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ABSTRACT
The nucleoside adenosine plays an important role as a neurotransmitter or neuromodulator in the central
nervous system, including the retina. In the present paper we review compelling evidence showing that
adenosine is a signaling molecule in the developing retina. In the chick retina, adenosine transporters
are present since early stages of development before the appearance of adenosine Al receptors modulating
dopamine-dependent adenylate cyclase activity or A2 receptors that directly activate the enzyme. Experiments
using retinal cell cultures revealed that adenosine is taken up by specific cell populations that when stimulated
by depolarization or neurotransmitters such as dopamine or glutamate, release the nucleoside through calcium-
dependent transporter-mediated mechanisms. The presence of adenosine in the extracellular medium and
the long-term activation of adenosine receptors is able to regulate the survival of retinal neurons and blocks
glutamate excitoxicity. Thus, adenosine besides working as a neurotransmitter or neuromodulator in the
mature retina, is considered as an important signaling molecule during retinal development having important
functions such as regulation of neuronal survival and differentiation.

Key words. nucleoside, receptors and transporters, development, cell culture, uptake and release.

INTRODUCTION Franks 1985). The regulation of adenylate cyclase
The original demonstration by Sattin and Rall by adenosine analogs is mediated through different

(1970) that the nucleoside adenosine regulanegechanisms depending on their chemical structure.
adenylate cyclase activity was followed by many For example, analogs modified in the purine moiety
studies that had stablished adenosine as an importaﬂ[omote adenylate cyclase stimulation or inhi-

signalling molecule in vertebrates. The presence OPition whereas analogs modified in the ribose only
adenosine-sensitive adenylate cyclase was detectdfomote inhibition of the enzyme. Based on these
in several tissues and cell types (Premontetal. 197.;1'ifferences, analogs were then classified as “R” site

de Vente and Zaagsma 1981, Anand-Srivastava andf P” site agonists, depending if they were re-
spectively modified in the purine or ribose moieties

*ThIS work is dedicated .to the mgmory'of Dr. Carlos Chaga.ls (Londos and Wolff 1977, Newman 1983). The R

Filho, founder of the Institute of Biophysics of the Federal Uni- " . .

versity of Rio de Janeiro, for his enormous contribution for the sites were further identified as surface receptors and

formation of generations of students and brazilian scientists. P sites as intracellular sites on the enzyme adenylate
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438 ROBERTO PAES-DE-CARVALHO

1990, Dessauer and Gilman 1997). studies have stablished a presynaptic localization for
The distinction between adenosine surface rethese receptors (Oliet and Poulain 1999, Poli et al.

ceptors and intracellular sites was demonstrated i2001) where they can regulate the release of excita-

some ellegant pioneering studies that showed the exery neurotransmitters (Goodman et al. 1983).

istence of two types of surface receptors named Al

and A2 receptors (Van Calker et al. 1979, Londos ADENOSINE IN THE RETINA

etal. 1980). Al receptors are negatively coupledrpe retina, a part of the central nervous system,
to adenylate cyclase while A2 receptors are posiig g very useful model for the study of develop-
tively coupled to the enzyme. Begginining in the ent of neurotransmitter systems (Fung et al. 1982,
decade of 1980, several studies were able to measUfgessersmith and Redburn 1993, Salceda and Vilchis
adenosine receptors using binding protocols (Wu €4 994 johansson etal. 2000, Johansson and Ehinger
al. 1980, Goodman et al. 1982, B_runs etal. 1983p001). Indeed, many studies showed the ontogeny
1986, Yeung an.d Green 1984, St"95.1985)- SPept GABA, dopamine, glutamate, acetylcholine and
cially important in this case was the discovery thatgiher systems in the chick retina (de Mello et al.
large amounts of adenosine are released from iNjg75 Araki et al. 1983. 1984. Ventura et al. 1984
tact tissues or homogenates and compete with the,nkford et al. 1988, Ventura and de Mello 1990,
binding of labeled adenosine or analogs. The preinypa and Hofmann 1991. Shah and Hausman 1993
cubation with adenosine deaminase, an importangajyet and Ventura 1995, Paes-de-Carvalho et al.
enzyme of the adenosine catabolism that promote§996, Sampaio and Paes-de-Carvalho 1998, Soares
t_he eI|m|n§t|on gfendogenous.ade_nosme andformag; 51 2000). The purinergic systemiis also presentin
tion of the inactive .cor.npounq INOSINE, Was a Proce+he retinas of several species (Blazynski and Perez
dure to detect the binding of high affinity deamlnase-lggl) participating in the control of cone photore-
resistant analogs to adenosine receptors. ceptor movements (Rey and Burnside 1999) or reg-

