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Extracellular ATP Activates Calcium Signaling, lon, and Fluid
Transport in Retinal Pigment Epithelium
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The presence of receptors for ATP has not been established in
any native preparation of retinal neurons or glia. In the present
study, we used conventional electrophysiological and [Ca®*];,
fluorescence imaging techniques to investigate the effects of
ATP added to Ringer’s solution perfusing the retinal-facing
(apical) membrane of freshly isolated monolayers of bovine
retinal pigment epithelium (RPE). ATP (or UTP) produced large,
biphasic voltage and resistance changes with a K, of ~5 um for
ATP and ~1 um for UTP. Electrical and pharmacological evi-
dence indicates that the first and second phases of the re-
sponse are attributable to an increase in basolateral membrane
Cl conductance and a decrease in apical membrane K conduc-
tance, respectively. The ATP-induced responses were not af-
fected by adenosine, but were reduced by the P,-purinoceptor
blocker suramin. ATP also produced a large, transient increase

in [Ca®™];, that was blocked by cyclopiazonic acid, an inhibitor
of endoplasmic reticulum Ca®*-ATPases. The calcium buffer
BAPTA attenuated the voltage effects of ATP. We also found
that apical DIDS significantly inhibited the ATP-evoked [Ca®*];,
and electrical responses, suggesting that DIDS blocked the
purinoceptor. Measurements of fluid movement across the RPE
using the capacitance probe technique demonstrated a signif-
icant increase in fluid absorption by apical UTP. These data
indicate the presence of metabotropic P.,,/P,-purinoceptors
at the RPE apical membrane and implicate extracellular ATP in
vivo as a retinal signaling molecule that could help regulate the
hydration and chemical composition of the subretinal space.

Key words: P, _purinoceptor; P -purinoceptor; electro-
physiology; paracrine; K conductance; Cl conductance

The retinal pigment epithelium (RPE) forms a major component
of the blood-retinal barrier. It has two functionally distinct mem-
branes that face different extracellular environments: the apical
(retinal-facing) membrane directly opposes the photoreceptor
outer segments, and the basolateral (serosal-facing) membrane
faces the fenestrated choroicapillaris. Each membrane contains
different transport proteins that allow the RPE to mediate the
vectorial movement of metabolites, ions, and fluid between the
subretinal space and the blood supply. Like the choroid plexus,
the RPE plays an important glial-like role in maintaining the
health and integrity of the nearby neurons, and the retinal-facing
membrane contains an array of metabotropic receptors that en-
able the RPE to carry out its glial functions. The signaling mole-
cules that activate these receptors, such as dopamine, adenosine,
and epinephrine, have been shown to influence a wide variety of
physiological responses in the RPE including photoreceptor and
RPE retinomotor movements (Dearry et al., 1990); phagocytosis
of photoreceptor outer segments (Gregory et al., 1994); and
modulation of ion and fluid movement across amphibian, avian,
and mammalian RPE (Gallemore and Steinberg, 1990; Edelman
and Miller, 1991; Joseph and Miller, 1992; Quinn and Miller,
1992).

Paracrine regulation of ionic conductances may play an impor-
tant role in maintaining tight apposition between the retina and
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RPE (Negi and Marmor, 1986). In vitro, Cl is actively transported
across the RPE from the retinal to the choroidal side of the tissue
and, along with the flux of a counterion (Na), is the major driving
force for active ion-linked fluid absorption from retina to blood
(Miller and Edelman, 1990; Edelman and Miller, 1991; Joseph
and Miller, 1991). Active ion-coupled fluid absorption in vivo
would reduce the volume of the subretinal space and helps main-
tain the adhesion between the retina and RPE. In bovine RPE,
this Cl transport pathway can be upregulated by the nanomolar
addition of epinephrine to Ringer’s solution bathing the apical
membrane. Epinephrine-induced activation of «a-1 adrenergic re-
ceptors causes a transient rise in cell calcium and a significant
increase in KCl and fluid absorption (Edelman and Miller, 1991;
Joseph and Miller, 1992). These observations implicate epineph-
rine as a possible paracrine signal that could help regulate the
hydration of the subretinal space.

