Ectonucleotidases of the Rabbit Ciliary Body
Nonpigmented Epithelium
Nasser A. Farahbakhsh
PURPOSE. To investigate the expression of both the message and
function of ENPP1 (a member of the ectonucleotide pyrophosphatase/phosphodiesterase family, also known as PC-1),
NTPD1 (a member of the ectonucleoside 5⬘-triphosphate
diphosphohydrolase family, CD39), and ecto-5⬘-nucleotidase
(CD73) in rabbit ciliary body nonpigmented epithelial (NPE)
cells.
METHODS. Reverse transcription–polymerase chain reaction
(RT-PCR) analysis was used to reveal the presence of mRNAs of
ectonucleotidases in NPE cells. Real-time fluorescence ratio
imaging of the intact fura-2–loaded NPE cells was used to
record changes in the intracellular calcium concentration.
RESULTS. RT-PCR analysis revealed the expression of mRNAs for
ENPP1, NTPD1, and ecto-5⬘-nucleotidase, but not NTPD2
(ecto-ATPase, or CD39L1), in the rabbit NPE cells. The ENPP1
inhibitor
pyridoxal-phosphate-6-azophenyl-2⬘,4⬘-disulfonate
(PPADS), and to a lesser degree the nonspecific ectonucleotidase antagonist 6-N,N-diethyl-␤-␥-dibromomethylene-D-adenosine 5-triphosphate (ARL 67156), reduced the [Ca2⫹]i increase
elicited by the combination of acetylcholine (ACh) and cAMP.
However, both inhibitors significantly enhanced the [Ca2⫹]i
increase generated by uridine triphosphate (UTP). The ecto-5⬘nucleotidase inhibitor ␣␤-meADP significantly diminished the
[Ca2⫹]i increase evoked by ACh⫹cAMP, but not that generated
by UTP. The A1-specific adenosinergic receptor antagonist
8-cyclopentyl-1,3-dipropylxanthine (DPCPX) significantly
blocked the response to ACh⫹cAMP.
CONCLUSIONS. These observations suggest that rabbit NPE cells
possess at least three distinct ectonucleotidases capable of
catalyzing the stepwise hydrolysis of adenine and pyrimidine
nucleotides, as well as cAMP, thus shaping the purinergicreceptor– coupled signaling in these cells. (Invest Ophthalmol
Vis Sci. 2003;44:3952–3960) DOI:10.1167/iovs.02-1213

T

he nonpigmented cell layer of the ciliary body forms the
epithelium responsible for secretion of aqueous humor
(AH) into the posterior chamber of the eye.1,2 Along with AH,
these cells have been shown to synthesize and release a number of regulatory agents with autocrine and paracrine characteristics.3 In particular, the release of adenosine 3⬘,5⬘-cyclic
monophosphate (cAMP) and adenosine 5⬘-triphosphate (ATP)
in response to neural, hormonal, mechanical, and osmotic
stimuli has been reported.4 –11 Furthermore, both cAMP and
adenosine have been suggested to play a role in the regulation
of AH inflow, as well as in its outflow.7,10,12–16

The topical ocular application of the adrenergic agonist,
epinephrine causes an increase in both cAMP4 – 6 and adenosine14 –16 in the AH withdrawn from the anterior chamber of
the rabbit eye. The cellular origin of neither cAMP nor adenosine has yet been identified. Neufeld and Sears5 reported no
detectable change in the posterior chamber cAMP level in
response to topical epinephrine; however, this finding was
later questioned.6 In vitro measurements show an increase in
the intracellular level of cAMP in ciliary body epithelial cells in
response to a variety of adenylyl cyclase activating factors
(Gs-coupled receptors agonists, forskolin and cholera toxin5,7–9).
A parallel increase in the extracellular concentration of cAMP
in intact rabbit ciliary processes has been shown,7 suggesting
that nonpigmented epithelial (NPE) cells covering ciliary processes can release cAMP.
The presence of ATP in aqueous humor has been known for
some time.17 ATP is released from sensory nerve endings18;
however, a recent report suggests that ciliary body epithelial
cells may also be a source of ATP.11 Because no adenosine
transporter as yet has been shown to be present in these cells,
it appears possible that adenosine present in AH is a hydrolytic
product of cAMP and/or ATP.
Here, for the first time, evidence is provided of the presence
in the rabbit NPE cells of both the message and function of
three ectonucleotidases capable of catalyzing hydrolysis of
adenine and pyrimidine nucleotides, as well as cAMP, and thus,
forming adenosine (or uridine). Furthermore, it is shown that
these ectonucleotidases significantly modify the purine and
pyrimidine nucleotide-activated calcium signaling in NPE cells.

