chick reti-
nal cells cultured as retinospheroids, obtained in the present
work, and the pattern obtained for the cobalt entry via
AMPA/kainate receptors in embryonic chick retina during
development (Allcorn et al., 1996). These results indicate
that retinospheroids are a good model for studies of develop-
ment, which is in agreement with our data showing that the
expression of AMPA/kainate receptor subunits in these pri-
mary cultures mimic their expression in the developing chick
retina. This is supported by the previous work which char-
acterised these cultures and showed that they mimic retina
stratification (Vollmer and Layer, 1986; Layer and Willbold,
1993; Rothermel et al., 1997; Hering and Kroger, 1999).

4.3. Correlation between [Ca2+]i changes and
AMPA/kainate receptors expression in retinospheroids

As we referred to before, we could not detect functional
AMPA receptors, at early embryonic days of development
of the embryo chick retina, before synapse formation (Her-
ing and Kroger, 1999), since we could not obtain a response
to AMPA for 5 h in vitro. These results are different from
what we found for the NMDA receptor in the same devel-
opmental conditions (not shown), and supports the proposed
theory of sequential appearance of the NMDA and AMPA
receptors (Ben-Ari et al., 1997). However, the AMPA recep-
tor subunits are detected at these early stages, and should
be expressed on the plasmatic membrane, since we can de-
tect [Ca2+]i responses when we activate the AMPA/kainate
receptors with kainate, which is mainly activating AMPA
receptors in these cells (Carvalho et al., 1998). These obser-
vations could be explained by the subunit composition of the
AMPA receptor, and the low expression of the GluR1 at 5 h
in vitro could explain the absence of response at this stage.

Another difference between the [Ca2+]i changes and the
expression of AMPA/kainate subunits is that the [Ca2+]i
changes decrease from 3 DIV until 14 DIV, whereas the ex-
pression of all subunits increases at least until 7 DIV, before
starting to decrease (GluR4 increases until 10 DIV, and re-
mains constant during the studied period). This discrepancy
could be explained if we assume that we are quantifying
all AMPA/kainate subunits in the preparation, and not only
those present in the plasma membrane which contribute to
the [Ca2+]i changes. Thus, our measurement of the subunits
also includes subunits that are inside the cytoplasm, due to
receptor recycling mechanisms, or newly synthesised sub-
units which would not contribute to the [Ca2+]i changes. It
is also possible that the receptor activity is being modulated
by the subunits, by differences in the subunit editing, as pre-
vious reports in developing rat spinal cord (Jakowec et al.,
1995).

In conclusion, the present study demonstrates that
AMPA/kainate receptors are expressed at early embryonic
stages in either developing retinas or in retina cells cultured

as retinospheroids, but these receptors are not functionally
active, since they do not respond to AMPA stimulation with
an elevation in [Ca2+]i at the first stage studied. However,
the receptor must be present at the plasmatic membrane
since they do respond to kainate, which activates AMPA
receptors. Furthermore, the expression of AMPA/kainate
receptor subunits in these primary cultures mimics their
expression in the developing chick retina.
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