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Abstract Retinal ganglion cells process the visual signal
and transmit it along their axons in the optic nerve to the
brain. Molecular, immunohistochemical, and functional
analyses indicate that the majority of retinal ganglion cells
express the ionotropic P2X7 receptor. Stimulation of the
receptor can lead to a rise in intracellular calcium and cell
death, although death does not involve the opening of a
large diameter pore. Adenosine acting at A3 receptors can
attenuate the rise in calcium and death accompanying P2X7

receptor activation, suggesting that dephosphorylation of
ATP into adenosine is neuroprotective and that the balance
of extracellular purines can influence neuronal survival.
Increased intraocular pressure can lead to release of
excessive extracellular ATP in the retina and damage
ganglion cells by acting on P2X7 receptors, implicating a

role for the receptor in the loss of ganglion cell activity in
glaucoma. In summary, the activation of P2X7 receptors has
both physiologic and pathophysiologic implications for
ganglion cell function. These characteristics may also
provide an insight into the contributions the P2X7 receptor
makes to neurons elsewhere.
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Retinal ganglion cells are responsible for the most complex
level of visual processing within the eye. Impulses travel
along their axons into the optic nerve and to higher visual
centers in the brain for further manipulation. Synaptic
interactions in the retina with bipolar and amacrine cells, in
addition to communication with the surrounding Müller and
astrocytic glial cells, ensure these ganglion cells receive a
variety of neurochemical stimulation. Growing evidence
suggests that the P2X7 receptor for ATP contributes to the
neurochemical mix and influences both the signaling and
health of ganglion cells.

The presence of P2X7 receptors on retinal ganglion cells
may seem at odds with the traditional view of the receptor as
a harbinger of death and destruction, for ganglion cells are
postmitotic cells. The neurons cannot be replaced once lost
and the visual signal they convey to the brain is consequently
gone. However, the recognition that P2X7 receptors are
distributed throughout the nervous system and may contrib-
ute to the complex signaling between neurons and glial cells
suggests these P2X7 receptors normally function in a benign
fashion in adult retinal ganglion cells [1, 2].

While their abundant presence on healthy adult ganglion
cells implies that the primary contribution of the P2X7
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receptors is beneficial, their unique characteristics may
bring pathologic consequences when the neurochemical
environment in the retina becomes unbalanced. In particu-
lar, the slow inactivation of the receptor may allow for
prolonged signaling under conditions of excessive agonist
availability. At this point we understand more about the
potentially detrimental effects of receptor stimulation than
its contribution to normal visual signaling. In this regard,
the elevation of intraocular pressure (IOP) may be
particularly intrusive, and recent evidence suggests that
P2X7 receptors may help link the excess pressure found in
some forms of glaucoma with the accompanying loss of
ganglion cells in the disease.

This review will describe the considerable immunocyto-
chemical and molecular data localizing the P2X7 receptor to
retinal ganglion cells, followed by the physiologic evidence
for a functional receptor on the plasma membrane of these
neurons. Interactions with other receptors present on
ganglion cells will be discussed, and evidence for a role
of the P2X7 receptor in pressure-dependent damage and
retinal development will be covered. While our understand-
ing of the contribution that P2X7 receptors make to the
physiology, and pathophysiology, of retinal ganglion cells
is still in the early stages, it is hoped that the integration of
this information here may propel future investigations and
provide lessons for other neuronal systems.

Localization of P2X7 receptor to retinal ganglion cells

The first indications that P2X7 receptors were located on
retinal ganglion cells came from molecular and immuno-
logic studies. mRNA for the P2X7 receptor was initially
identified in the whole rat retina [3]. Subsequently, message
for the P2X7 receptor was demonstrated to be present in
material isolated from single ganglion cells with a patch
pipette [4]. This implied that P2X7 receptors were present at
the molecular level in individual ganglion cells.

Identification of the molecular message for the P2X7

receptor was supported by immunohistochemical studies
localizing the P2X7 receptor to large cells in the ganglion
cell layer of the rat retina [3], with most cells on the rat
ganglion cell layer staining for the receptor [5]. We have
identified the P2X7 receptor to the cell body and neurites of
rat ganglion cells after 1–3 days growth on coverslips, with
staining for the receptor particularly high on the growth
cones of the extending neurites (Fig. 1a).