MATERIALS

AND

METHODS

Tissue Isolation and Experimental Setup
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For intracellular calcium ([Ca2⫹]i) measurements, intact ciliary body
epithelial processes were isolated from pigmented rabbits by procedures previously described.19 Briefly, rabbits weighing 2 to 3 kg were
killed with a lethal dose of pentobarbital sodium. The eyes were
rapidly enucleated, rinsed in HEPES-buffered Ringer solution (formulation described later), and hemisected. These procedures adhered to
the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. Single processes were sectioned from the ciliary body by
cutting along the base of the process from the iridial margin to the pars
plana. Individual processes were laid on their sides in Ringer in the
center of 35-mm Petri dishes that had been modified by cementing a
glass coverslip over a hole drilled into the bottom of the dish. The
processes were covered and held down with a 2- to 3-mm2 piece of
glass coverslip, to provide mechanical stability. A Plexiglas insert was
placed in the chamber to reduce the chamber volume to 250 L. The
process was continually superfused with Ringer or a test solution at a
rate of 10 mL 䡠 min⫺1.
For RT-PCR analysis, the NPE layer was isolated by incubating
pieces of the rabbit ciliary body in low-calcium Ringer (10 mM EGTA)
for up to 3 hours, at 37°C, after which NPE layer was gently separated
from the rest of ciliary body with the help of two pairs of forceps. As
reported previously, this method yields a greater than 99% pure NPE
cell preparation.20
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Solutions
HEPES-buffered Ringer was of the following composition (in mM): 137
NaCl, 4.3 KCl, 1.7 CaCl2, 0.8 MgCl2, 10 sucrose, 7 glucose, 10 HEPES,
and 6 NaOH (pH 7.6, 293–298 mOsm). Low-calcium Ringer was prepared by substituting 10 mM EGTA for equiosmolar NaCl (extracellular
free calcium concentration, [Ca2⫹]o, ⬍3 nM). Acetylcholine (ACh),
adenosine (Ado), adenosine 3⬘,5⬘-cyclic monophosphate (cAMP), adenosine 5⬘-(␣␤ methylene) diphosphate (␣␤-meADP), adenosine 5⬘-(␣␤
methylene) triphosphate (␣␤-meATP), adenosine 5⬘-(␤␥ methylene)
triphosphate (␤␥-meATP), 8-cyclopentyl-1,3-dipropylxanthine (DPCPX),
6-N,N-diethyl-␤-␥-dibromomethylene-D-adenosine 5-triphosphate (ARL
67156), ionomycin, pyridoxal-phosphate-6-azophenyl-2⬘,4⬘-disulfonate
(PPADS), uridine 5⬘-triphosphate (UTP), and Ringer salts were purchased from Sigma-Aldrich (St. Louis, MO). All drugs were prepared as
concentrated stocks and stored at ⫺20°C.

Fura-2 Loading and Ca2ⴙ Imaging
Ciliary processes were loaded with 10 M fura 2-acetoxymethyl ester
(fura-2/AM; Molecular Probes Inc., Eugene, OR) for 45 to 120 minutes
at room temperature and then washed with Ringer. [Ca2⫹]i measurements were made at 37°C, as described previously.19 The method of
Owen21 was used to estimate the error in calculating [Ca2⫹]i. Only the
results of experiments in which the relative error remained below 15%
were used. Data are shown in figures as calibrated [Ca2⫹]i, in nanomolar, and in insets in the figures as average ⫾ SE. For these presentations,
unpaired Student’s t-test was used for statistical analysis. P ⬍ 0.05 was
considered significant. In the text, the data is presented as either peak
[Ca2⫹]i increase over the resting level immediately before the drug
application (peak ⫺ base), in nanomolar, or as a percentile increase
over the baseline (100 䡠 (peak ⫺ base)/base). The effects of inhibitors
are expressed as the relative decrease in the percentile increase in
response to each agonist in the presence and absence of the blocker
(100 䡠 (1 ⫺ percentile increase in the presence/percentile increase in
the absence). For this latter form of presentation, paired t-test was
used. Again, P ⬍ 0.05 was considered significant.

Reverse Transcription–Polymerase Chain
Reaction Analysis
For RNA isolation, the acid guanidinium-phenol-chloroform method of
Chomczynski and Sacchi22 was used. A commercially available enzyme
was used for cDNA synthesis (Super Script II; Invitrogen Life Technologies, Gaithersburg, MD), according to the manufacturer’s instructions. The cDNA was then used as a template for amplification in PCR.
The primer sets used for ENPP1 (ectonucleotide pyrophosphatase/
phosphodiesterase 1, also known as PC-1), NTPD1 (ectonucleoside
5⬘-triphosphate diphosphohydrolase, NTPDase, also known as ectoapyrase or CD39), NTPD2 (ectonucleoside 5⬘-triphosphatase,
NTPase, also known as ecto-ATPase or CD39L1), and ecto-5⬘ (ecto-5⬘nucleotidase, CD73), are listed in the following section. The primer set
for each ectoenzyme was designed using the common segments of its
human, mouse, and rat homologues cDNAs. For each primer set, the
GenBank accession number for all homologues used are given in the
first parentheses. The following pair of numbers refers to the position
of each oligonucleotide fragment in the human homologue. Finally, the
calculated melting temperature for each oligonucleotide is given in the
second parentheses.
ENPP1 (human, NM_006208; mouse, NM_008813; rat,
NM_053535): forward, 1043–1077, TCA GTA CCA TTT GAA GAA
AGG ATT TTA GCT GTT CT (70.92°C); reverse, 1630 –1605, GTC
AGA GCC ATG AAA TCC ACT TCC AC (71.28°C).
NTPD1 (human, NM_001776; mouse, NM_009848; rat,
NM_022587): forward, 541–560, CTA CCC CTT TGA CTT CCA GG
(62.36°C); reverse, 1098 –1080, GCA CAC TGG GAG TAA GGG C
(64.64°C).
NTPD2 (human, NM_001246; mouse, NM_009849; rat, AF276940):
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forward, 515–532 AAG GGG TGT TTG GCT GGG (67.15°C); reverse, 1360 –1340, GCA GCA GGA GRR CRA CCC AGG (R stands
for G or A) (67.14°C).
Ecto-5⬘ (human, NM_002526; mouse, NM_011851; rat,
NM_021576): forward, 388 – 411, GGC ACT GGG AAA TCA TGA
ATT TGA (69.50°C); reverse, 1287–1269, GCA GCC AGG TTC TCC
CAG G (69.47°C).
For each ectoenzyme, several different annealing temperatures
around the melting temperature were tried for the PCR reaction.
Cycling conditions were 1 minute at 95°C, 1 minute at the annealing
temperature, and 1 minute at 72°C. This cycle was repeated 35 times.
Ten microliters of each PCR product was then electrophoresed on
1.5% agarose gel containing ethidium bromide.