Recently, cloning studies have revealed the exy|ating waves of spontaneous neural activity (Stell-
istence of subtypes of A2 receptors (A2a and AZb)vvagen et al. 1999).

and alsoA3receptors (Snell etal. 2000, d'Alcantara  Here we will review some aspects of the devel-
etal. 2001, Johansson et al. 2001, Talukder et alypment of the adenosine system in the chick retina.
2002). The surface receptors for adenosine, with

the exception of A3 receptors, are antagonized by — ADENOSINE-DEPENDENT ADENYLATE CYCLASE
methylxanthines (van Gallen et al. 1994, Klinger in THE CHick EMBRYO RETINA

et al. 2002), while the actions via “P” sites are .
i o ~ The presence of an adenosine-dependent adenylate
blocked by adenosine transport inhibitors. Studies

ith knock h led . cyclase activity was first described in the chick em-
with knockout mutants have revealed many IMPOr-y . retina (Paes-de-Carvalho and de Mello 1982)

tantfunctions of adenosine receptors such as the reéds. | also detected in the mammalian retina (Blazyn-
ulation of inflammation (Ohta and Sitkovsky 2001). ski et al. 1986). The increase of cyclic AMP levels

Be§|des fts dlstrlbut|or_1 n s_evgral t's_sues’of 17-day-old (E17) chick embryo retinas was 3-4
adenosine receptors are widely distributed in thetimes larger with RO20-1724 than with IBMX, two
central nervous  system. A.Ithough. A2 TECeP- yitterent phosphodiesterase inhibitors. The higher
tors seem to be concentrated in the striatum of adullteveI obtained with RO20-1724 could be inhibited

animals (Fink et al. 1992, Marala and Mustafa . . .
1993 little i Kk b he devel fby adenosine deaminase or IBMX, an adenosine an-
), very little is know about the development o tagonist, and under these conditions could be stim-

these receptors and localizations in the embryo. Th(leJlated with 2-chloroadenosine, an adenosine de-

Al receptors present a wider distribution and ManYaminase-resistant analog. The data indicated that

An Acad Bras Cienc (2002)74 (3)



ADENOSINE IN THE DEVELOPING RETINA 439

endogenous adenosine released from incubated resine was not able to inhibit the effect of apomor-

nasis able to stimulate adenylate cyclase. The elevgshine at all developmental stages as well the ef-
tion of cyclic AMP levels promoted by the activation fect of dopamine at the post-hatching period (figure
of A2 adenosine receptors was first detected at E141). It was proposed the existence of two types of
a period in which the first synaptic contacts are ob-dopamine receptors coupled to adenylate cyclase in
served in the tissue, increasing in subsequent dayhe chick retina, one presentonly in the early periods
up to E17 and decreasing thereafter, attaining lonof development that could be regulated by adeno-

levels in the post-hatching period (figure 1). sine interacting with Al receptors and a second type
that is stimulated by both dopamine and apomor-
II - DEVELOPMENT OF A1l RECEPTORS IN THE  phine, is present throughout development and also
RETINA: INTERACTIONS WITH THE DOPAMINERGIC  iNn the post-hatching period and that is not regu-
SYSTEM lated by adenosine (Paes-de-Carvalho and de Mello