The presence of the P2X7 receptor was confirmed
immunohistochemically in ganglion cells of the primate
retina [6]. Most ganglion cells stained positively for the
receptor in primates, with similar staining patterns for
peripheral and foveal regions. Ultrastructural analysis
confirmed that while membrane staining was present, the

P2X7 antigen was also located in the cytoplasm near the
nucleus. Many cells in the primate ganglion cell layer
containing the P2X7 antigen also co-stained positive for the
calcium-binding protein parvalbumin. The lack of overlap
with the smaller choline acetyltransferase-stained cells in
the ganglion cell layer implied that displaced amacrine cells
did not express the P2X7 receptor. The presence of the
receptor in retinal neurons of healthy adult eyes was
interpreted as implying a role in neural transmission rather
than cell death, although their actual contribution to visual
processing in the healthy retina remains unclear.

It should be noted when assessing immunologic studies
of the P2X7 receptor that the specificity of some antibodies
raised against the receptor is uncertain, and neuronal
staining has been questioned [7]. Patterns of staining in
the hippocampus produced by different antibodies were
inconsistent, while staining was similar in P2X7

-/- and wild-
type mice. However, several lines of evidence support the
presence of the receptor in retinal ganglion cells. The
molecular analysis of individual ganglion cells described
above did not depend on a single antibody [4]. Western
blots from the retina of adult rats stained a band of the
predicted 70 kD [8]. Genomic analysis indicates that the
P2X7 receptor exists as multiple splice variants [9], and it is
possible that neuronal splice variants can react differently to
particular antibodies. The physiologic data described below
also support the molecular and immunologic data and
strongly implicate the presence of functioning P2X7

receptors on the plasma membrane of retinal ganglion cells.
While the presence of the P2X7 receptor on retinal

ganglion cells is well established, other P2Y and P2X
receptors have been detected. Antibodies raised against
P2Y4 and P2Y6 receptors stained the rat ganglion cell layer
[10], while in situ hybridization identified the P2Y2

receptor in ganglion cells of the primate and rabbit retina
[11]. Reverse transcriptase polymerase chain reaction (RT-
PCR) amplification of single retinal ganglion cells identi-
fied message for P2Y1, P2Y2, P2Y4, and P2Y6 receptors
[12]. Identification of these receptors in the ganglion cell
layer was supported by in situ hybridization, with immu-
nohistochemical staining confirming the presence of P2Y1,
P2Y2, and P2Y4 receptors [13]. The P2X2 receptor was
identified in rat retinal ganglion cells using in situ hybrid-
ization and immunohistochemistry [14]. Amplification from
single rat ganglion cells identified mRNA message for P2X3,
P2X4, and P2X5 receptors, with immunohistochemical
staining confirmed for P2X3 and P2X4 [4]. In the mouse,
staining for P2X3, P2X5, and P2X6 was found in the
ganglion cell layer [15]. While the presence of multiple P2
receptors implies that purines and pyrimidines have a
complex effect on visual signaling, it also emphasizes the
importance of isolating the contribution from individual
receptors, as we have done for the P2X7 receptor.
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Physiologic effects of P2X7 receptor stimulation
on retinal ganglion cells

The initial indications that P2X receptors were physiologi-
cally active on retinal ganglion cells were provided using
the whole cell patch clamp technique [16]. Postnatal rat
retinal ganglion cells exposed to 100–300 µM ATP
displayed rapidly activating large inward cation currents,
consistent with the opening of ionotropic channels. The
response was heterogeneic with respect to agonist
sensitivity and kinetics, suggesting multiple P2X receptors
were present, although the currents generally displayed
little inactivation. The pharmacologic tools available at the
time of this study did not allow subtypes of P2X receptors

to be accurately distinguished, but some cells showed
little or no attenuation to 300 µM ATP during a 10-s
exposure, consistent with activity of the P2X7 receptor
[17].