RESULTS
We have previously reported that in NPE cells of the rabbit
ciliary body, stimulation of the A1 adenosinergic receptors,
though producing a very small increase in the [Ca2⫹]i on its
own, can synergistically enhance the [Ca2⫹]i increase induced
by the muscarinic receptor activation.23 Figure 1A shows that
adenosine has a similar effect on the [Ca2⫹]i increase evoked
by the P2Y2-receptor agonist uridine 5⬘-triphosphate (UTP). At
1 M, adenosine enhanced the effect of 100 M UTP on the
[Ca2⫹]i by a factor of 3.0 ⫾ 1.2 (mean ⫾ SE, n ⫽ 3). The low
concentration of adenosine needed to generate such synergistic effects (1 M in Figs. 1A, 1C, 2 M in Fig. 1B) has allowed
us to use the changes in [Ca2⫹]i as a sensitive functional assay
for adenosine generation by the NPE cells’ surface-bound ectoenzymes.

NPE Cell Ectophosphodiesterase/Nucleotide
Pyrophosphatase Activity
As was the case for adenosine (Fig. 1A), cAMP (Fig. 1B),
␣␤-meATP (Fig. 1C), or ␤␥-meATP (Fig. 1D) did not significantly increase the [Ca2⫹]i when applied alone (all at 100 M
concentration), in agreement with our recent report.24 However, cAMP (Fig. 1B) and ␤␥-meATP (Fig. 1D), but not ␣␤meATP (Fig. 1C), significantly enhanced the ACh-induced
[Ca2⫹]i increase. cAMP, at 100 M, increased the response to
20 M ACh 3.7 ⫾ 0.5 times (n ⫽ 4), whereas ␤␥-meATP at 100
M enhanced the ACh-induced response by a factor of 10.0 ⫾
2.8 (n ⫽ 3). In the presence of 100 M ␣␤-meATP, ACh evoked
a [Ca2⫹]i increase that was 66% ⫾ 5% of the control (n ⫽ 4).
Compared with adenosine (Figs. 1B, 1C), cAMP (Fig. 1B) and
␤␥-meATP (Fig. 1D) appear to be approximately 50 and 100
times, respectively, less effective in enhancing the response to
ACh.
The effect of cAMP on the ACh-induced response was not
mimicked by the membrane-permeable cAMP analogues 8-bromo-cAMP or dibutyryl-cAMP, ruling out a role for the intracellular cAMP (data not shown). Furthermore, in the absence of a
[Ca2⫹]i increase in response to either ␣␤-meATP or ␤␥-meATP,
a role for P2 purinergic receptors coupled to calcium signaling
can be ruled out (see Ralevic and Burnstock25). Thus, it appears that the effects of both cAMP and ␤␥-meATP on the
muscarinic receptor– coupled signaling in the rabbit NPE cells,
may be mediated by adenosine formed as a result of the
degradation of these agents by the extracellular hydrolytic
enzymes. The formation of adenosine from cAMP or ␤␥-meATP
requires a two-step hydrolytic activity. In the first step cAMP or
␤␥-meATP is converted to 5⬘-AMP. The breakdown of the
extracellular cAMP requires the expression of an ectophosphodiesterase.26 –28 Similarly, because ␤␥-meATP is not a substrate for either the ATPase or ATP-diphosphohydrolase,29,30
hydrolysis of ␤␥-meATP is dependent on the presence of an
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FIGURE 1. Adenosine, cAMP, and ␤␥-meATP, but not ␣␤-meATP, synergistically enhanced the increase in the intracellular free calcium concentration ([Ca2⫹]i) generated by ACh or UTP in the rabbit ciliary body NPE cells. (A) The change in the [Ca2⫹]i recorded in intact NPE cells loaded
with fura-2, is shown as a function of time. The responses to 100 M UTP, 1 M adenosine, and 100 M UTP⫹1 M adenosine, recorded from
the same tissue, are shown. Horizontal lines: the durations of exposure to UTP, adenosine (Ado), and UTP⫹adenosine (UTP⫹Ado). Inset:
average ⫾ SE [Ca2⫹]i measured before the application of UTP or UTP⫹Ado and at the peak of response to UTP or UTP⫹Ado in three similar
experiments. (B) The changes in the NPE cell [Ca2⫹]i in response to the sequential application of 20 M acetylcholine (ACh), 100 M cAMP
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Role of the NPE Cell Ectonucleotidases in
Generation of the Synergistic Response to cAMP
and Acetylcholine