Dopamine receptors coupled to adenylate cyclaséLQSS)' These studies raised the possibility for the ex-

are also present in the chick retina and their stimu-'sélence _Of e;nlbryonlc subt;r/]pes of (lj;p;amlre _Dl :_and
lation promotes cyclic AMP accumulation since E7 adenosine receptors that could be playing im-

(de Mello 1978). In an attempt to study the inter- portant roles during development of the retina. This

action of the two adenylate cyclase systems (adenoIEj eawas strengthehed by the finding that dopamine
. . . could regulate neurite outgrowth of retinal neurons
sine and dopamine -dependent) present during de-
. . (Lankford et al. 1988) and that two subtypes of

velopment of the chick retina, we performed exper-

iments using retinas from E17 embryos, a stage inD1 receptors are expressed in the developing retina

which the two systems coexist in the retina (Paes-(SOares etal. 2000). However, although the reg-

de-Carvalho and de Mello 1985). We found thatulatlon of dopamine-dependent cyclic AMP accu-

the accumulation of cyclic AMP by dopamine and mulation was no longer detected in post-hatched

adenosine was not additive using saturating or sub'[(atlnas (figure 1), adenosine analogs are able to in-

hibit forskolin-stimulated cyclic AMP levels in post-

saturating concentrations of both ligands. One hy- ) R
. L atched retinas (Paes-de-Carvalho 1990), indicating
pothesis for this discrepancy was the presence o

inhibitory A1 adenosine receptors in the tissue. In_that these receptors are still present at this stage pos-

deed, we decided to test this hypothesis stimulat-Slbly playing a different role but not related to the

. . . ., stimulation of dopamine receptors. Binding stud-
ing retinas from E10 embryos, a stage in which’ frmed th findi howing th
dopamine-dependent cyclic AMP accumulation js'€S confirme these findings showing that Al recep-

observed but not the accumulation of cyclic AMP by tor density varies strinkingly during retinal develop-

adenosine. We then found that at this stage adenorpent being present since E10, attaining a maximum

. a% E17 and decreasing to a constant level at post-
sine analogs were able to promote a dose-dependen

decrease of dopamine-dependent cyclic AMP aCcuhatched retinas (Paes-de-Carvalho 1990). The pres-

mulation. This effect was mediated by the activation®"® of Al adenosine receptors regulating adenylate

of Al receptors as demonstrated by pharmacologigydase activity was also detected in the mammalian

cal studies. The maximal inhibition attained Wasretina (Blazynski 1987).
approximately 70% (figure 1). On the other hand,
the maximal cyclic AMP accumulation induced by 1
the mixed dopaminergic agonist apomorphine WaéA DENOSINE RECEPTORS

only 30% of that observed with dopamine at E8 and,The presence of adenosine as well as adenosine re-
at the post-hatching period, the effects of dopamineeptors were first characterized in the retina by im-
or apomorphine were small. Interestingly, adeno-munocytochemistry and receptor autoradiography

— LOCALIZATION STUDIES OF ADENOSINE AND

An Acad Bras Cienc (2002)74 (3)
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Fig. 1 — Summary of changes of cyclic AMP levels stimulated by activation
of dopamine and adenosine receptors during development of the chick retina.
Dopamine receptors were stimulated by dopamine or the partial agonist apomor-
phine. Note the difference in the stimulated/basal ratio when retinas were exposed
to dopamine or apomorphine in the embryonic period while the ratio is similar
at the post-hatching period. The activation of adenosine Al receptors blocks
the stimulation by dopamine, but not apomorphine, in the embryonic retina. At
the post-hatching period, the effects of both dopamine or apomorphine are not
regulated by Al receptors.

