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PURPOSE. Adenosine triphosphate (ATP) is involved in the diameter regulation of retinal
vessels. The compound has been shown to induce both constriction and dilatation, but
the detailed mechanisms underlying these effects and the site of action of the compound
are not known in detail. Therefore, the purpose of the present study was to investigate
whether the vasoactive effects of ATP on retinal vessels depend on intra- and extravas-
cular application, and to study whether the effects differ at different vascular branching
levels.

METHODS. Diameter changes in arterioles, pre-capillary arterioles, and capillaries were
studied in perfused porcine hemiretinas (n = 48) ex vivo after intra- and extravascu-
lar application of the nondegradable ATP analogue ATP-γ -S or ATP in the presence or
not of antagonists to the CD73/ecto-5′-nucleotidase (AOPCP), the P2-purinergic recep-
tor (PPADS), the A3-adenosine receptor (MRS1523), and the synthesis of cyclooxygenase
products (ibuprofen).

RESULTS. Intravascular ATP-induced constriction and extravascular ATP-induced dilatation
of retinal arterioles, pre-capillary arterioles and capillaries, and dilatation was inhibited by
ibuprofen. Both constriction and dilatation of arterioles were inhibited by antagonizing
ATP degradation. Furthermore, constriction at all three branching levels was antagonized
by blocking the A3 purinoceptor, whereas constriction in arterioles and pre-capillary
arterioles was antagonized by blocking the P2 purinoceptor.

CONCLUSIONS. ATP affects the diameter of retinal arterioles, pre-capillary arterioles, and
capillaries through different pathways, and the effects depend on whether the compound
is administered intravascularly or extravascularly. This may form the basis for selective
interventions on retinal vascular disease with differential involvement of vessels at differ-
ent branching levels.
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The purine nucleotide adenosine triphosphate (ATP) can
modulate retinal blood flow in health and disease.1 It

has been proposed that the activity of ATP and its degrada-
tion products are involved in the pathophysiology of diabetic
retinopathy,2 which is supported by the finding of increased
ATP concentrations in eyes from patients with prolifera-
tive diabetic retinopathy.3 Animal studies have shown that
extravascular application of ATP induces contraction of rat
vascular pericytes4 and arterioles5 that are mediated by
P2X receptors. In bovine tissue, ATP can induce contrac-
tion of arterioles6 and retinal vascular pericytes.7 In porcine
retinal arterioles, extravascular application of ATP agonists
induces vasodilatation8,9 and the ATP degradation product
adenosine has dual effects on the tone of retinal arteri-
oles with contraction and relaxation mediated by different
receptors.10 Recently, attention has been directed at differ-
ent effects of intra- and extravascular application of vasoac-
tive compounds11 and the role of pre-capillary arterioles and
capillaries for regulating retinal blood flow.12–14 However,
the effects of different routes of application of ATP and the

role of the compound for the diameter regulation of smaller
retinal vessels have not been studied in detail.

Therefore, the diameter of retinal arterioles, pre-capillary
arterioles, and capillaries were studied in perfused porcine
hemiretinas after intra- and extravascular application of ATP,
alone and in the presence of antagonists known to antago-
nize ATP-induced constriction and dilatation.

MATERIALS AND METHODS

Solutions

Physiological saline solution (PSS 1.6) contained in mmol/l:
NaCl 119, KCl 4.7, MgSO4 1.17, NaHCO3 25.0, KH2PO4

1.18, CaCl2 1.6, EDTA 0.026, Glucose 5.5, and HEPES 10.0
(pH = 7.4). PSS 0.0 was PSS 1.6 without CaCl2. KPSS was PSS
1.6 where NaCl had been replaced with equimolar amounts
of KCl resulting in a K+ concentration of 124 mmol/l. PSS-
HEPES was PSS 1.6 without KH2PO4, EDTA, and HEPES
reduced to a concentration of 5.0 (pH = 7.53).
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Chemicals

Dissolved in PSS 1.6 (from Sigma-Aldrich, Glostrup,
Denmark): fluorescein isothiocyanate-dextran (FITC)
to a concentration of 2.5 * 10−3 mol/l. Adenosine
5′-triphosphate disodium salt hydrate (ATP) and adenosine
5′’-[γ -thio]triphosphate tetralithium salt (ATP-γ -S) both to
a concentration of 10−4 mol/l. From Cayman Chemicals,
Europe, Tallinn, Estonia: the thromboxane receptor agonist
9,11-dideoxy-9α,11α-methanoepoxyprosta-5z,13E-dien-1-
oic acid (U46619) to a concentration of 10−5 mol/l.