FIGURE 2. RT-PCR analysis of mRNAs for ectonucleotidases ENPP1,
NTPD1, NTPD2, and 5⬘-nucleotidase in the rabbit NPE cells. Shown is
the outcome of agarose gel electrophoresis of the PCR products. Left
and right lanes: size marker (100-bp standard). Middle four columns:
for each ectonucleotidase the expected cDNA segment length is
shown at the bottom. The annealing temperatures for ENPP1, NTPD1,
NTPD2, and 5⬘-nucleotidase were 68.7°C, 58.5°C, 58.8°C, and 63.9°C,
respectively.

ectopyrophosphatase.31–33 In the second step, 5⬘-AMP is hydrolyzed to adenosine by either a 5⬘-nucleotidase,34 or an
alkaline phosphatase.35

Expression of Ectonucleotidase mRNA in the
Rabbit NPE Cells
Because no rabbit homologue of any ectonucleotidase has
been characterized, a homology-based PCR approach was used
to investigate the expression of several ectonucleotidase
mRNAs in the NPE cells. Based on this strategy, specific primer
pairs corresponding to common cDNA segments of human,
mouse, and rat homologues of each ectonucleotidase were
designed and tested (see the Methods section). Figure 2 shows
the results of the RT-PCR performed on the cDNA prepared
from the rabbit NPE cells, confirming expression of the mRNA
for ENPP1, NTPD1, and ecto-5⬘-nucleotidase. The expression
of mRNA for NTPD2 (ecto-ATPase, or CD39L1) could not be
confirmed. The functional expression of ENPP1 and the 5⬘nucleotidase on the NPE cell membrane would suffice to explain the results shown in Figures 1B and 1D (see Zimmermann36). ENPP1 is capable of hydrolyzing both cAMP,26 –28 and
␤␥-meATP,31–33 to 5⬘-AMP, which is then metabolized by the
ecto-5⬘-nucleotidase to form adenosine.34 The failure of ␣␤meATP to enhance the ACh-induced [Ca2⫹]i increase (Fig. 1C),
can also be explained by the fact that, because of the relative
position of methylene in its phosphate chain, it is not metabolized by either ENPP1 or NTPD1.30,31

To demonstrate the sequential steps involved in the hydrolysis
of cAMP and the activation of the A1 receptor the effects of
PPADS, ARL 67156, ␣␤-meADP, and DPCPX, on the synergistic
response to the combination of cAMP and ACh, were examined. PPADS inhibits the ectonucleotide pyrophosphatase/
phosphodiesterase in the rat C6 glioma cells with an IC50 of
12 ⫾ 3 M,37 whereas having a much lower affinity for the
NTPD1 in the rat vas deferens,38 Xenopus oocytes,39 and the
rat ATP-diphosphohydrolase heterologously expressed in CHO
cells.40 In the rabbit NPE cells, PPADS at 25 M, significantly
reduced the response to the combination of ACh and cAMP
(Fig. 3A). In three similar experiments, the response to ACh
and cAMP in the presence of PPADS was 13% ⫾ 2% of the
control (P ⬍ 0.021). The effect of PPADS was partially reversible (Fig. 3A). After a 10-minute washing period, the response
was 58% ⫾ 15% of the control (n ⫽ 3, P ⬍ 0.005, compared
with the response in the presence of PPADS).
ARL 67156, a structural analogue of ATP, is considered
a nonspecific ectotriphosphate nucleotidase inhibitor.36 It
has been reported to inhibit the ATP diphosphohydrolase
(ATPDase) activity in rat vas deferens, with an IC50 of 7.9
M,38 and in human blood with an IC50 of 25 M.41 Its effects
on members of the ENPP family have not been reported. In the
rabbit NPE cells, ARL 67156 at 50 M inhibited the synergistic
response to ACh and cAMP by 70% ⫾ 12% (n ⫽ 4, P ⬍ 0.046,
Fig. 3B). After a 10-minute washing, the recovery was not
significant (31% ⫾ 12% of the control, n ⫽ 4, P ⬎ 0.466).
The 5⬘-nucleotidase inhibitor ␣␤-meADP,34 also induced a
significant inhibition of the response to ACh and cAMP (Fig.
3C). In the presence of 100 M ␣␤-meADP, the response to
ACh and cAMP was 9% ⫾ 5% of the control (n ⫽ 3, P ⬍ 0.046).
A 10- minute washing led to a partial recovery (23% ⫾ 12% of
the control, n ⫽ 3, P ⬎ 0.151).
The A1-adenosinergic receptor antagonist DPCPX23,42 also
significantly reduced the size of the [Ca2⫹]i increase generated
by the ACh and cAMP combination (Fig. 3D). In the presence
of 100 nM DPCPX, the response to ACh and cAMP was only
10% ⫾ 2% of the control (n ⫽ 5, P ⬍ 0.013). After a 10-minute
wash, the response recovered to 20% ⫾ 3% of the control (n ⫽
5, P ⬎ 0.06). The results shown in Figure 3 suggest that
synergistic effect of cAMP on the ACh-induced [Ca2⫹]i increase
requires, at minimum, the hydrolytic activities of both a
PPADS- and ARL 67156-sensitive phosphodiesterase, and an
␣␤-meADP-sensitive 5⬘-nucleotidase, to form the agonist required for the activation of a DPCPX-inhibitable P1 receptor.