In the present experiments, electrophysiological and intracellu-
lar imaging techniques have been used to identify a class of
metabotropic P,y-purinoceptor at the RPE apical membrane
(Barnard et al., 1994; Alexander and Ford, 1996). Activation of
the purinoceptor causes large conductance changes at both the
apical and the basolateral membranes and stimulates apical-to-
basolateral fluid absorption. To our knowledge, nothing is cur-
rently known about the function or concentration of extracellular
ATP in the retina, although ATP has been reported recently to
increase cytosolic inositol (1,4,5) triphosphate and calcium levels
in cultured RPE (Nash and Osborne, 1996). The present study
strongly suggests that extracellular ATP (or UTP), like epineph-
rine, may serve as a paracrine signal that helps regulate the
relative hydration and chemical composition of the subretinal
space.
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Figure 1. Equivalent electrical circuit for the RPE. R, and Ry

represent the resistances of the apical and basolateral mem-
branes, respectively. R, represents the shunt resistance, which is
the parallel combination of the junctional complex resistance and
the resistance of the mechanical seal along the circumference of
the tissue. The apical and basolateral membrane EMFs are
represented by E 4 and E. Because of the differences between E ,
and Ey, a current loop (I) flows through the circuit. The mea-
sured apical and basolateral membrane potentials are repre-
sented as V/, and V5. The potential across the tissue is called the

Some of these results have been presented previously in ab-
stract form (Invest Ophthalmol Vis Sci (1996) 37(Suppl):S229).

MATERIALS AND METHODS

Preparation. Bovine eyes were obtained from a nearby slaughterhouse
(Rancho Veal, Petaluma, CA), placed in cold HCO; Ringer’s solution
15-30 min after death, and transported to the laboratory. The eyes were
kept in cold Ringer’s solution, bubbled with 5% CO,/10% O,/ 85% N,
and remained viable for up to 4 hr before dissection. The anterior portion
of the eye was removed before sectioning the posterior portion into
quarters. The vitreous was carefully removed and the retina peeled away.
A circular area of RPE-choroid was cut out, peeled away from the
scelera, placed on a supporting mesh, and mounted apical side up
between two halves of a modified Ussing chamber, which allowed for
separate perfusion of apical and basolateral membranes. The exposed
surface area of the apical membrane was 0.07 cm?. The techniques for
handling this tissue have been reported previously (Joseph and Miller,
1991).

Solutions. Control Ringer’s solution contain the following (in mm): 120
NaCl, 5 KCl, 23 NaHCO;, 1 MgCl,, 1.8 CaCl,, and 10 glucose. This
solution was bubbled continuously with 5% CO,/10% 0O,/85% N,, pH
~7.4. The osmolarity of control Ringer’s solution was 295 = 5 mOsm.
Glutathione (1 mm) was added to solutions minutes before perfusion.

ATP, UTP, ATP»S, 2-chloro-ATP, DIDS, and BaCl, were obtained
from Sigma Chemical (St. Louis, MO). Suramin and adenosine was
obtained from Research Biochemicals International (Natuck, MA).
Fura-2 was obtained from Molecular Probes, (Eugene, OR).

Electrophysiology. The recording setup and perfusion system have been
described previously (Miller and Steinberg, 1977; Joseph and Miller,
1991). Calomel electrodes in series with Ringer’s solution—agar bridges
were used to measure the transepithelial potential (TEP), and the signals
from intracellular microelectrodes were referenced to either the apical or
the basolateral bath to measure the membrane potentials V5, and Vg,
where TEP = I — V. Conventional microelectrodes were made from
fiber-filled borosilicate glass tubing with 0.5 mm inner diameter and 1 mm
outer diameter (Sutter Instrument, Novato, CA) and were back-filled
with 150 mM KCI and had resistances of 120-250 MQ.

