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Endogenous adenosine and adenosine receptors localized to
ganglion cells of the retina
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ABSTRACT Using specific sensitive antisera against aden-
osine, we have immunocytochemically localized endogenous
adenosine to specific layers of rat, guinea pig, monkey, and
human retina. Highest adenosine immunoreactivity was ob-
served in ganglion cells and their processes in the optic nerve
fiber layer. Substantial staining was also found throughout the
inner plexiform layer and in select cells in the inner nuclear
layer. Adenosine Al receptors, labeled with the agonists
L-[3H]phenylisopropyladenosine and 1251-labeled hydroxy-
phenylisopropyladenosine, were autoradiographically local-
ized. The highest levels of binding sites occurred in the nerve
fiber, ganglion cell, and inner plexiform layers of the retina in
all the species examined. The distribution of adenosine Al
receptor sites closely parallels that of retinal neurons and fibers
containing immunoreactive adenosine. These results suggest a
role for endogenous adenosine as a coneurotransmitter in
ganglion cells and their fibers in the optic nerve.

The purine nucleoside adenosine influences numerous phys-
iological processes, including effects on neuronal communi-
cation within the central nervous system. These observations
suggest that adenosine may serve a role as a neurotransmitter
or neuromodulator. Adenosine and its analogues inhibit the
release of other neurotransmitters (1-7) and depress both
spontaneous and stimulated neuronal depolarization (8). The
actions of adenosine are mediated by two receptor subtypes:
high affinity Al receptors inhibit adenylate cyclase activity,
whereas low affinity A2 receptors stimulate the enzyme
activity (9, 10). Immunocytochemical localizations of endog-
enous adenosine in neuronal perikarya and fibers in discrete
regions of the brain (11) support a neurotransmitter or
neuromodulator role.
A variety of neurotransmitters, including neuropeptides,

amino acids, and biogenic amines, have been associated with
retinal neurons. Several neurotransmitter candidates have
been described for amacrine, horizontal, and bipolar cell
populations, whereas possible neurotransmitters of other
retinal cell types are less clearly defined (12, 13). Axons ofthe
ganglion cells, the only retinal output neurons, enter the optic
nerve and project to many structures in the brain, primarily
the dorsal lateral geniculate nucleus and the superior
colliculus. Ganglion cell depolarization elicits excitatory re-
sponses in the target areas, indicating that a primary neuro-
transmitter is stimulatory in nature (14, 15). Despite the
importance of retinal ganglion cells, their neurotransmitter
has not been definitively established. Adenosine and aden-
osine analogues modulate receptor-mediated adenylate cy-
clase activity in chicken and rabbit retina (16-19). In addi-
tion, retinal cells accumulate [3H]adenosine in a sodium-
dependent, calcium-independent manner, which is blocked
by adenosine agonists (20, 21). Purine nucleosides and bases

are released from retinal cells following depolarization (22,
23). Utilizing specific immunocytochemical techniques, we
now describe the localization of endogenous adenosine to
ganglion cells of the retina, their projections in the optic
nerve, and cells in the inner nuclear layer. Parallel autora-
diographic studies reveal receptors in the same retinal struc-
tures.

MATERIALS AND METHODS
Materials. Reagents were obtained from the following

sources: calf intestinal adenosine deaminase, L-phenyliso-
propyladenosine (L-PIA), D-PIA, hydroxyphenylisopropyl-
adenosine (HPIA), Boehringer Mannheim; L-[3H]PIA (49.9
Ci/mmol; 1 Ci = 37 GBq), New England Nuclear; NTB-3
emulsion, Kodak; Ultrofilm, LKB; biotinylated goat anti-
rabbit IgG and avidin-biotin-peroxidase complex (ABC),
Vector Laboratories. All other reagents were of analytical
grade.

Tissue Preparation for Immunocytochemical Stain. Adult
male Sprague-Dawley rats (150-250 g) or Hartley guinea pigs
(250-350 g), under sodium pentobarbital anesthesia, were
perfused intracardially first with Hanks' balanced salt solu-
tion and then with 2.5% glutaraldehyde in 0.15 M sodium
phosphate buffer (pH 7.4). Cynamolgus monkeys (Macaca
fascicularis) were sacrificed by intraaortic perfusion with
Hanks' balanced salt solution; this was followed by perfusion
with buffered 2.5% glutaraldehyde. Donated human eyes,
obtained from the Medical Eye Bank of Maryland (Balti-
more), were immersion-fixed in the same fixative within 24 hr
of death. Following fixation, all eyes were washed with 0.32
M buffered sucrose, dehydrated, cleared, and embedded in
paraffin media.
Immunocytochemical Stain. Paraffin tissue sections (8 Am)