Dissolved in Distilled Water9,10. (from Tocris
Bioscience, Avonmouth, Bristol, UK): The ecto-5′-
nucleotidase/CD73 inhibitor α,β-Methyleneadenosine
5′-diphosphate sodium salt (AOPCP) to a concentration
of 10−4 mol/l. From Sigma-Aldrich, Glostrup, Denmark:
the nonselective P2 purinoreceptor antagonist Pyridoxal
phosphate-6-azo(benzene-2,4-disulfonic acid) tetrasodium
salt hydrate (PPADS) to a concentration of 10−5 mol/l.
The selective A3 adenosine receptor antagonist 3-Propyl-
6-ethyl-5-[(ethylthio)carbonyl]-2 phenyl-4-propyl-3-pyridine
carboxylate (MRS 1523) to a concentration of 10−5 mol/l.
The cyclooxygenase (COX) inhibitor ibuprofen to a concen-
tration of 10−5 mol/l. Papaverine in a concentration of 10−2

mol/l to obtain maximal vasodilatation.

Tissue

Porcine eyes from Danish Landrace pigs (age approximately
6 months and weight 84–85 kg) were collected daily from a
local abattoir (Danish Crown, Horsens, Denmark). The use
of this tissue for research does not require approval from
animal ethics authorities in Denmark. The pigs were anaes-
thetized with CO2 and exsanguinated, followed by enucle-
ation of one eye from each animal. The eyes were immersed
in PSS-HEPES at 5°C for the transport to the laboratory, and
the time from enucleation to the initiation of the experiment
never exceeded 90 minutes.

Dissection

The eye was placed in an eye holder (MTS, the Wetlab
Company, Innsbruck, Austria) and fixed with needles
through Tenon’s capsule and remaining periocular soft
tissue. The anterior part of the eye was removed by a frontal
section between the ora serrata and the equator using a
razor blade (Industry blade model 420-4; Jydsk Barberblade
Fabrik, Aalborg, Denmark). In the remaining posterior part
of the eye, the vitreous body was removed using anatomic
forceps (stainless steel round 115 mm type 1605.0115;
Hounisen, Skanderborg, Denmark) and replaced with PSS
0.0. The preparation was placed under a stereo microscope
(Stemi 100; Carl Zeiss Microscopy), and it was ensured that
the first branching of the superior arteriole was located more
than 5 mm from the optic disc. Subsequently, the retina was
divided into an upper and a lower half with a horizontal
cut through the optic disc using scissors (Troutman type
23121; Bausch & Lomb, Heidelberg, Germany). The upper
hemiretina contained a complete vascular segment supplied
by one main arteriole and drained to one main venule. This
preparation was separated from the underlying choroid and
sclera by injection of PSS 0.0 using a blunt syringe (Beaver-
Visitec International, Abingdon, Oxfordshire, UK) and was
transferred to the tissue chamber using a spoon (Partou-
Spatula Spoon 185 mm; Hounisen, Skanderborg, Denmark).