The transepithelial (total) resistance R, and the apparent ratio of the
apical to basolateral membrane resistance R /Ry were obtained by pass-
ing 4 pA current pulses across the tissue and measuring the resultant
change in TEP and membrane potentials. Current pulses were bipolar,
with a period of 3 sec applied at various time intervals. R, is the
resulting change in TEP divided by 4 nA, and R,/Ry is the absolute
value of the ratio of voltage change in V, divided by the change in Vg
(RA/Ry = | AVA/AVy |). The current-induced voltage deflections were
digitally subtracted from the records for clarity.

Equivalent circuit. The electrical properties of the RPE can be modeled
as an equivalent circuit shown in Figure 1. The apical and basolateral
membranes of the RPE are each represented as an equivalent electro-
motive force (EMF) E, or Eg in series with a resistor, R, or Rpg,

TEP, which is the difference between between V4 and V.

respectively. The paracellular pathway is represented as a shunt resistor,
R, which is the parallel combination of the junctional complex resistances
between neighboring cells and the resistance caused by the less-than-
perfect mechanical seal around the circumference of the tissue. Because
of this shunt resistance and the differences between the membrane EMFs,
a current, I, flows around the circuit. The observed membrane potentials
V, and Vg are given by:

VA:EAils 'RA (1)
Vy=Epg+1I -Rg. 2)

The effect of this loop current is to depolarize the apical membrane and
hyperpolarize the basolateral membrane (Miller and Steinberg, 1977).
The apical and basolateral membrane voltages are electrically coupled via
R,, so that any voltage change at one membrane will be partially shunted
to the opposite membrane (Miller and Steinberg, 1977). For example, if
a solution composition change primarily alters Eg or Rg, most of the
resultant change in V, is a passive consequence of the current shunted
from the basolateral membrane (for example, see Fig. 2B, phase I'). This
change in V5, (AV,) can be expressed in terms of A}z by the following
equation:

Ra

AVA=m‘AVB.

The transepithelial (or total) resistance R, is expressed in terms of the
membrane and shunt resistances as follows:

R(RA+R

R‘ZRA(+/;€ +;e)' 3)
A B s

If, for example, the basolateral membrane conductance increased (Rg
decrease), then R, should decrease, and R/Rg should increase, a result
predicted by Equation 3 and observed in Figure 2, A and B ( phase I).

Intracellular Ca®”" fluorescence. Intracellular Ca** levels [Ca®*];, were
monitored with the fluorometric ratioing dye fura-2 AM (Molecular Probes)
in a separate modified Ussing chamber. The chamber and setup have been
described previously (Lin and Miller, 1991; Kenyon et al., 1994). In brief,
Ringer’s solution containing 5-10 uM fura-2 AM dissolved in DMSO (con-
taining 20% pluronic acid) was perfused for 30-40 min over the apical
membrane to load the cells. In addition, 1 mM probenicid was included in all
loading and subsequent Ringer’s solutions to inhibit dye extrusion by the
organic anion transporter located in the apical membrane (Kenyon et al.,
1994). Photic excitation was achieved using a Xenon light source filtered at
350 and 385 nm (bandwidth; =10 nm) every 0.5 sec; the emission fluores-
cence was measured at 510 nm with a photomultiplier tube (Thorn, EMI).
The ratio of the fluorescence intensities at 350-385 nm, R, was determined
every second. The technique and computer software for data acquisition
have been described previously (Bialek et al., 1996).