Effect of NPE Cell Ectonucleotidases on the
UTP-Induced [Ca2ⴙ]i Increase
We have recently reported that rabbit NPE cells express the
metabotropic P2Y2 receptor linked to the calcium signaling in
these cells. However, the dose–response curve for the P2Y2receptor agonist UTP is rather steep (the Hill coefficient, nH ⫽

(cAMP), 20 M ACh⫹100 M cAMP (bar ACh⫹cAMP), and 20 M ACh⫹2 M adenosine (ACh⫹Ado). Inset: average ⫾ SE [Ca2⫹]i measured before
the application of ACh or ACh⫹cAMP and at the peak of response to ACh or ACh⫹cAMP in four similar experiments. *Statistically significant
difference compared with the response to ACh alone (P ⬍ 0.005). (C) Responses of NPE cell [Ca2⫹]i to 20 M ACh (ACh), 100 M ␣␤-meATP
(␣␤-me), and 20 M ACh⫹1 M adenosine (ACh⫹Ado). The overlap of the horizontal lines represents the period in which both ␣␤-meATP and
ACh were applied. Inset: average ⫾ SE [Ca2⫹]i measured in the absence and presence of ␣␤-meATP, before the application of ACh, or at the peak
of response to ACh in four similar experiments. (D) Changes in NPE cell [Ca2⫹]i generated by 20 M ACh (ACh) and 100 M ␤␥-meATP (␤␥-me).
Inset: average ⫾ SE [Ca2⫹]i measured in the absence and presence of ␤␥-meATP, before the application of ACh, or at the peak of response to ACh
in three similar experiments. *P ⬍ 0.01. In all inset bar graphs, solid bars represent the baseline [Ca2⫹]i level before application of the agent listed,
and hatched bars show the peak [Ca2⫹]i increase in the presence of that agent.
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FIGURE 3. The synergistic response to ACh and cAMP was inhibited by pretreatment with PPADS, ARL 67156, ␣␤-meADP, or DPCPX. (A) The
[Ca2⫹]i increases in NPE cells in response to 20 M ACh⫹100 M cAMP (A⫹c), before, during, and after exposure to 25 M PPADS. Inset:
average ⫾ SE [Ca2⫹]i measured in the absence and presence of PPADS, before the application of ACh⫹cAMP, or at the peak of response to
ACh⫹cAMP in three similar experiments. *Statistically significant difference †P ⬍ 0.025, with the control response. P ⬍ 0.004, recovery compared
with the response in the presence of PPADS. (B) The inhibitory effect of 50 M ARL 67156 (ARL) on the [Ca2⫹]i increase induced by the
combination of 20 M ACh⫹100 M cAMP. Inset: average ⫾ SE [Ca2⫹]i measured in the absence and presence of ARL 67156, before the
application of ACh⫹cAMP or at the peak of response to ACh⫹cAMP in four similar experiments. (C) The [Ca2⫹]i increases evoked by 20 M
ACh⫹100 M cAMP in the absence and presence of 100 M ␣␤-meADP (␣␤-me). Inset: average ⫾ SE [Ca2⫹]i measured in the absence and presence
of ␣␤-meADP, before the application of ACh⫹cAMP or at the peak of response to ACh⫹cAMP in three similar experiments. *P ⬍ 0.024. (D). The
ACh⫹cAMP-evoked response was also significantly inhibited by 100 nM DPCPX. Inset: average ⫾ SE [Ca2⫹]i measured in the absence and presence
of DPCPX, before the application of ACh⫹cAMP or at the peak of response to ACh⫹cAMP in five similar experiments. *P ⬍ 0.002. In all inset bar
graphs, solid bars represent the baseline [Ca2⫹]i level before application of the agent listed, and hatched bars show the peak [Ca2⫹]i increase in
the presence of that agent.