Mounting

The experimental setup has been described in detail previ-
ously11 and is shown in Figure 1. In short, a tissue cham-
ber has been designed to hold a porcine hemiretina while
controlling pH, temperature, and oxygen saturation. The
chamber contains two perfusion systems, one for perfus-
ing the retinal vascular system (intravascular fluid flow)
and another system for continuously renewing the chamber
fluid surrounding the hemiretina (extravascular fluid flow).
Intravascular perfusion was performed through the primary
arteriole, which was mounted on a pipette using a pair of
forceps (Dumont #5 Inox tip; Dumont, Switzerland) and
secured by surgical ligatures (Ethilon 10-0; Johnson & John-
son, Birkeroed, Denmark). The pipette had been prepared
from a glass tube with an inner diameter of 600 μm (Drum-
mond, Birmingham, AL, USA) drawn in a pipette puller
(Model P-97 Flaming/Brown Micropipette puller; Sutter
Instruments, Novitas, CA, USA) to a tip diameter of approxi-
mately 25 μm. The pipette was in turn connected to a three-
way stop cock for application of intravascular compounds.
Both systems were supplied by a reservoir containing PSS
and perfusion was driven by an air pressure regulator that
created a stable pressure of 80 mm Hg (the intravascular
flow) and a peristaltic pump (Minipuls 3; Glison, Dunstable,
UK) with a speed of 18.5 mL/min (the extravascular flow).
The intravascular flow was drained from the larger retinal
venule into the tissue chamber and in turn drained to a waste
container.

After mounting of the preparation, the tissue chamber
was placed in a fluorescence microscope (Nikon Eclipse Ti;
Nikon, Japan). The intravascular system was flushed with
PSS 0.0 to remove erythrocytes and avoid clotting. Subse-
quently, perfusion of both the intravascular and the extravas-
cular systems with PSS 1.6 was commenced, the preparation
was heated to 37°C and adjusted to pH 7.4 (Mettler Toledo
SevenGo DuoPro pH-meter; SG68, Glostrup, Denmark), and
bubbling with 5% CO2 in atmospheric air was commenced.
The preparation was allowed to equilibrate for 50 minutes.

Diameter Measurements

After equilibration, the intravascular system was perfused
with PSS FITC in order to increase the contrast of the
blood vessels. Vessels at three branching levels were iden-
tified as follows: (1) larger arteriole: the arteriole after the
second dichotomous branching from the primary arteriole
that was nearest to the central retina (baseline diameter:
mean = 85.6 μm, range = 60.8–108.9 μm, n = 48), (2)
pre-capillary arteriole: the branch from the large arteriole
directly supplying the capillary network, which had the
longest course in focus (baseline diameter: mean = 18.2 μm,
range = 11.2–29.7 μm, n = 48), (3) capillary: the branch
from the pre-capillary arteriole with the longest course in
focus and with a diameter less than 10 μm (baseline diam-
eter: mean = 5.5 μm, range = 2.8–9.3 μm, n = 48). The
tissue chamber was positioned on a moveable table in the
microscope that allowed the saving of the coordinates of the
positions at the three different vessel branches. Each vessel
position was recorded for approximately 30 seconds using
a camera (DS-Qi1Mc-U3 8 bit; Nikon, Japan) through micro-
scope objectives resulting in a magnification of ×4 (arteri-
oles), ×10 (pre-capillary arterioles), and ×20 (capillaries). A
diameter recording of all three branching levels in a prepa-
ration was performed within 5 minutes.
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FIGURE 1. The experimental setup. (A) The perfusion system. Arrows indicate the direction of flow in, respectively, the intravascular (left)
and the extravascular (right) perfusion systems. (B) An upper porcine hemiretina mounted in the tissue chamber. Stagnant erythrocytes are
seen in the larger vessels. Bar = 2 mm.

FIGURE 2. The experimental protocol. White arrows indicate extravascular administration and solid arrows intravascular administration of
vasoactive compounds that were followed by diameter recordings represented by the horizontal lines. Large arrows: Addition of the ATP
agonist. Small arrows: Addition of compounds for establishing the reference diameters using U46619 (preconstriction), KPSS (viability and
maximal constriction) and papaverine (maximal dilatation).

Protocols

The sequence of events during an experiment is shown
in Figure 2. In order to enhance the contrast of the
vessel borders, PSS FITC was added intravascularly before
each diameter recording, either together with vasoactive
compounds or alone when vasoactive compounds were
added extravascularly. Each step was followed by a diam-
eter recording.

Six experimental series each consisting of eight
individual experiments were performed. Two different

protocols were used, one (protocol A) for the first two series
and another (protocol B) for the remaining four series:
Protocol A.