by Braas et al. (1986, 1987). These authors showellV — ADENOSINE TRANSPORT SITES
the presence of adenosine and adenosine Al recep-

tors predominantly localized in the ganglion cell 1o presence of nucleoside transporters was de-

layer of mgmmalian retinas. Other studie_s re_"eale%cribed in several tissues and central nervous system
by autoradiography the uptake 8H)adenosineinto ;a4 (Cass etal. 1998, Baldwin etal. 1999, Parkin-

horizontal cells inthe goldfishretina (Studholme andg, 1999) and subdivided in two major subclasses,
Yazulla 1997), cellslocated in the ganglion celllayer concentrative (CNTs, sodium-dependent) and equi-
of mammalian retina (Blazynski 1989) and cells thatjipative (ENTS, sodium-independent) (Visser et al.
display GABA immunoreactivity in the chickenand >002). The equilibrative transporters are ubiqui-
rabbitretina (Perez and Bruun 1987). However, fur-y, gy distributed and further classified as sensitive
ther studies with the chick retina showed the Iocal-(es or ENT1) or insensitive (ei or ENT2) to the in-
ization of adenosine immunoreactivity in ganglion hibitor Nitrobenzylthioinosine (NBI). The es sub-
cells, amacrine cells and also photoreceptors (Pae§ype has a widespread distribution and seems to be
de-Carvalho et al. 1992). The same study showeghe major transporter in the CNS (Anderson et al.
that A1 adenosine receptors are detected since Elfggg, Sinclair et al. 2001). The binding of the
in Fhe plexiform layers of developing and mature ,cjeoside inhibitors’H)dipyridamol and3H)NBI
retinas. was detected in the CNS (Deckert et al. 1988 a,b,
Marangos and Deckert 1987). In the chick retina,

An Acad Bras Cienc (2002)74 (3)
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(®H)NBI binding is detected since early stages ofadenosine (de Mello et al. 1982). Although the
development (E8) up to post-hatched animals (Pae#2 receptor-mediated cyclic AMP accumulation is
de-Carvalho et al. 1992). Autoradiograhic experi-detected in the monolayer cultures, no inhibition of
ments revealed the presence of transport sites distopamine-dependent adenylate cyclase mediated by
tributed throughout the tissue at E8, suggesting thé\1 receptors were found in these cultures, in op-
expression of these sites in neuroblasts. Interesposition of what is observed in the intact retina or
ingly, A1 or A2 receptors could not be detected atcultured cell aggregates (Paes-de-Carvalho 1987),
this developmental stage. At later stages of developprobably reflecting differences in the expression of
ment, the transporters could be localized predomiAl receptors (see section V below).

nantly in the plexiform layers in localizations similar

to that found for Al receptors (Paes-de-Carvalho ell — ADENOSINE IMMUNOCYTOCHEMISTRY AND UP-