were stained using a modification of the avidin-biotin-
peroxidase complex (ABC) technique (11, 24, 25). The
production and characterization of specific antisera to aden-
osine using the adenosine analogue laevulinic acid (O2'3'_
adenosine acetal) has been described previously (26). Briefly,
tissue was deparaffinized, rehydrated, and immunocytochem-
ically stained as follows: (i) incubation with 0.2% Triton
X-100 in 0.1 M sodium phosphate buffer for 20 min; (ii)
blocking with 1:200 normal goat serum (NGS) for 15 min; (iii)
incubation in 1:1000-1:7000 anti-adenosine for 48 hr at 40C;
(iv) blocking; (v) incubation with 1:400 biotinylated goat
anti-rabbit IgG in 1:200 NGS for 90 min; (vi) blocking; (vii)
incubation with 1:200 ABC in 1:200 NGS for 60 min; (viii)
incubation with diaminobenzidine and H202 as peroxidase
reaction substrates (diaminobenzidine at 0.3 mg/ml/0.03%
H202/0.05 M Tris, pH 7.6) for 15 min; and (ix) exposure to

Abbreviations: L-PIA, (-)-M6-[(R)-phenylisopropyl]adenosine (L-
phenylisopropyladenosine); HPIA, (-)-M-[(R)-4-hydroxyphen-
ylisopropylladenosine (hydroxyphenylisopropyladenosine).
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osmium tetroxide vapors for 5-10 min to enhance the
reaction product. The specificity of the immunocytochemical
stain was determined by using immunoabsorption, enzymatic
degradation of tissue antigen, and method controls as previ-
ously described (11).

Tissue Preparation for Receptor Autoradiography. Adult
male Sprague-Dawley rats were placed under sodium pen-
tobarbital anesthesia and sequentially perfused through the
left cardiac ventricle with Hanks' balanced salt solution,
0.1% paraformaldehyde in 0.15 M sodium phosphate buffer
(pH 7.4), and 0.32 M buffered sucrose. Monkey eyes were
removed while the animals were under sodium pentobarbital
sedation. Human eyes were obtained as described above. All
of the eyes were embedded in brain paste and were frozen in
a dry ice/ethanol slurry. Cryostat tissue sections (8 ,um) were
cut with a microtome, thaw-mounted onto chrome alum/
gelatin-coated slides, and stored at -20'C until the autora-
diographic procedure was performed.

Receptor Labeling. Tissue sections were brought to room
temperature and pretreated in 50 mM Tris buffer (pH 7.4)
containing adenosine deaminase (1 international unit, as
defined by Boehringer Mannheim, per ml) for 30 min to
destroy endogenous tissue adenosine. The tissue was then
incubated in either 1.25 nM L-[3H]PIA (49.9 Ci/mmol)
(27-30) or 120 pM 1251I-labeled HPIA (125I-HPIA) (2200
Ci/mmol) (31-34) in 50 mM Tris buffer (pH 7.4) containing
adenosine deaminase (1 international unit/ml) for 90 or 120
min, respectively, at 220C. Blanks were incubated in the same
solution in the presence of 10 ,uM (L-[3H]PIA) or 1 ,tM
(125I-HPIA) unlabeled L-PIA. The receptor-labeled sections
were washed twice for 5 min each in the same buffer at 40C,
dipped in buffer without adenosine deaminase, dipped in
distilled deionized water, and dried rapidly under a stream of
cool dry air.

Autoradiography. The dried, labeled tissue sections were
apposed either to LKB Ultrofilm or to Kodak NTB-3 emul-
sion-coated coverslips (35, 36). Tissue sections from rat,
monkey, and human labeled with L-[3H]PIA were exposed
for 28, 42, and 56 days, respectively, whereas tissue sections
labeled with 125I-HPIA were exposed for 2-4 days. After the
autoradiograms were developed, the tissue sections were
stained with toluidine blue and mounted. Autoradiographic
grains were counted over specific retinal laminae as previ-
ously described (37) by using a Zeiss Universal microscope
fitted with a 0.5-mm grid squares eyepiece reticle.