1. Extravascular application of U46619 (10−5 mol/l) to
obtain preconstriction,11 followed by equilibration for
10 minutes.

2. Intravascular ATP agonist (10−4 mol/l), followed by
equilibration for 2 minutes.

3. Extravascular ATP agonist (10−4 mol/l), followed by
equilibration for 2 minutes.
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4. Intravascular application of KPSS to obtain maximal
vasoconstriction and test viability, followed by equili-
bration for 5 minutes. The vessel was considered to be
nonviable if KPSS-induced constriction was < 10%.15

5. Extravascular papaverin (10−4 mol/l) to determine the
maximal vasodilatation, followed by equilibration for
10 minutes.

The protocol was repeated with ATP replaced by the
nondegradable analogue ATP-γ -S.

Control Experiments

In two experiments, protocol A with ATP as agonist was
repeated with steps 2 and 3 performed in the reverse order.
This showed no influence of the order of intra- and extravas-
cular application of ATP on the diameter response.
Protocol B. The steps in protocol A with ATP as agonist
were repeated, except that either PPADS (10−5 mol/l), MRS
1523 (10−5 mol/l), ibuprofen (10−5 mol/l), or AOPCP (10−4

mol/l) was added to the fluids to be present throughout the
experiment.

Data Analysis

The diameter recordings were replayed using the imaging
software NIS-Elements AR (4.00 build 798; Nikon) and the
image showing the sharpest delineation of each blood vessel
was selected. The images were color inverted using Irfan-
View (version 4.37) and were uploaded to Matlab (version
R2017b; Mathworks, Natick, MA, USA). The Automated Reti-
nal Image Analyzer (ARIA) plug-in16,17 for Matlab was used
to identify the vessel border and to calculate the vessel diam-
eters at an interval of one pixel along the vessel, representing
increments of 1.5 μm on arterioles, 0.6 μm on pre-capillary
arterioles, and 0.3 μm on capillaries. Diameter values were
collected from a distance of 25 pixels from the branching
points defining the start and the end of the vessel, except
for the starting point of larger vessels that was 25 pixels
from the image frame (Fig. 3), and for pre-capillary arteri-
oles and capillaries the end point could also be where the
vessel came out of focus. The average number of diameter
measurements collected along the vessel segments were for
arterioles: mean (range): 843 (218–1280); pre-capillary arte-
rioles: 527 (166–1244); and for capillaries: 339 (90–899). The
diameter values were saved in Excel (Microsoft Excel 2016;
Microsoft, Redmond, WA, USA) for further analysis.

For each experimental condition, the diameter of posi-
tions along the vascular segment were calculated as the aver-
age of five successive individual diameter measurements. At
each position, the diameter was normalized using the diam-
eter at maximum constriction induced by KPSS as 0% and
the diameter at maximal dilatation with papaverine as 100%
from the same position, and the normalized responses at
all positions along the segment were averaged to represent
the overall diameter response of that segment. The diameter
responses of ATP were presented as the change in the diam-
eter from the U46619-induced preconstriction. The effects
of ATP-γ -S and ATP together with antagonists were shown
with the response of ATP alone as reference.

Statistical Analysis

The analyses were performed using Excel and GraphPad
Prism 8 (GraphPad Software Inc., La Jolla, CA, USA).

FIGURE 3. Representative example of a larger arteriole after applica-
tion of (A) U46619 to induce preconstriction, (B) intravascular ATP,
and (C) extravascular ATP. Diameter measurements (n = 1188) were
obtained from a position 25 pixels from the image frame to the left
and until a position 25 pixels from the following bifurcation. Bar =
100 μm.

The Friedman test followed by the uncorrected Dunn’s
test was used to test if intra- and extravascular ATP resulted
in a significant change of the diameter from the preconstric-
tion level.

The Mann–Whitney test was used to test if the diame-
ter response induced by ATP in the presence of each of
the antagonists differed from the response of ATP alone as
reference.