13.0 ⫾ 2.8), and has an EC50 of 42.8 ⫾ 1.1 M.24 These
characteristics are quite different from those reported for the
cloned P2Y2 receptor43 and suggest significant hydrolysis of
UTP by ectonucleotidases.44 UTP is a substrate for both the rat
ecto-ATP diphosphohydrolase heterologously expressed in
CHO cells40 and the ectonucleotide pyrophosphatase in rat C6
glioma cells.31
Figures 4A and 4B show that inhibition of the ectonucleotidases in the rabbit NPE cells by either PPADS (Fig. 4A), or ARL
67156 (Fig. 4B) can significantly enhance the response to 100
M UTP. PPADS, at 25 M, enlarged the response to UTP by a
factor of 3.7 ⫾ 0.7 (n ⫽ 4, P ⬍ 0.034), whereas 50 M ARL
67156 increased the response 3.3 ⫾ 0.6 times (n ⫽ 3, P ⬍
0.006). Both values are near the theoretical factor of 3.
Neither ␣␤-meADP (Fig. 4C), nor DPCPX (Fig. 4D), had a
significant effect on the UTP-induced [Ca2⫹]i increase. In the
presence of 100 M ␣␤-meADP, the response to 100 M UTP
was 80% ⫾ 6% of the control (corrected for the receptor
desensitization, n ⫽ 3, P ⬎ 0.065). Similarly, in the presence of
100 nM DPCPX, the response to UTP was 77% ⫾ 13% of the
control (corrected, n ⫽ 4, P ⬎ 0.072). To rule out a role for the
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A1 receptor in the enhancement of the response to UTP by
PPADS, the effect of the combined application of 25 M PPADS
and 100 nM DPCPX on the UTP-induced [Ca2⫹]i increase was
also determined. In four experiments, the combination of
PPADS and DPCPX enhanced the response to UTP 2.4 ⫾ 0.2
times (P ⬍ 0.002, data not shown).

DISCUSSION
This is the first report of studies revealing the presence of a
cascade of ectonucleotidase activities in the rabbit ciliary body
NPE cells, capable of stepwise hydrolytic metabolizing of purine and pyrimidine nucleotides and cyclic nucleoside monophosphates. I have combined functional assays—the [Ca2⫹]i
measurement—with RT-PCR to show the expression of both
the message and function of PC-1 (a member of the ectonucleotide pyrophosphatase/phosphodiesterase family), CD39 (a
member of ectonucleoside 5⬘-triphosphate diphosphohydrolase family), and CD73 (ecto-5⬘-nucleotidase).
The functional assay used herein is based on the previously
reported observation that, in NPE cells, the activation of a
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FIGURE 4. The enhancing effects of pretreatment of the NPE cells with PPADS or ARL 67156 on the UTP-induced [Ca2⫹]i increase. (A) The
response to 100 M UTP, before, during, and after exposure to 25 M PPADS. Inset: average ⫾ SE [Ca2⫹]i measured in the absence and presence
of PPADS, before the application of UTP or at the peak of response to UTP in four similar experiments. *Statistically significant difference (†P ⬍
0.037) from the control response. P ⬍ 0.037, recovery compared to the response in the presence of PPADS. (B) The UTP-evoked response was
also enhanced by ARL 67156 (ARL). Inset: average ⫾ SE [Ca2⫹]i measured in the absence and presence of ARL 67156, before the application of
UTP or at the peak of response to UTP in three similar experiments. *P ⬍ 0.006. (C) ␣␤-meADP (␣␤-me) at 100 M had no significant effect on
the [Ca2⫹]i elevation generated by 100 M UTP. Inset: average ⫾ SE [Ca2⫹]i measured in the absence and presence of ␣␤-meADP, before the
application of UTP or at the peak of response to UTP in three similar experiments. (D) DPCPX at 100 nM concentration was also without a
significant effect on the response 100 M UTP. Inset: average ⫾ SE [Ca2⫹]i measured in the absence and presence of DPCPX, before the application
of UTP or at the peak of response to UTP in four similar experiments. In all inset bar graphs, solid bars represent the baseline [Ca2⫹]i level before
application of the agent listed, and hatched bars show the peak [Ca2⫹]i increase in the presence of that agent.

Gi-coupled receptor, such as the A1 adenosinergic receptor,
can synergistically enhance the [Ca2⫹]i increase generated as a
result of the stimulation of a Gq-linked receptor, such as the
muscarinic receptor.23 Furthermore, we have also reported
that an interaction between signal transduction pathways coupled to these two receptor types, at a level preceding the
formation of IP3, may be partly responsible for generation of
these synergistic responses.45 My recent observations suggest
that rabbit NPE cells express mRNAs for the P2Y1, P2Y2, P2Y6,
and P2Y12 purinergic receptor subtypes.46 Herein, I report that
simultaneous activation of the A1 receptor and a metabotropic
P2Y receptor, such as the P2Y2 (Fig. 1A) or the P2Y1 receptor
(not shown), can produce a similar synergistic response. The
high sensitivity of this synergistic interaction for adenosine
(EC50 ⫽ 250 nM23), along with the presence of both IP3/Ca2⫹linked P2Y1 and P2Y2 receptors,24,46 and the ectonucleotidase
activity in these cells (this work), is expected therefore to
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allow an adenine 5⬘-nucleotide, such as ATP or ADP, to activate
at least one P2Y receptor, whereas its metabolic product adenosine is activating the A1 receptor. As a result, these characteristics of NPE cells have made it possible to use the synergistic [Ca2⫹]i increase as a sensitive measure of adenosine
formation by adenine nucleotides or cAMP, and thus the ectonucleotidase activity.