RESULTS
In initial experiments, we localized adenosine immunoreac-
tivity to discrete neurons of the rat retina. Staining was most
intense in perikarya and select fiber regions. The antisera
employed in the present study have previously been shown
by radioimmunoassay to be both sensitive and selective for
adenosine (26). Several control experiments, as previously
described for immunocytochemical staining of the rat brain
(1), were conducted to ensure that the immunoreactivity
observed was specific for adenosine itself (data not shown).
In liquid and solid phase immunoabsorption studies or
pretreatment of tissue with adenosine deaminase, retinal
staining was abolished to background levels.

In rat and guinea pig retina, adenosine-like immunoreac-
tivity was most prominent in the ganglion cells and their
processes in the optic nerve fiber layer (Fig. 1 A and B).
Diffuse staining was also present throughout the inner
plexiform layer. Moderate staining was detected in select
populations of cells within the inner nuclear layer. Immuno-
reactivity was absent in the outer nuclear, outer plexiform,
and photoreceptor cell layers. Since the predominant aden-
osine staining was in retinal ganglion cell soma, much of the
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FIG. 1. Immunocytochemical staining of rat and guinea pig retina
for adenosine. Rat and guinea pig retina were perfusion-fixed,
dehydrated, embedded, sectioned, and immunocytochemically
stained with anti-adenosine as described in Materials and Methods.
(A) Adenosine immunoreactivity in rat retina. (B) Staining of guinea
pig retina for adenosine. Abbreviations for all figures are nf, nerve
fiber layer; gc, ganglion cell layer; ip, inner plexiform layer; in, inner
nuclear layer; op, outer plexiform layer; on, outer nuclear layer; and
os, outer segments of the photoreceptor cell layer.

fiber staining in the inner plexiform layer is probably asso-
ciated with ganglion cell dendritic processes.

Tissue sections ofmonkey and human retina were similarly
stained, and immunoreactivity was primarily localized to
ganglion cells (Fig. 2 A-C). Staining was also present in the
inner plexiform layer and in cells of the inner nuclear layer.
Unlike the rat retina, monkey and human retinal tissue
possessed immunoreactive adenosine staining in a very small
population of photoreceptor cells (Fig. 2D).

Previously, we demonstrated an association of adenosine
A1 receptors with optic nerve projections to the superficial
gray layer of the superior colliculus, which were abolished
following contralateral enucleation (28, 29). To determine
whether adenosine A1 receptors are associated with ganglion
cells and optic nerve fibers within the retina, similar autora-
diographic localization studies were conducted using the A1
selective ligands L-[3H]PIA and 125I-HPIA. Autoradiographic
grains associated with adenosine A1 receptor labeling were
apparent in the nerve fiber, ganglion cell, and inner plexiform
layers as well as in the inner portion of the inner nuclear layer
of the rat retina (Fig. 3). In the monkey retina, binding was
more diffusely distributed from the nerve fiber layer to the
outer plexiform layer (Fig. 4). Binding was observed through-
out the entire human retina (Fig. 5), but it was enriched in
regions of the inner retina, especially in the nerve fiber layer.
The distribution of receptor sites in rat, monkey, and human
closely parallels that of cells and fibers containing im-
munoreactive adenosine. Although the autoradiographic
grain densities associated with specific retinal laminae varied
between rat, monkey, and human tissues (Table 1), the
ganglion cell and nerve fiber layers contain high densities of
binding sites in all of the species.

Binding of 125I-HPIA (31-34) to rat retinal membranes was
also assayed to characterize the adenosine receptor subtype.

Neurobiology: Braas et al.
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FIG. 2. Staining of monkey and human retina for adenosine
immunoreactivity. Perfusion-fixed monkey eyes and immersion-
fixed human eyes were dehydrated and embedded in paraffin. Tissue
sections were stained with anti-adenosine as described in Materials
and Methods. (A) Adenosine immunoreactivity in the human retina.
(B) Adenosine staining in the monkey retina. (C) High magnification
micrograph of staining for adenosine in the ganglion cells of the
human retina. (D) High magnification micrograph demonstrating
adenosine immunoreactivity in a photoreceptor cell of the monkey
retina. Abbreviations are as detailed in Fig. 1.

The stereoselectivity of D-PIA and L-PIA as well as the
relative potencies of adenosine analogues in the displacement
of 1251-HPIA binding to retinal membranes (data not shown)
is consistent with properties of adenosine Al receptors as
established previously in brain homogenates (27, 31-33,
38-40).