RESULTS

Figure 3 shows an example of the diameter response of a
larger retinal arteriole after preconstriction, and intravascu-
lar and extravascular application of ATP.

Figure 4 shows that intravascular application of ATP
induced constriction whereas extravascular application of
the compound induced dilatation of vessels at all three
branching levels (P < 0.05 for all comparisons).

Figure 5 shows that constriction induced by intravascular
ATP in arterioles was blocked by all antagonists (P < 0.04
for all comparisons) except for the COX inhibitor ibuprofen
(P = 0.44), in the pre-capillary arterioles, the constriction
was blocked by the A3 adenosine receptor antagonist MRS
1523 (P < 0.01) and the nonselective P2 purinoreceptor
antagonist PPADS (P < 0.01), but was not significantly
affected by the other antagonists (P > 0.19 for all compar-
isons), whereas the constriction of capillaries was blocked
by the A3 adenosine receptor antagonist MRS 1523 (P <

0.01), but was not significantly affected by the other antag-
onists (P > 0.16 for all comparisons).

Figure 6 shows that dilatation induced by extravas-
cular ATP in arterioles was significantly reduced by all
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FIGURE 4. Changes in the diameters of the three studied vessel
branches in percent (mean ± SEM) from preconstriction after intra-
and extravascular application of ATP. Asterisks indicate P < 0.05
(n = 8 for all series).

antagonists (P < 0.05 for MRS 1523 and P < 0.01 for all
other comparisons), in the pre-capillary arterioles, the dilata-
tion was significantly antagonized by ibuprofen (P = 0.01)
and significantly enhanced by MRS 1523 (P = 0.03), but was
not significantly affected by the other antagonists (P > 0.23
for all comparisons), and in the capillaries, dilatation was
blocked by ibuprofen (P < 0.01) and significantly enhanced
by MRS 1523 (P < 0.05), but was not significantly affected
by the other antagonists (P > 0.23).

DISCUSSION

The present study extends current knowledge of the vasoac-
tive effects of ATP on retinal vessels by showing differen-
tial effects of the compound after intra- and extravascular
application and different effects on retinal vessels at differ-
ent branching level. The experimental conditions repre-
sented a simplification from the normal physiological situ-
ation because the retinal vessels were perfused with buffer
instead of whole blood, the preparation was not in contact
with the retinal pigment epithelium supplied by a choroidal
circulation, and by the absence of normal neuronal activ-
ity induced by light stimulation. However, the experimen-
tal setup allowed the study of diameter changes in serially

connected vessels from a hemiretinal segment during phar-
macological interventions. This may have reflected elements
of diameter regulation in retinal vessels that are active in vivo
and constitutes a step on the path toward studying diameter
regulation in the retinal vascular system in the living organ-
ism.

The fact that constriction of larger arterioles induced
by intravascular ATP was reduced when ATP was substi-
tuted with the nondegradable ATP analogue and during
blocking of ATP-degradation indicates that the constric-
tion had been induced by a degradation product of ATP.
Conversely, ATP induced constriction of pre-capillary arte-
rioles and capillaries were unaffected by substitution of
ATP with the nondegradable ATP analogue and by block-
ing of ATP-degradation. This suggests that the diameter
response in these branches had been due to a direct effect
of ATP, although it cannot be excluded that ATP degrada-
tion products had also contributed to the response. The
constriction can be expected not to have involved COX prod-
ucts because the inhibition of prostaglandin synthesis with
ibuprofen had no effect on the response. The inhibition
of ATP-induced constriction at all three vascular branching
levels in the presence of an A3 receptor antagonist is in
accordance with previous findings that purinergic stimula-
tion can constrict porcine retinal arterioles mediated by A3
receptors10 and shows that this response potential is more
widely distributed in the vessels determining retinal vascu-
lar resistance. Conversely, the blocking of P2 purinocep-
tors could only antagonize ATP-induced constriction of arte-
rioles and pre-capillary arterioles. This supports findings
that circulating ATP can induce constriction of pre-capillary
arterioles mediated by P2 receptors in the cerebral circu-
lation.18 The absence of this antagonizing effect in capil-
laries as well as the fact that constriction of arterioles but
not pre-capillary arterioles and capillaries depended on ATP
degradation products supports the notion that ATP-induced
constriction is mediated by different pathways at different
vascular branching levels. This may be related to varia-
tions in the distribution of purinergic receptors throughout
the vascular bed, as observed outside the eye.19 Purinergic
receptors have been identified on endothelial cells in the rat
kidney,20 and in the mouse aorta the contracting effect of
ATP depends on this cell type.21 However, the compounds
may also act directly on the vascular smooth muscle cells
after passage of the purinergic agonist through the endothe-
lial cell layer.22 Therefore, it is still unknown how the effect
of intravascular ATP is transferred to vascular smooth cells
to result in vasoconstriction. This should be the subject of
further investigation.