ENPP1
Originally discovered as the murine plasma cell differentiation
antigen (PC-1), ENPP1 is a membrane glycoprotein expressed
in a number of mammalian epithelial tissues, such as the ducts
of salivary glands and the distal convoluted tubules of kidney,
as well as in the epididymis and chondrocytes47 and in cell
lines derived from brain glial cells.32–33 It has been known for
some time that this protein is an ectoenzyme with both 5⬘-
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nucleotide phosphodiesterase and nucleotide pyrophosphatase activity.48,49 Its sensitivity to blockage by several P2
purinergic receptors antagonists, such as PPADS (IC50 ⫽ 12 ⫾
3 M), has recently been reported.37
The evidence for the presence of ENPP1 in the rabbit NPE
cells is several-fold. First, the mRNA for this protein is expressed in these cells (Fig. 2). The primer pair designed for the
rabbit ENPP1 is based on two DNA segments common in the
human, mouse and rat homologues of this protein. However,
neither of these two primers is shared by the human, mouse or
rat homologues of either ENPP2 (PD-I␣, or its splice variant
autotaxin), or ENPP3 (PD-I␤, B10, or gp130RB13-6).50 –54 Thus,
it is unlikely that the primer set used would recognize other
ENPPs. It should be noted however, that the presence of
ENPP2 in the rat ciliary body epithelium has been reported.52
I have not determined whether other ENPPs are expressed in
the rabbit NPE cells. Because the pharmacology of neither
ENPP2 nor ENPP3 is known, participation of these ENPPs in
the rabbit NPE cell ectonucleotidase activity cannot be ruled
out.
Second, PPADS at 25 M inhibited the [Ca2⫹]i increase
induced by cAMP⫹ACh by 87% (Fig. 3A). PPADS is neither an
A1 receptor antagonist55 nor a 5⬘-nucleotidase inhibitor.33
Thus, the effect of PPADS on the response to cAMP⫹ACh can
only be attributed to its inhibitory effect on the cAMP phosphodiesterase activity and, therefore, on adenosine formation.
Similarly, the ectonucleotidase inhibitor ARL 67156 at 50 M
inhibited the cAMP⫹ACh–induced response by 70% (Fig. 3B).
ARL 67156 is reported to inhibit NTPD1 and NTPD2 activities
in several tissues.41,56 –59 However, neither its effect on the
5⬘-nucleotidase activity nor on the A1 receptor has been reported. Nevertheless, the similarity of the effects of ARL 67156
and PPADS on agonists tested in this study (Figs. 3, 4), suggests
that ARL 67156 is also an ENPP1 inhibitor.
Third, the [Ca2⫹]i increase generated by UTP (Fig. 4A) is
very sensitive to a low concentration (25 M) of PPADS.
Contrary to its relatively higher affinity for ENPP1 in C6 glioma
cells,37 PPADS appears to be a much less effective inhibitor of
the ATPase and ATPDase activity in number of tissues so far
tested.36,38 – 40
Because PPADS does not increase the [Ca2⫹]i on its own
(Figs. 3A, 4A), it cannot be considered a P2Y agonist in NPE
cells. Similarly, PPADS is not an agonist of the A1 receptor (Fig.
3A). Thus, the effect of PPADS on the UTP-evoked [Ca2⫹]i
increase (Fig. 4A) can only be attributed to its inhibition of the
ectonucleotidase activity, primarily that of ENPP1,37 and therefore an increase in the UTP concentration in the vicinity of the
P2Y2 receptor.
Similar results were obtained with ARL 67156. Even though
ARL 67156 is a weak agonist for the P2Y2 receptor in the rabbit
tracheal epithelium,41 it showed no stimulatory effect on the
[Ca2⫹]i level in NPE cells (Figs 3B, 4B). Thus, the effect of ARL
67156 on the responses to UTP (Fig. 4B) appears to be solely
the result of the ectonucleotidase inhibition. However, despite
the fact that ARL 67156 was used at a concentration twice its
reported IC50 for inhibition of NTPD1 and NTPD2,41,60,61
which was also enough to block the ENPP1 activity by 70%
(Fig. 3B), it appeared to be less effective than PPADS, which
was also used at twice its IC50 for inhibition of ENPP1,37 in
enhancing the response to UTP (Fig. 4).

NTPD1
The RT-PCR analysis performed on rabbit NPE cells revealed
the presence of mRNA for NTPD1 but not NTPD2 in this tissue
(Fig. 2). Because the cDNAs for the rabbit homologue of these
proteins have not been sequenced, my analysis relied on the
homology-based primers using human, mouse, and rat homo-
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logues (see the Methods section). Thus, it is conceivable that
primers designed for NTPD2 may have been inappropriate for
the rabbit homologue of this enzyme. The expression of the
NTPD1 mRNA, however, suggests the possibility that part of
the ectonucleotidase activity in these cells may be mediated by
NTPD1.
As described, ARL 67156 inhibited ENPP1 activity, in addition to its reported inhibitory effects on the ecto-ATPase and
ecto-ATP diphosphohydrolase.41,56 –59 Thus, ARL 67156 should
be considered as a nonspecific ectonucleotidase inhibitor. In
the absence of specific inhibitors for NTPD1, direct evidence
for the role this enzyme in the NPE cells purinergic signaling
could not be obtained.