Calibration of [Ca*"];, was performed at the end of each experiment by
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Figure 2. A, Electrical responses of the RPE after the addition of 50 uM ATP to Ringer’s solution perfusing the apical membrane. The horizontal black bar
indicates the length of time ATP was added to the apical chamber. Top panel, Continuous trace represents TEP, and open squares represent transepithelial
resistance, R,. Bottom panel, Continuous traces represent 1, and V7, as labeled, and open triangles represent the ratio of apical to basolateral membrane
resistance, R,/Rg. The region enclosed by the dashed lines is replotted at higher gain in B. The triphasic electrical response after the addition of ATP is
represented as I, 11, and III. Phase I is characterized by V5 depolarizing faster than 1/, which causes an increase in TEP; in addition, R, decreased and R/Rg
increased. Phase II begins when V7, began to depolarize faster than V5, and the TEP began to decrease. During this phase, R, increases slightly, whereas R,/Rg
continues to increase. Phase III begins when 1/, hyperpolarizes faster than V5, producing a slow increase in TEP. R, remains relatively constant, whereas R /Ry
decreases. Approximately 8—10 min after washout of ATP from the apical membrane, the membrane voltages and resistances recovered to baseline. After A4,
3 mm DIDS was added to Ringer’s solution perfusing the basolateral membrane for ~30 min (data not shown). The electrical responses to basolateral DIDS
are largely consistent with a decrease in basolateral membrane Cl conductance. C, Effects of apical ATP after pretreatment with 3 mM basolateral DIDS from
same tissue as A and B. D, The membrane voltage responses immediate before and after the addition of ATP in C are replotted at higher gain. Phase I of the
ATP-induced response is significantly reduced in the presence of basolateral DIDS. Figure continues.
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Figure 2 continued.

first perfusing both membranes with a zero-calcium Ringer’s solution
containing 10 mm EDTA, which chelates any residual-free calcium, and
10 uM ionomycin, which is a calcium ionophore that facilitates the
equilibration [Ca®"];, and [Ca®"],. After this zero calcium calibration,
the tissue was then exposed to saturating (1.8 mM) concentration of
calcium. Then [Ca®*],, was determined according to the equation
[Ca®* ]y = K(R—Rpmin)/(Rmax—R). R is the maximum ratio of the
fluorescence intensities at 350 and 385 nm, which was determined at the

saturating Ca®* signal. R,,;, is the ratio of fluorescence intensities in
the absence of [Ca®*].. K is equal to Ky (Fpin/Fimax), Where Ky is the
dissociation constant for fura-2 AM (220 nm) and F,;, and F,,,, are the
fluorescence intensities at 385 nm in the absence and the presence of
saturating [Ca®*],, respectively.

Fluid transport. A modified capacitive probe technique, which has
been described in detail elsewhere (Edelman and Miller, 1991), was
used to determine the rate of fluid movement across the RPE. In brief,



2328 J. Neurosci., April 1, 1997, 17(7):2324-2337

7..
~~ 6
>
E
5_
Ay
<5
=
4_
3_
= =30
E
o —40
o
=
S —50 |
g
v
8 —s0f B
F
S 70l Va
50 uM ATP
(B)
2 I II

30 sec
_30 —

Membrane Voltage (mV)

Peterson et al. « ATP Receptors in Retinal Pigment Epithelium

142
~~
i
140 3
c
SN’
-
138 M
[m]
4136
2.0 min -1.5
m
o
~N
4
o5
v
I 142
~~
(2]
g
140 o
&
-
138 &
]
| n
I J136
|
|
I ~41.5
_!_.J;‘~—-—————‘“""‘_""_—"
-! -—-N‘-—._’_-_—‘T__——-v— m
i v i >
| ~N
v <
| 21
| i v
|
|

50 uM ATP

Figure 3. A and B are control electrical responses to ATP, and C and D are the electrical response to ATP after pretreatment with apical Ba*.
After A and before C, 1 mM Ba®" was added to Ringer’s solution perfusing the apical membrane (data not shown). Phase II of the ATP-induced
voltage response is completely inhibited by the presence of apical Ba®". Phase I of the response is also significantly reduced by pretreatment with
apical Ba2*, which can be explained by the reduction in driving force of Cl efflux across the basolateral membrane caused by the Ba**-evoked
depolarization of Vg from —63 mV to —29 mV (see Discussion). Figure continues.