al. 1992). TAKE

Adenosine immunoreactivity as well as uptake and

release processes for the nucleoside were exten-
Many neurotransmitter systems are expressedjvely studied in purified cultures of retinal neurons
in cultures of retinal cells in a similar manner as and photoreceptors (Paes-de-Carvalho et al. 1990).
in the developing intact tissue (Mockel et al. 1994, Adenosine immunoreactive cells are abundant in
Cossenza and Paes-de-Carvalho 2000, Sholl-Franggese cultures and detected as early as six hours af-
etal. 2000, 2001, Yasuyoshi et al. 2002). Differentter seeding the cells (Paes-de-Carvalho et al. 1990).
types of retinal cultures can be used for the studyin 6 day-old cultures (E8CS6), virtually all photore-
of neurotransmitters and other signaling moleculesgeptors are labeled whereas around 40% of neurons
High-density mixed cultures containing neurons anddisplay immunoreactivity.
glial cells (monolayers or aggregates) and purified  Adenosine is taken up by purified cultures of
cultures of neurons or glial cells (de Mello et al. retinal neurons through a very active mechanism
1982, Paes-de-Carvalho et al. 1990, Cossenza anflat can be blocked by dipyridamole or NBI, indi-
Paes-de-Carvalho 2000, de Almeida et al. 2002). Irzating the predominance of the es transporter sub-
the next sections we will describe experiments Pertype (Paes-de-Carvalho et al. 1990). The uptake
formed using the retinal cultures to study the prop-js temperature-dependent, sodium-independent and
erties of the adenosine system in the retina. abolished wher®H)adenosine is preincubated with
adenosine deaminase, indicating that the process
is specific for adenosine and not for inosine. Up-
The accumulation of cyclic AMP induced by adeno- take autoradiographic experiments show that about
sine was also detected in high-density monolaye50% of neurons and all photoreceptors are labeled.
cultures of chick retinal cells (de Mello et al. 1982, Double - labeling experiments performed using
Paes-de-Carvalho and de Mello 1982). The effec{®H)adenosine uptake autoradiography and adeno-
is observed as soon as 1 day after plating retinasine immunostaining showed that while virtually all
cells from 8-day-old embryos (E8CL1), increases af{photoreceptors and about 40% of neurons are dou-
ter EBC3 and attains maximal levels at EBC4. Theble - labeled, small populations of neurons (around
incubation of cultures for 72 hours with adenosine10% each) were positive only for autoradiographic
promoted a 3-fold decrease in the cyclic AMP ac-grains or adenosine immunoreactivity. The signif-
cumulation induced by the nucleoside, suggestingcance of these results are presently unknown but
that the A2 receptors can be desensitized or downprobably reflects intense metabolism of adenosine
regulated during a long-term exposure of cells toafter uptake into neurons.

CELL CULTURE EXPERIMENTS

I — ADENOSINE-DEPENDENT ADENYLATE CYCLASE

An Acad Bras Cienc (2002)74 (3)



442 ROBERTO PAES-DE-CARVALHO

III — RELEASE EXPERIMENTS CAMKII inhibitors KN62 or KN93, indicating that

The radioactivity taken up by the cells when the transport is modulated by this enzyme activity.

expo.sed.toe(H)ladehosme coulld bereleased t.;1fter de-IV _ BINDING STUDIES OF TRANSPORTER SITES
polarization with high potassium concentrations, an

effect thatis blocked by removing calciumions from The presence of adenosine uptake sites was also de-
the extracellular medium, indicating that adenosind€cted by binding of {H)NBI to live cells in high-
is released from retinal neurons in culture by adensity retinal cultures. The kinetic analysis showed
calcium-dependent mechanism. However, the analthat equilibrium is attained after 10 minutes and
ysis of extracellular radioactivity revealed that 70% could be reversed after addition of unlabeled NBI
of released material is found as inosine and onlyfigure 3). The binding was saturable and showed
10% as adenosine. Similar findings were reported®n€ class of sites with a Kd 0f94-0.56 nM. Inter-
by Perez et al. (1986) using intact rabbit retina.estingly, Bnax values, but not K values, decreased
One hypothesis would be that inosine is synthezisedVhen cultures were pre-treated for 5 days in the pres-
from adenosine taken up by neurons and release@nce of 10Q:M adenosine plus 10M EHNA, an
after depolarization. Alternatively, adenosine is re-2denosine deaminase inhibitor (figure 4), suggesting
leased and converted to inosine in the extracellulathat the number of transporters in the plasma mem-
medium by an ecto adenosine deaminase (Franco grane can be modulated by the presence of adenosine
al. 1997). A third alternative would be the releasein the extracellular medium. Moreover, the uptake
of ATP and conversion to adenosine and inosine byr@pacity is also decreased in the cultures exposed to
ecto-nucleotidases and ecto-deaminase (Dunwiddi@denosine (not shown).
et al. 1997, Santos et al. 1999). Although this
possibility is feasible because of the high conver-
sion of taken up adenosine to nucleotides in retina
cultures, we were unable to block the detection ofAs described above, the presence of A1l adenosine
adenosine and metabolites in the released materiaéceptors was demonstrated in the chick retina since
using nucleotidase inhibitors such@%-methylene early developmental stages. These receptors were
ADP plus GMP (Knofel and Strater 2001). detected by binding studies (Paes-de-Carvalho
Dopamine and glutamate are also able to pro-1990) and also by the inhibition of cyclic AMP accu-
mote the release of radioactivity when retinal cells inmulation induced by dopamine (Paes-de-Carvalho
culture are previously labeled witBH)adenosine. and de Mello 1985) or forskolin (Paes-de-Carvalho
Figure 2 shows the result of experiments in which1990). However, this inhibitory effect was observed
these pre-labeled cultures were stimulated within cultures of retinal aggregates but not in mono-
dopamine. The release is observed with 10 odayer cultures (Paes-de-Carvalho 1987). Although
100uM dopamine and is reversible upon removal of some studies revealed the presence of Al binding
exogenous dopamine. The release by glutamate isites in monolayers of chick retinal cells (Santos
mediated by the activation of NMDA receptors andet al. 1998a,b), our recent data show the absence
blocked in the absence of calcium in the extracel-of (*H)DPCPX or H)CCPA binding sites in these
lular medium or by NBI (Paes-de-Carvalho R, Diascultures. This discrepancy could be related to the
BV and Martins RA unpublished results), indicat- amount of cell aggregation found in the cultures,
ing that the release is mediated by the transportesince preliminary experiments show an increase of
and by a calcium-dependent process. Our receril receptorsin aggregate cultures or monolayer cul-
unpublished data also show that both the uptake antlires in which the cells were poorly dissociated be-
release stimulated by glutamate are inhibited by thdore seeding (Paes-de-Carvalho R and Pereira MR