5ⴕ-Nucleotidase
Ecto-5⬘-nucleotidase catalyzes the hydrolysis of 5⬘-AMP to adenosine and Pi (see Zimmermann34). The evidence for the presence of 5⬘-nucleotidase in the rabbit NPE cells is, first, the
RT-PCR analysis revealed the expression of mRNA for CD73 in
these cells. The primers designed on the basis of common
segments in cDNAs of human, mouse, and rat homologues of
this enzyme polymerized a sequence with the predicted base
pair length (Fig. 2).
Second, it has been known for quite some time that ADP
and ATP analogues inhibit the 5⬘-nucleotidase activity. Among
these analogues, ␣␤-meADP has the highest affinity for this
enzyme.62 The specificity of ␣␤-meADP for 5-nucleotidase is
underscored by the fact that it did not inhibit NTPD1,30
ENPP1,32 or the A1 receptor (data not shown). In the rabbit
NPE cells, 100 M ␣␤-meADP inhibited the cAMP-induced
enhancement of the [Ca2⫹]i increase generated by ACh by 91%
(Fig. 3C). However, it did not significantly change the responses to UTP (Fig. 4C). These results suggest that almost all
adenosine formed as a result of the cAMP hydrolysis is the
result of the 5⬘-nucleotidase activity. These experiments, however, did not reveal the extent of the UMP and uridine formation from the UTP breakdown.

Modification of the NPE Cells Calcium Signaling
by Ectonucleotidases
The [Ca2⫹]i increase evoked by cAMP⫹ACh in the presence of
25 M PPADS (Fig. 3A), 100 M ␣␤-meADP (Fig. 3C), or 100
nM DPCPX (Fig. 3D) were not significantly different (P ⬎ 0.26,
for each pair-wise comparison). In the absence of a known
receptor for the extracellular cAMP,63 these results suggest
that (1) the synergistic effect of cAMP on the ACh-evoked
[Ca2⫹]i elevation is mediated by the A1 receptor and (2) NPE
cells possess an enzymatic cascade composed of ENPP1 and
5⬘-nucleotidase capable of sequential hydrolysis of cAMP to
AMP and AMP to adenosine.
ENPP1 hydrolyzes UTP at a rate twice that of the ATP
hydrolysis.31 The metabolic product, uridine monophosphate
(UMP) is a substrate for 5⬘-nucleotidase.64 Thus, the same
cascade of ectoenzymes can be responsible for the metabolizing of both cAMP and UTP. However, neither UMP nor uridine
produced by this cascade appears to act as an agonist in the
NPE cells. In particular, neither is able to stimulate the A1
receptor. Otherwise, simultaneous activation of the A1 receptor by UMP/uridine, and that of the P2Y2 receptor by UTP,
would have generated a synergistic response, such as the one
shown in Figure 1A. In the absence of the A1-receptor activation, the effect of UTP hydrolysis by ENPP1 is the reduction of
its concentration in the vicinity of the P2Y2 receptor and thus
a decrease in both the apparent affinity and efficacy of this
agonist.24,44
UTP is also a substrate for NTPD1.40 The hydrolysis of UTP
by NTPD1 generates both uridine diphosphate (UDP) and
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UMP, the former being an agonist for the P2Y4 and P2Y6
receptor subtypes.65 We have reported that UDP elicits a small
[Ca2⫹]i increase in the rabbit NPE cells,24 and mRNA for the
P2Y6, but not for the P2Y4, receptor subtype is expressed in
these cells.46 Thus, the hydrolytic activity of NTPD1 may also
contribute to the UTP-induced calcium signaling through the
P2Y6-linked pathway.

CONCLUSION
The data presented suggest that, in addition to purinergic
receptors linked to calcium signaling,24,46 rabbit NPE cells
possess ectonucleotidases capable of modifying adenine and
pyrimidine nucleotide-induced responses in variety of ways,
including generation of synergistic [Ca2⫹]i increases.
It is noteworthy, however, that for these experiments the
ciliary body NPE cells were mounted in a 250-L recording
chamber and superfused at a flow rate of 10 mL 䡠 min⫺1. Thus
one chamber volume was exchanged every 1.5 seconds. Under
these conditions, in the vicinity of the A1 receptor, approximately 1% of the adenine nucleotides was converted to adenosine. In rabbit, the volume of the posterior chamber of the eye
is approximately 60 L, and the rate of aqueous humor secretion is 4 L 䡠 min⫺1.66 Thus, 15 minutes is needed to exchange
one chamber volume. It is expected therefore that a much
larger portion, and possibly all, of the adenine and pyrimidine
nucleotides and cyclic nucleoside monophosphates released
into the posterior chamber is hydrolyzed in vivo, leaving very
little in the unhydrolyzed form to be detected.5
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