the RPE was mounted in a water-jacketed Ussing chamber and ori-
ented vertically with the apical and basolateral membranes separately
exposed to Ringer’s solution held in bathing reservoirs. Stainless steel
capacitive probes (Accumeasure System 1000; MT Instruments,
Latham, NY) were lowered into the apical and basolateral bathing

wells to sense the capacitance of the air gap between the probe and
fluid meniscus. Fluid transport rate Jy, (ul - cm~2 « hr™') was deter-
mined by monitoring the fluid movement-induced changes in the air
gap capacitance at the apical and basolateral baths. The probes on both
sides of the tissue were removed during a bathing solution change. To
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Figure 3 continued.

ensure that the solution changes themselves did not appreciably alter
Jy, a control-to-control Ringer’s solution change was performed near
the beginning of each experiment. The capacitance probes were moved
away from the bathing reservoirs, and fresh control Ringer’s solution
was reperfused into the chamber. The fluid transport apparatus also

allowed us to continuously monitor TEP and R,. Experiments were
continued only if Jy,, TEP, and R, were not appreciably altered by this
control-to-control Ringer’s solution change. The water-jacketed Ussing
chamber was placed in an incubator to maintain steady-state control
over temperature, pCO,, and humidity.



2330 J. Neurosci., April 1, 1997, 17(7):2324-2337

Peterson et al. « ATP Receptors in Retinal Pigment Epithelium

Table 1. Summary of ATP-induced electrical responses in absence and presence of either DIDS or BA**

Phase 1 Phase 11

AV, (mV) AV (mV) AR, (2 cm?) ARL/Rg AV, (mV)  AVg (mV) AR, (- cm?) ARA/Ry
ATP (50 um) n = 17 +12.1 =59 +16.5 6.6 —109*=72* +0.30=*0.56* +180x9.7 +144*+83 +1.6*69¢ +1.14 = 0.70¢
ATP (control) n =3 +18.8 = 2.1 +23.8 €25 —122=*35 +0.51 = 0.23 +175*x22 +140x16 +04=17 +0.8 = 0.30
ATP (in basal DIDS)  +6.0 = 1.0° +74+13" —-10x16"> +020=0.11 +215*43 +202x40 -20=x19 +0.6 = 0.25
ATP (control) n =3 +13.5*+3.0 +19.6 =43 —113*3.6° +040=*=0.22° +19.6 3.0 +165*24 +0.8=0.6° +1.1 £ 0.4¢
ATP (in apical Ba*") +6.6 + 1.0° +7.6=12> -32*1.0>° +042=020° -1.0=08" —0.7=03 +0.6*0.6° +0.3 £ 0.2¢
“n = 10.
b Statistically different from control (p < 0.05; paired ¢ test).
‘n =2

Statistically different from control (p < 0.01; paired ¢ test).

Summary of the effects of the addition of 50 um ATP to Ringer’s solution perfusing the apical membrane (row 1) on the electrical parameters Vo, Vg, R,, and R /Ry for both
phases of the electrical response (results reported as mean = SD). Positive values for AV, and AV represent membrane depolarization, and positive values for AR, and
AR, /Ry indicate an increase in total resistance and increase in the ratio of apical to basolateral membrane resistance, respectively. Rows 2 and 3 summarize the electrical effects
of ATP (50 um) in control conditions and after pretreatment with basal DIDS (3 mm). Rows 4 and 5 summarize the ATP-induced electrical changes in the absence and presence
of apical Ba?*. Results for rows 2-5 are reported in terms of mean + SEM, and paired ¢ tests were performed.