A detailed analysis of the ionic currents through cloned
P2X receptors indicates that a relatively high proportion of
the current passing through the receptors is carried by
calcium as compared to other ionotropic receptors [18].
Measurements of intracellular calcium levels in response to
agonist stimulation thus provide a reasonable approach to
characterizing the physiologic effects of P2X7 receptor
stimulation. The P2X7 agonist BzATP produced robust
elevations in the levels of calcium inside rat retinal
ganglion cells (Fig. 1b) [19]. While BzATP is considered

Time (sec)
0 300 600 900 1200

0

500

1000

C
a2+

(n
M

)

Bz

Cl-IB-MECA

Bz Bz

    Control BzATP

    Control     BzATP

a b

c d

Fig. 1 The P2X7 receptor on rat retinal ganglion cells. a Immuno-
histochemical staining for the P2X7 receptor on rat retinal ganglion
cells isolated from the retina at postnatal day (PD) 8 and grown for
2 days on a coverslip treated with poly-L-lysine and laminin. Three
cell bodies are in view; neurites projecting from two cells also stained
for the P2X7 receptor. Of note, the growth cones on the neurites
stained brightly. Scale bar=20 µm. Background staining produced by
reaction with the coverslip coating is seen. b Pseudocolor image of a
rat retinal ganglion cell loaded with the calcium indicator fura-2 and
excited at 340 nm. Application of 50 µM BzATP increased the signal
from the cell (with red indicating a greater intensity), indicative of an
increase in intracellular calcium levels. Bar=10 µm. c Incubation with
50 µM BzATP decreased the number of viable ganglion cells.
Ganglion cells were labeled in vivo by injection of fluorogold

derivative aminostilbamidine into the superior colliculus followed by
retrograde transport of the dye into the ganglion cell bodies, ensuring
identification of ganglion cells when dissociated retinal cells were
exposed to drugs in vitro. The number of fluorescent ganglion cells
remaining after 24 h in the presence of BzATP in vitro was
significantly less than in control. Bar=100 µm. d The A3 adenosine
receptor attenuated the calcium rise triggered by stimulation of the
P2X7 receptor. A brief application of 50 µM BzATP led to a rapid and
reversible rise in calcium within a rat ganglion cell, as calibrated from
the ratio of fluorescence excited at 340–380 nm in a fura-2-loaded
cell. The response to BzATP was prevented by 1 µM of the A3

adenosine receptor antagonist Cl-IB-MECA, but was restored upon
removal of Cl-IB-MECA
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a P2X7 agonist, it is not specific and can stimulate other
P2X [20] and P2Y receptors [21]. However, several
observations suggest that the calcium elevations in retinal
ganglion cells induced by BzATP are mediated by P2X7

receptors. Extended applications of BzATP (up to 2 min)
led to sustained responses, while 15-s applications pro-
duced reversible, repeatable, and relatively consistent
elevations in calcium. Both of these profiles suggested the
activation of a ligand-gated channel with little inactivation,
such as that displayed by cloned P2X7 receptors [22]. The
response to BzATP in rat retinal ganglion cells was de-
pendent upon extracellular calcium, ruling out G protein-
linked P2Y receptors [19]. The calcium elevation was
considerably higher when cells were stimulated by 10 µM
BzATP than by 100 µM ATP; the relative potency of
BzATP over ATP is a key characteristic of P2X7 receptors
[23, 24]. The threefold increase in the response to BzATP
upon removal of magnesium is similar to that described for
the cloned P2X7 receptor and rules out a contribution from
P2X5 receptors [20, 25]. Pharmacologic identification in rat
ganglion cells was supported by the ability of 1 µM
Brilliant Blue G (BBG) to completely block the calcium
elevations triggered by BzATP; the neuroprotective effects
of 100 nM BBG described below, combined with the lack
of a contribution from the P2X5 receptor, support the
inhibition as specific for the P2X7 receptor.

Stimulation of the P2X7 receptor kills retinal
ganglion cells

Sustained elevations in intracellular calcium can frequently
be hazardous to neurons, initiating a series of pathologic
steps that can lead to the activation of an apoptotic cascade
[26]. To determine whether the large, sustained calcium
elevations accompanying P2X7 receptor stimulation were
capable of killing rat retinal ganglion cells, the effect of
BzATP on cell survival was determined [19]. Ganglion
cells were labeled by injection of aminostilbamidine into
the superior colliculus, with dye delivered to the retinal cell
bodies of ganglion cells several days later by retrograde
transport. The retina was dissociated and cultured in the
presence or absence of drugs for various intervals, with
ganglion cell survival determined by comparing the number
of fluorescent cells remaining in control solution with those
treated (Fig. 1c).