DISCUSSION
In this study, endogenous adenosine immunoreactivity has
been selectively localized in retinal ganglion cells and their
fibers extending into the optic nerve and to specific cells in
the inner nuclear layer. Unlike most regions of the central
nervous system (11), intense staining occurs not only in
perikarya but also in a dense plexus of nerve fibers and
terminals. Although adtnosine is implicated in many meta-
bolic processes in various tissues, the localization of aden-
osine immunoreactivity to only a few select cell types in the
retina suggests a unique and specific function. Since adeno-
sine levels increase markedly during hypoxia (41-43), we
were concerned whether this selective localization of aden-
osine in ganglion cells and inner nuclear layer cells merely
reflects a greater level of hypoxia relative to the other retinal
cell types. We have previously demonstrated that the selec-
tive regional distribution of adenosine immunoreactivity in
neurons of the brain is unaltered by the degree of hypoxia
(11). Similarly, in preliminary experiments, varying the
degree of hypoxia did not change the patterns of adenosine
localization within the rat retina.
The adenosine binding sites localized autoradiographically

to select retinal laminae have the pharmacological charac-
teristics of adenosine Al receptors (27, 31-33, 38-40). In
embryonic chicken retina, there is a transiently expressed
inhibition or stimulation ofcAMP accumulation by adenosine

FIG. 3. Autoradiographic localization of L-[3H]PIA binding to
adenosine receptors in the rat retina. Rat retinal cryostat tissue
sections were labeled with L-[3H]PIA as described in Materials and
Methods and apposed to emulsion coated coverslips for 28 days.
After the autoradiograms were developed, the tissue sections were
stained with toluidine blue and mounted. (A) Bright field micrograph
of toluidine blue stained rat retinal cryostat tissue section. (B) Dark
field micrograph of autoradiographic grains appearing over the tissue
section shown in A, which was incubated with 1.25 nM L-TH]PIA.
Only the autoradiographic grains, which appear white, are visible.
(C) Dark field micrograph of an adjacent tissue section incubated
with 1.25 nM L- H]PIA in the presence of 10 ,uM unlabeled L-PIA.
Abbreviations are as detailed in Fig. 1. Arrows indicate correspond-
ing areas in the bright and dark field micrographs.

and adenosine analogues (16-18). Adenosine also stimulates
cAMP accumulation in rabbit retina (19), but adenosine
receptors linked to adenylate cyclase in rat retina have not
been established. Similarly, the presence of retinal A2 recep-
tors, localized using techniques recently developed for brain
tissue (44), has not been investigated.

Several putative neurotransmitter receptors have been
localized to specific retinal laminae using autoradiographic
techniques (37). As is the case for adenosine receptors, many
of these high affinity binding sites are associated with the
inner plexiform layer of the retina. Putative neurotransmit-
ters are also enriched in nerve terminals in this layer (12, 13).
Thus far, only opiate receptors show enrichment comparable
to adenosine receptors in the ganglion cell and nerve fiber
layers (45). Dopamine, a1-adrenergic, and f3-adrenergic re-
ceptors are also enriched in the outer plexiform and outer
nuclear layers.

3908 Neurobiology: Braas et al.
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Table 1. Adenosine receptor binding grain densities in individual
layers of rat, monkey, and human retina

Grain density, grains/95 gim2
Layer Rat (6) Monkey (3) Human (5)

Nerve fiber layer 18 ± 3 13 ± 2 28 ± 2
Ganglion cell layer 21 ± 3 10 ± 1 15 ± 1
Inner plexiform layer 23 ± 1 8 ± 2 13 ± 2
Inner nuclear layer 2 ± 1 7 ± 1 14 ± 2
Outer plexiform layer 1 ± 1 7 ± 1 13 ± 1
Outer nuclear-

outer segment layer 2 ± 1 3 ± 1 9 ± 2

FIG. 4. Distribution of L-[3H]PIA binding to adenosine receptors
in the monkey retina. Cryostat tissue sections of the monkey retina
were labeled with L-[3H]PIA as described in Materials and Methods
and apposed to emulsion coated coverslips for 42 days. (A) Bright
field micrograph ofthe monkey retinal cryostat tissue section stained
with toluidine blue. (B) Dark field micrograph ofthe autoradiographic
grains observed over the tissue section shown in A. (C) Micrograph
ofan adjacent tissue section incubated with 1.25 nM L-[3H]PIA in the
presence of 10 ,uM unlabeled L-PIA. Abbreviations are as in Fig. 1.
Arrows indicate corresponding areas in the bright and dark field
micrographs.