V — STUDIES ON THE EXPRESSION OF A1 RECEPTORS
rN RETINAL CULTURES

An Acad Bras Cienc (2002)74 (3)
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Fig. 2 — Effect of dopamine on the release of purines in cultures of chick
retinal neurons. Purified retinal neuronal cultures were obtained from E8
chick embryos and incubated for 2 days. Cultures were then washed and
incubated with saline containingH)adenosine0.2 xM) for 15 minutes

at 37C. After further washing cultures were successively incubated with
normal saline for 10 periods of 1 minute, then incubated for 5 periods of 1
minute with saline containing dopamii&00.M) and finally incubated for

5 periods of 1 minute with normal saline. Note the increase in purine release
stimulated by dopamine and the reversibility after returning to normal saline.

unpublished results). Moreover, the number of Alover, these authors demonstrated that the release of
receptor sites is greatly increased in cultures treatedcetylcholine in the cultures is under a tonic inhibi-
with 8-bromo cyclic AMP, suggesting that the ex- tion by endogenous adenosine presentin the cultures
pression or activity of these receptors are regulatedSantos et al. 1998a,b).

by the activity of PKA.
ADENOSINE SIGNALING AND NEURONAL SURVIVAL

VI — MODULATION OF ACETYLCHOLINE RELEASE 1o noyroprotective effect of adenosine is well sta-
BY A1 ADENOSINE RECEPTORS blished (Fredholm 1997, Dunwiddie and Masino
Adenosine is considered as a modulator of transmit2001) in several CNS areas where the nucleoside
ter release in the CNS and several reports showeid liberated during hypoxia and ischemia (Coelho
a modulation of glutamate, acetylcholine and seroet al. 2000, Dale et al. 2000) as well as during
tonin release from presynaptic terminals (Santos egpileptiform activity (Berman et al. 2000). It is be-
al. 2000, Okada et al. 2001, Marchi et al. 2002).lieved that the neuroprotective effect of adenosine
Recently, Santos et al. (1998a,b, 2000) showed thas mediated by activation of Al receptors although
the activation of Al receptors modulates the releassome reports indicate a participation of A2a recep-
of acetylcholine from cultured retinal cells. This tors (Ongini et al. 1997, Johansson et al. 2001).
effect was due to a selective inhibition of N-type In the retina, adenosine plays a protective role in
calcium channels coupled to the release of acetylischemia-reperfusion injury (Roth 1995) possibly
choline, but not of GABA, and in a Pertussis toxin through activation of A1 and A2a receptors (Li et
sensitive way (Santos et al. 1998a,b, 2000). Moreal. 1999).