Stimulation of the P2X7 receptor with BzATP killed
retinal ganglion cells as compared to control levels [19].
Neuronal loss associated with BzATP was detected within a
few hours and increased with exposure time up to 48 h,
when 60% of the ganglion cells were lost. The death was
dose dependent, with an EC50 of 30 µM BzATP. Increasing
the concentration of BzATP to 500 mM only killed 50% of

the neurons at 24 h, suggesting that the vulnerable cells
represented only a subset of the total ganglion cells. This
contrasts with the immunologic identification of the P2X7

receptor on most ganglion cells [6, 5] and suggests that an
additional as yet unknown factor is selectively present in
the susceptible cells.

Pharmacologic characterization was used to confirm that
the lethal actions of BzATP were mediated by the P2X7

receptor [19]. The death triggered by 50 µM BzATP over
24 h was completely inhibited by 100 µM oxidized ATP.
While block by oxidized ATP is used to identify P2X7

receptor activity, it is not specific [27]. However, the lethal
effects of BzATP were also inhibited by 100 nM BBG. At
this concentration, BBG inhibits only 5% of the current
through the P2X5 receptor [20] and is generally considered
specific for the receptor P2X7 receptor [22]. Further
confirmation came from the lack of inhibition by 30 µM
suramin [19]. This concentration of suramin inhibits P2Y1,
P2Y2, P2X1, P2X2, P2X3, and P2X5 receptors, but the drug
has an IC50 of 500 µM at P2X7 receptors [24, 28]. When
combined with the characterization of the calcium response,
the pharmacologic profile makes it highly likely that the
lethal response to BzATP in rat retinal ganglion cell in vitro
is mediated by the P2X7 receptor.

These in vitro experiments demonstrating that stimula-
tion of the P2X7 receptor can injure retinal ganglion cells
are consistent with in vivo experiments showing a role for
the receptor in the loss of ganglion cells in development [5]
and in response to elevated pressure [29]. These interesting
applications are discussed in more detail below. Further
support for a lethal role for the P2X7 receptor in vivo comes
from preliminary data demonstrating that the death of rat
retinal ganglion cells triggered by intravitreal injection of
BzATP can be prevented by BBG [30]. While the elevation
of cellular calcium in isolated ganglion cells implies that
the pathologic pathways are contained within ganglion
cells, it is likely that other cells may contribute to secondary
damage in vivo. For example, noxious metabolites released
from glial cells in response to excess ATP may themselves
damage ganglion cells.

Large pore not involved in death of retinal
ganglion cells

In many peripheral cells, stimulation of the P2X7 receptor
leads rapidly to the opening of a large pore permeable to
fluorescent dyes such as Yo-Pro-1 [25]. This link between
channel and pore can be so close that it was once thought
the ionotropic channel progressively dilated until its
internal diameter was sufficient to accommodate the bulky
dyes and that the opening of this pore was necessary for
cell death [31]. More recent evidence supports a model
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where the channel and the pore are distinct entities. The
link between P2X7 receptor stimulation and cell death can
be interrupted by interfering with second messenger path-
ways such as MAP kinases and calcium [32]. The C
terminus of the P2X7 receptor is necessary for the increased
permeability and interacts with epithelial membrane pro-
teins which are themselves capable of killing cells [33]. Of
particular interest is the report that stimulation of the P2X7

receptor opens the pannexin-1 hemichannel, suggesting that
this pannexin may itself act as the pore in some cases [34].