The colocalization of adenosine immunoreactivity and
adenosine binding sites suggests that the sites are physiolog-
ically relevant receptors. The species differences in binding
site distribution are matched by changes in the distribution of
adenosine immunoreactive neurons in rat, monkey, and
human retina. The distribution of binding sites for the
adenosine uptake site inhibitor [3H]nitrobenzylthioinosine

Cryostat tissue sections of rat, monkey, and human retinas were
incubated with 1.25 nM L-[PH]PIA as described in Materials and
Methods and were apposed to emulsion-coated coverslips for 28, 42,
or 56 days, respectively. For each tissue section, grains were counted
over each of the designated retinal layers. Data are the mean ±

SEM for the number of animals (pairs of eyes) given in paren-
theses.

correlates well, although not completely, with the distribu-
tion of adenosine immunoreactivity and L-[3H]PIA binding
sites (K.M.B. and S.H.S., unpublished results). Similarly,
the distribution of [3H]adenosine accumulation in retina
demonstrated by autoradiography also exhibits similar local-
izations with species variations (21). In contrast, the histo-
chemically localized distribution of 5'-nucleotidase activity,
which may be involved in adenosine biosynthesis, is primar-
ily in the outer portions of mouse retina (46). Species
variations may account for this discrepancy, although 5'-
nucleotidase may serve other metabolic functions. Since
adenosine binding has been detected in glial cells in culture
(9, 47), some binding of L-[3H]PIA to glial cells in the present
studies may be possible.
Enucleation experiments in the rat strongly suggest that

some of the adenosine receptors are associated with ganglion
cells (29, 48, 49). Opiate receptors are also enriched in the
ganglion cell and nerve fiber layers, and enucleation exper-
iments have confirmed a ganglion cell association for these
binding sites (50). We have previously demonstrated that
after enucleation, adenosine binding in the contralateral
thalamus is unchanged, whereas binding in the superficial
superior colliculus is decreased (29). In contrast to cat X and
Y classes of ganglion cells, which project heavily to the
lateral geniculate body, W ganglion cells have small cell
bodies and large dendritic arbors, are slowly conducting (i.e.,
thinly myelinated or nonmyelinated), and project heavily to
the superior colliculus (51-53). The adenosine receptors
might, therefore, be associated with ganglion cells similar to
W cells. Supporting this notion are observations in the central
nervous system that adenosine receptors are associated with
unmyelinated fibers (3, 29). Other adenosinergic markers,
including adenosine uptake sites (54-56), endogenous aden-

FIG. 5. Localization of L-[PH]PIA bind-
ing in the human retina. Human retinal
cryostat tissue sections were labeled with
L-[3H]PIA as described in Materials and
Methods and were apposed to emulsion
coated coverslips for 56 days. (A) Bright field
micrograph ofa cryostat tissue section ofthe
human retina stained with toluidine blue. (B)
Dark field micrograph ofthe autoradiograph-
ic grains appearing over the tissue section
shown in A. (C) Dark field micrograph of a

tissue section incubated with 1.25 nM L-
[3H]PIA in the presence of 10 ,sM unlabeled
L-PIA. Abbreviations are as detailed in Fig.
1. Arrows indicate corresponding areas in
the bright and dark field micrographs.
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osine immunoreactivity (11), and adenosine deaminase (57),
are present in the superior colliculus. This further corrobo-
rates the existence of an important adenosinergic retino-
collicular projection. In addition, stimulation of optic tract
terminals in the superior colliculus promotes adenosine
release, and adenosine analogues inhibit neuronal activity in
this region, although species variations exist (5, 58, 59).
The specific functions of the endogenous adenosine in

retinal ganglion cells are unclear. Since the major neurotrans-
mitter of ganglion cells is presumed to be excitatory, aden-
osine might serve as a coneurotransmitter that modulates the
effects of stimulatory substances. The apparent localization
of adenosine A1 receptors to the same retinal layers as the
endogenous adenosine immunoreactivity suggests a possible
mode of action. Released adenosine may act upon receptors
on the neuron that released the adenosine, or upon closely
adjacent neurons, to inhibit further release of excitatory
neurotransmitters and/or adenosine. This is consistent with
the well characterized ability of adenosine to inhibit the
release of neurotransmitters, including neuropeptides, amino
acids, and biogenic amines (1-7), and agrees with the local-
ization of adenosine receptors in regions of optic nerve
terminals in the superior colliculus (28, 29). The roles of
adenosine in cells of the retinal inner nuclear layer remains
unclear. Conceivably, adenosine modulates release of neu-
ropeptide, amino acid, and biogenic amine neurotransmitters
that occur in amacrine cells of the inner nuclear layer (12, 13).
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