An Acad Bras Cienc (2002)74 (3)
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Fig. 3 — Time profile of specific3H)NBI binding to adenosine transporters in
cultures of chick retinal cells. Cultures were incubated for 6 days and incubated
with saline containing3H)NBI (10 nM) in the absence or presence of unlabeled
NBI (10uM) for determination of specific binding. Maximal binding was ob-
served after 10 minutes and was stable for at least more 20 minutes. The addition
of unlabeled NBI after 30 minutes of incubation was able to displEgNBI
binding (dashed line) from cultured cells, indicating the binding to surface sites.
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Fig. 4 — Effect of adenosine treatment on the bindingb(\BI to cultured reti-

nal cells. Control cultures or cultures treated for 5 days with aden¢s0tg.M)

plus EHNA(10M), an adenosine deaminase inhibitor, were incubated in saline
containing increasing concentrations 8HJNBI in the absence or presence of
unlabeled NBI(10uM) for determination of specific binding. A significant
reduction of Byax values were observed in treated cultu¢@g56 + 1063 to
5331 + 74.9 cpm) but not of k§ (1.9 + 0.6 to 1.5 + 0.6), indicating a decrease

in the number but not the affinity of transporters.
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During early embryonic development, af- lating the secretion or response to specific trophic
ter arrest of cell division, retinal cells differentiate factors.
and migrate to their definitive positions in the tissue
(Spence and Robson 1989), whereas the subsequdht- ADENOSINE BLOCKS GLUTAMATE EXCITOTOXI-
programmed cell death stablishes the final numbef!TY IN RETINAL NEURONAL CULTURES

of cells. The biochemical and developmental pro-\when retinal neurons in culture are exposed to glu-
cesses that control cell death are currently undefamate, an extensive cell death is observed that is
study (for a review see Linden et al. 1999). Note-prevented by MK 801, an NMDA receptor antago-
worthy, the precise timing of ocurrence of the phe-njst, or DNQX, an AMPA/kainate antagonist (Fer-
nomenon is believed to be regulated by specific biorejra and Paes-de-Carvalho 2001). Kainate also pro-
chemical mechanisms that are possibly under conmotes a similar excitotoxic effect that is blocked by
trol of extracellular signals such as neurotrophic fac4vK 801, indicating that the cell death is mediated
tors and neurotransmitters (Araujo and Linden 1993py the activation of NMDA receptors. Noteworthy,
Varella et al. 1999). In the following sections we preincubation of cultures with adenosine, NBI or
describe experiments that indicate adenosine as aclic AMP analogs promotes an intense neuropro-
important modulator of neuronal survival as well astection from the excitotoxic effects of glutamate or

a neuroprotective substance. kainate. The effect can be observed with a prein-
cubation of 2 hours but is maximal with 24 hours,

I - ADENOSINE REGULATES THE SURVIVAL OF NEU-  indicating the need for a long-term exposure of cells

RONS AND PHOTORECEPTORS IN CULTURE to the nucleoside to occur the neuroprotection. A2a

The presence of adenosine markers such as receffcePtor agonists such as CGS 21680 or DPMA,
tors, transport sites and coupling to second messerll?-ut not the Al agonist C_ZHA' hgve similar protec-
ger systems during early development of the retindiVe €ffects, demonstrating the importance of A2a

suggested a possible role of the nucleoside as a siGeCePtors coupled to adenylate cyclase in the phe-
nalling molecule during early retinal development. "omenon. The results highlight the role of adeno-

Our recent results indicate that one role of the nu-Sin€ as aregulator of cell survival in the developing
retina.