While the historical association between the P2X7

receptor and the pore in peripheral cells is well established,
pore formation may be less relevant to the effects of the
receptor in neurons. It is clear that the death of retinal
ganglion cells following P2X7 receptor stimulation does not
involve pore formation. Stimulation of the P2X7 receptor in
a population of mixed retinal cells did not make the
ganglion cells permeable to Yo-Pro-1 [19]. The uptake of
dye by smaller cells provided a positive control and
reinforced the lack of permeability in ganglion cells. The
findings of Innocenti et al. support this, as they demonstrate
that BzATP added to retinal whole mounts selectively
increased the permeability of only microglial cells to Yo-
Pro-1 [35]. Although many retinal neurons in their
preparation, including ganglion cells, contained the P2X7

receptor, only microglial cells took up dye. This is
consistent with an emerging pattern where the P2X7

receptor induces death of neurons in particular without
pore formation [1]. The mechanisms connecting the P2X7

receptor with ganglion cell death are currently unclear but
may involve the apoptotic pathway, as receptor stimulation
led to the activation of caspases-3 [19]. Preliminary
evidence implicates the N-methyl-D-aspartate (NMDA)
receptor and excitotoxicity downstream from the P2X7

receptor [36], but this remains to be confirmed.

Adenosine acting at A3 receptors prevents
P2X7-mediated death

Extracellular ATP is rapidly dephosphorylated to adenosine
in the space surrounding retinal ganglion cells [37, 38]. As
such, the relative effects of ATP and adenosine must be
considered when placing the effects of P2X7 receptor
stimulation within a physiologic context. While stimulation
of the P2X7 receptor repeatedly killed retinal ganglion cells,
incubation with ATP actually increased the proportion of
surviving cells as compared to control [39]. This apparent
contradiction was explained by the ability of the slowly
hydrolyzable ATP analogue ATPγS to mimic the actions of
BzATP. This implied that the hydrolysis of ATP not only
prevented its lethal actions, but produced a formulation that
prevented the ganglion cell loss that occurs normally in

neuronal culture. As ATP can be rapidly dephosphorylated
into adenosine, and as adenosine has protective actions in
many neurons, the contribution of adenosine to this
protection was tested directly. Adenosine prevented both
the rise in calcium and the cell death accompanying
stimulation of the P2X7 receptor [39]. The adenosine
deaminase inhibitor EHNA also reduced the number of
surviving cells; as adenosine deaminase converts adenosine
into inosine this is consistent with a protective action of
inosine.

The effects of adenosine to attenuate the responses to
P2X7 receptor stimulation were mediated, at least in part,
by the A3 receptor. The ability of adenosine to inhibit the
calcium rise triggered by BzATP by adenosine was partially
reversed by the selective A3 adenosine receptor antagonist
MRS1191 [40], suggesting at least some of the neuro-
protective actions of adenosine required a functioning A3

receptor [39]. This was supported by experiments with the
A3 adenosine receptor agonists IB-MECA and Cl-IB-
MECA, which stopped both the calcium rise and the
ganglion cell death accompanying stimulation of the P2X7

receptor (Fig. 1d). The relatively selective actions of
inosine at A3 receptors, as compared to A1 and A2

receptors, combined with the effects of EHNA discussed
above, support a neuroprotective role for the A3 receptor
[41].

While the pharmacologic tools clearly implied that the
A3 adenosine receptor protected ganglion cells from the
detrimental effects of P2X7 receptor activation, it was
necessary to identify the A3 adenosine receptor in ganglion
cells on a molecular level, as an initial in situ hybridization
study failed to find message for the A3 adenosine receptor
anywhere in the eye [42]. The A3 adenosine receptor
promoter was subsequently localized to retinal ganglion
cells [43], and mRNA message for the A3 adenosine
receptor itself was confirmed using traditional and real-
time PCR in cells obtained from the nerve fiber layer as
well as from immunopurified ganglion cells [44]. The A3

adenosine receptor was thus recognized as an appropriate
target to attenuate the pathologic actions of the P2X7

receptor in retinal ganglion cells. Although similarities
suggest the A1 receptor may also be protective [45], this has
yet to be shown directly for P2X7 receptor stimulation.