The fact that the diameter responses of intra- and
extravascular application of ATP were opposite is suggestive.
The dilatation after extravascular application was blocked
by ibuprofen, which indicates that a COX product originat-
ing from the abluminal side of the vessel had been involved
in the response. This supports observations from myograph
studies of porcine retinal arterioles where ATP-induced
dilatation was shown to depend on the prostaglandin (PGE)
synthesized in the perivascular retina.23 Similarly to the
constriction of arterioles induced by intravascular ATP, the
dilatation of these vessels induced by extracellular ATP
depended on ATP degradation and stimulation of A3 and
P2 receptors. The blocking of both constriction and dilata-
tion by the same antagonist may be due to lack of specificity
to receptor subtypes with opposite effects because the P2
receptor antagonist blocked both P2X and P2Y receptors.24
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FIGURE 5. The diameter change in percent (mean ± SEM) after intravascular application of ATP (solid columns), the level of which is
continued with a dashed line in order to facilitate the interpretation of the effects of antagonists (white columns). Asterisks indicate P < 0.05
and pound signs P < 0.01 (n = 8 for all series).

The finding supports previous observations that extravas-
cular ATP can induce dilatation of retinal vessels that is medi-
ated by P2 purinergic receptors.25 The source of extravascu-
lar ATP in vivo may be retinal Müller cells26 that may stimu-
late the release of PGEs with vasodilating effects.27,28 This
is consistent with findings that ATP-induced dilatation of
porcine retinal arterioles is preceded by activity in perivascu-
lar cells that connect the retinal arterioles with the perivas-
cular retina.8 The vasodilating effect of extravascular ATP
may explain that retinal arterioles are dilated in patients with
diabetes29 in whom ATP has been found to be increased in
the vitreous body3 and a particular role of A3 and P2 recep-
tors is supported by the lack of effect on the diameter of reti-
nal vessels of blocking other purinergic receptors in vivo.30

The findings of the present study may explain the
observed dual effects of the ATP degradation product adeno-
sine on porcine arterial segments studied in a myograph
setup.10 Here, the dilatation induced when the purine was
applied to the extravascular part of the excised vascular
segment may have been supplemented with a constrictive
effect when the compound could enter the vascular lumen
from the open ends of the studied vascular segments. Differ-
ences in the balance between these constricting and dilating
effects on retinal vessels may explain species variations so
that extravascular application of ATP can induce constriction
in the rat4,5 and cow,6,7 and dilatation in pigs.31

Dual effects of vasoactive compounds have previously
been shown in the eye32 as well as in extraocular tissues,33,34
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FIGURE 6. The diameter change in percent (mean ± SEM) after extravascular application of ATP (solid columns), the level of which is
continued with a dashed line in order to facilitate the interpretation of the effects of antagonists (white columns). Asterisks indicate P < 0.05
and pound signs P < 0.01 (n = 8 for all series).

and may allow modulation of blood flow through the distri-
bution of receptors mediating, respectively, constriction and
dilatation. The present findings suggest that this principle
participates in the regulation of retinal vascular diameters
mediated by ATP. The finding might potentially be exploited
for future therapies aimed at treating retinal diseases, such as
diabetic retinopathy, where vascular dysfunction and distur-
bances in purinergic metabolism are involved in the disease
pathogenesis.
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