cleoside is to regulate neuronal survival. When pu-
rified cultures of retinal neurons and photoreceptors
are refed with fresh medium they display an intense
death of both neurons and photoreceptors, an effeélthough the data reviewed in this paper strongly
that can be greatly reduced when the cultures arsupport the role of adenosine as a neurotransmit-
preincubated with adenosine (Paes-de-Carvalho anigr in the adult retina and also as a modulator of
Maia 1996). The protective effect is mimicked by neuronal survival and differentiation during devel-
A2a adenosine receptor agonists, the uptake blockeypment, much work still remains do be done in order
NBI or cyclic AMP analogs, but not Al receptor to elucidate the mechanisms of action of the nucleo-
agonists. The cell death was also observed wheside in the adult or developing retina. For example,
cultures were incubated with adenosine deaminasthe transduction pathways involved in adenosine ac-
but not when cultures were refed with a conditionedtions appear to involve more than the regulation of
medium obtained from “sister” cultures (Paes-de- adenylate cyclase and PKA since the nucleoside reg-
Carvalho R, Maia G and Ferreira JM unpublishedulates PKC and also MAP kinases in other tissues
results). The data strongly indicate that the presencf.inden et al. 1998, Arslan and Fredholm 2000).
of adenosine is essential for neuronal survival in theThe regulation of these pathways could have im-
cultures playing a trophic function per se or regu-portant roles in the retina specially during devel-

CONCLUSIONSAND PERSPECTIVES
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opment. Our recent experiments demonstrate thatenvolvimento, antes do aparecimento dos receptores Al
adenosine stimulates ERK1/2 in purified culturesque modulam a atividade adenilato ciclase dependente de
of glial cells via activation of Al receptors (Silva dopamina ou dos receptores A2 que ativam diretamente
IA, Ledo-Ferreira L and Paes-de-Carvalho R un-a enzima. Experimentos usando culturas de células de
published results). Interestingly, this effect is notretinarevelaram que a adenosina é captada por populagdes
observed in mixed high-density cultures, suggestingelulares especificas que, quando estimuladas por despo-
that this response is modulated by neurons. Morelarizacdo ou por neurotransmissores tais como dopamina
over, although adenosine is accumulated in photoresu glutamato, liberam o nucleosideo através de mecanis-
ceptors, amacrine and ganglion cells and Al recepmos dependentes de calcio e mediados por transportador.
tors and adenosine transporters are visualized in th& presenca de adenosina no meio extracekitaativacao
retinal plexiform layers, the cell localization of the duradoura dos receptores de adenosina regula a sobre-
receptorsis unclear. Further work is necessary usingivéncia de neurodnios da retina e bloqueia a excitoxici-
specific antibodies against the different adenosinelade mediada por glutamato. Desse modo, a adenosina,
receptors in order to localize the receptors amonglém de apresentar a fungédo de neurotransmissor ou neu-
the different cell types in the retina and to study romodulador na retina desenvolvida, é considerada como
their expression during development. The data preuma molécula importante durante o desenvolvimento da
sented in this review also showed important effectsetina, apresentando fungdes como a regulagéo da sobre-
of adenosine as a survival factor and neuroprotectiveivéncia e diferenciagdo neuronal.

molecule in the retina. Recentresults from our labo-
ratory shows that long-term activation of aden()Sinedores, desenvolvimento, cultura de células, captacéo e
receptors modulates the expression of NMDA glu'liberagéo.
tamate receptors in cultures of retinal cells (Ferreira

JM and Paes-de-Carvalho R unpublished results),

an effect mimicked by cyclic AMP analogs. The
mechanisms involved in these effects of adenosine,  , xp-Srivastava MB AND FRANKS DJ. 1985. Stim-
and the possible relations with neurodegenerative ylation of adenylate cyclase by adenosine and other

Palavras-chave: nucleosideo, receptores e transporta-
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