The precise point where the A3 adenosine receptor
intervenes to protect ganglion cells from pathologic effects
of P2X7 receptor stimulation is currently unclear, although
parallels with the NMDA glutamate receptors and the A1

adenosine receptors suggest adenosine may act at voltage-
dependent calcium channels. Activation of the A1 receptor
leads to direct binding of the Gβγ protein to the CaVα
subunit of the calcium channel, with resulting loss of
current flow [46]. The A1 adenosine receptor has been
shown to inhibit voltage-dependent calcium channels in
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salamander retinal ganglion cells [47] and to prevent the
influx of calcium after activation of NMDA channels by
glutamate in rat cells [45]. As activation of both NMDA
[48] and P2X7 [49] channels can lead to a secondary
opening of voltage-dependent calcium channels, it is
possible that adenosine acts to limit the effects of P2X7

receptor stimulation at this common downstream route,
although this has yet to be demonstrated for the A3 receptor.
The ability of the L-type calcium channel blocker nifedi-
pine to reduced the death of ganglion cells following
exposure to BzATP does implicate calcium channels in the
response and make this scenario more likely [19], although
additional interactions between A3 and P2X7 receptors
cannot be ruled out.

Pressure-dependent activation of P2X7 receptors
on ganglion cells

Elevated IOP is frequently associated with the loss of
retinal ganglion cells in glaucoma. While the causal
connections between pressure rise and neuronal death
remain elusive, accumulating evidence suggests that the
P2X7 receptor may contribute to ganglion cell loss.
Mechanical distention is one of the most effective triggers
for release of ATP from multiple cell types [50], with
changes in hydrostatic pressure [51] and cell swelling [52]
capable of initiating release. Within the retina, slight
mechanical pressure on the inner limiting membrane
activates the release of ATP from Müller cells in close
proximity to retinal ganglion cells [37, 38]. Given that
stimulation of the P2X7 receptor can be lethal for ganglion

cells, and that elevated pressure can lead to an excessive
release of ATP, we have hypothesized that the P2X7

receptor could link the elevated pressure of glaucoma to
the pathologic changes and even death of ganglion cells
(Fig. 2).

Several observations suggest a role of the P2X7 receptor
in pressure-related ganglion cell death. In a pivotal study,
examination of individual rat ganglion cells labeled within
a retinal whole mount demonstrated that rapid elevation in
hydrostatic pressure above 50 mmHg led to blebbing of the
soma and dendrites [29]. This damage was more conspic-
uous when pressure was repetitively raised, and the degree
of damage to ganglion cells corresponded to the magnitude
of pressure increase. The soluble ecto-ATDPase apyrase
and oxidized ATP eliminated the ganglion cell damage in
response to pressure elevation. Incubation with 500 nM
BBG also prevented damage, strongly implicating P2X7

receptor involvement. ATP itself mimicked the damage that
accompanied raised pressure, with the injury similarly
blocked by BBG.

The link between pressure and ATP seems to be
maintained in vivo, as elevation of IOP to 50 mmHg
increased the number of retinal ganglion cells permeable to
propidium iodide [29]. Increased IOP was accompanied by
a fivefold elevation in vitreal levels of ATP, and the number
of ganglion cells permeable to propidium iodide was
significantly reduced by dephosphorylating ATP with
apyrase. Of particular interest, transient pressure increases
led to a temporary loss in light-triggered spike activity in
the optic tract; the duration of this loss in transmission was
significantly reduced by apyrase, even though apyrase did
not alter baseline levels of spike activity. Together, these
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Fig. 2 Schematic model describing the hypothesized relationship
between elevated intraocular pressure (IOP), excess extracellular ATP,
P2X7 and adenosine receptors, and ganglion cell death. The increased
levels of calcium inside ganglion cells following stimulation of the
P2X7 receptor may lead to cell death but may also damage cell
signaling under chronic conditions. The dephosphorylation of ATP by
ectonucleotidases (E) produces adenosine that is neuroprotective by
acting at A3 (and possibly A1) receptors to limit the rise in calcium and
cell death. The converse relationship between the harmful effects of

excess ATP and the beneficial actions of adenosine suggests the health
of retinal ganglion cells is influenced by the balance of purines in
extracellular space. The depiction of glial cells as the source of
pressure-dependent ATP is based on the findings of Newman [37, 38],
although it remains to be determined whether alternative sources
contribute to extracellular ATP levels under sustained periods of
elevated pressure. The identity of the conduit for ATP exit is presently
unknown
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findings imply that levels of extracellular ATP are elevated
in response to acute increases in IOP in vivo and that ATP,
acting at P2X7 receptors, mediates damage to the soma,
dendrites, and axons of retinal ganglion cells. Furthermore,
they suggest that excess ATP can interfere with the
transmission of the visual signal. This may prove critical
as some of the loss in ganglion cell function in glaucoma is
reversible upon reduction of IOP [53]. Excessive extracel-
lular ATP, and perhaps stimulation of P2X7 receptors, may
thus interfere with transmission of the visual signal long
before the neurons actually die.

These findings may well have implications for humans,
as patients with acute elevations in IOP had substantially
increased levels of ATP in the aqueous chamber [54]. The
ATP levels were proportional to the magnitude of the pres-
sure increase and were sustained. While ATP in the aqueous
humor is unlikely to diffuse to the retina without consid-
erable dephosphorylation, this does establish that extracel-
lular levels of ATP do rise in the human eye in response to
elevated pressure. Whether this response occurs in more
chronic elevations in humans remains to be determined.
Recent evidence suggesting that ATP is released by the
retina in response to pressure increases as low as 20 mmHg
supports the link between ocular pressure and ATP at more
moderate pressures [55].

P2X7 receptors and ganglion cell age

The stable expression of the P2X7 receptor in adult
ganglion cells has been clearly demonstrated, with immu-
nohistochemical localization found on 120-day-old rats [3].
However, levels of the P2X7 receptor in the retina do
change with age. While mRNA message for the P2X7

receptor was detected in rat retinas throughout life,
expression was higher in neonatal retinas; expression at
postnatal day (PD) 2 was higher than on PD 7, although
staining at PD 7 was similar to that found at PD 14 and in
adult rats, suggesting expression stabilized around PD 7
[35]. While the loss of cholinergic cells in the ganglion cell
layer over PD 1–2 was reduced by blocking P2X7

receptors, these cells were likely related to displaced
amacrine cells not ganglion cells, and block did not change
the number of cells identified as retinal ganglion cells over
this period [5].

On the other end of the age spectrum, it will be
interesting to determine whether changes in levels of
extracellular ATP or the P2X7 receptor contribute to the
increased susceptibility older ganglion cells show with
regards to elevated IOP. The proportion of ganglion cells
lost in response to a given increase in IOP was greater for
older rats than young adults [56]. This may have implica-
tions for the enhanced damage done by elevated ocular

pressure in older humans. While the P2X7 receptor
contributed to pressure-induced damage in ganglion cells
from young adult rats, these cells recovered from moderate
acute rises in pressure [29]. Whether older rats differ in the
amount of ATP released by a given amount of pressure, the
levels of P2X7 receptor expression, or the damage done by
receptor stimulation remains to be determined, but this may
be an important avenue for future research.

Conclusions

This review has attempted to summarize our current
understanding of the P2X7 receptor in retinal ganglion
cells. The confluence of molecular, immunohistochemical,
and physiologic data clearly demonstrates that the P2X7

receptor is present in healthy adult ganglion cells. The
broad extent of receptor expression implies an important
role for the receptor in normal visual processing, and the
elucidation of this role should provide a fertile area of
research in retinal neuroscience. The evidence from several
laboratories for a link between elevated pressure and excess
extracellular ATP in the retina, combined with in vitro and
in vivo data showing that stimulation of the P2X7 receptor
can damage ganglion cells, suggests the receptor may play
a role in the pressure-dependent pathologies such as
glaucoma. Whether this relationship applies to chronic as
well as acute situations is currently being investigated. The
effects of P2X7 receptor stimulation on transmission of the
visual signal may provide some insight in this regard, given
the reversibility of vision loss upon pressure reduction and
the long delay between the initial elevation in pressure and
permanent vision loss in chronic glaucoma. The neuro-
protective effects of adenosine suggest that the dephos-
phorylation of ATP can act in multiple ways to limit
damage from the P2X7 receptor to retinal ganglion cells.
Upregulation of ectonucleotidases may be an adaptive
response to enhance the neuroprotective actions of adeno-
sine under chronic conditions and may have therapeutic
advantages. The combination of both beneficial and
pathologic roles of the P2X7 receptor in retinal ganglion
cells, of the contrasting effects of ATP and adenosine, and
of the role pressure may play in the relationship that make
the situation in retinal ganglion cells so fascinating can
provide multiple lessons for the P2X7 receptor in neurons
elsewhere.
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