RESULTS
ATP-induced electrical responses
The experiment summarized in Figure 24 illustrates the voltage
and resistance changes that are typically produced when ATP (50
puM) is added to the Ringer’s solution perfusing the apical mem-
brane of the RPE. The top panel shows the changes in TEP (solid
line) and R, (open squares), and the bottom panel shows the
changes in V5 and Vg (solid lines) and R /Ry (open triangle). The
TEP and membrane voltages undergo three operationally distinct
phases with onset times labeled I, II, and III. The region enclosed
by the dashed lines is replotted at higher gain in Figure 2B.
During the first 12 sec of the ATP response (phase I), Vg
depolarized faster than V4, as shown by the increase in TEP; in
addition, R, decreased and R /Ry increased. These changes in R,
and R,/Ry are consistent with an increase in basolateral mem-
brane conductance. In the bovine RPE, the total conductance of

(4)

600

Figure 4. A, Effects of two consecutive
pulses of 100 um ATP added to Ringer’s
solution perfusing the apical membrane on
[Ca®*),,, TEP, and R, [Ca*'],, measure-
ments were made with the ratioing dye,

fura-2 AM. ATP elicited a large transient 0"

increase in [Ca**];, from ~120 to 500 nm

that follows a time course similar to the first 91

two phases of the electrical effects of ATP

(see text). In addition, [Ca®"];,, immediately 84

returned to its initial, resting value, whereas il

ATP remains in the apical Ringer’s solution ~ 7 =

(the ATP pulse lasted for 2 min, but the > u}
transient increase in [Ca*"];, lasted for only E 6 | oo
30-40 sec). The first and second ATP re-

sponses were comparable in magnitude and % 5| s
time course, indicating repeatability in the B

calcium and electrical responses. B, The ef- 4 |- /
fects of the second ATP response are replot-

ted at higher gain for purposes of clarity.
The same vertical axes are used for [Ca®*];,
and TEP in both 4 and B.

the basolateral membrane consists almost entirely of a DIDS-
inhibitable Cl conductance (the transference number for Cl ions,
or T, is ~0.7) and a Ba*"-inhibitable K conductance (Tx~0.3)
(Joseph and Miller, 1991). As previously demonstrated, the elec-
trochemical driving force for Cl (and K) is outward across the
basolateral membrane (Bialek and Miller, 1994) and, therefore,
all of the electrical changes observed during phase I are consistent
with an increase in basolateral membrane Cl conductance.
After ~12 sec, the TEP peaked at a maximum value of 9.2 mV
and then started to decrease; this peak in TEP, which operation-
ally defines the onset of phase II, occurs because }/, has begun to
depolarize faster than does V. During this second phase of the
response, R,/Ry continued to increase significantly, whereas R,
increased slightly. These changes suggest the emergence of an
additional electrical response at the apical membrane. That V',
depolarized faster than 175, whereas both R /R and R, increased,
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strongly suggests a decrease in an apical membrane conductance.
The most likely candidate is the apical membrane K conductance,
which accounts for ~90% of the total conductance at that mem-
brane (Joseph and Miller, 1991).

The onset of phase III is operationally defined by the minimum
in TEP (~6 mV; see Fig. 24). During phase III, VV,, hyperpolar-
ized faster than V5, R,/Ry decreased, and R, remained relatively
unchanged. These electrical effects are consistent with an increase
in apical membrane conductance. The electrical changes observed
during phase III are the opposite of those observed during phase
II, but they are relatively small and more difficult to study. The
remainder of this report focuses entirely on the first two phases of
the ATP response. Table 1 (fop row) summarizes these changes in
the electrical parameters after the addition of 50 um ATP to the
apical bath. These electrical responses indicate that conductive
mechanisms at both membranes are affected dramatically by the
addition of ATP. No electrical effects were observed when ATP
was added to the basolateral bath.

Effects of basolateral DIDS and apical barium on

ATP response

Previous work in bovine RPE demonstrated that addition of 3 mm
DIDS to the basolateral bath specifically blocked basolateral
membrane Cl conductance without significantly altering the K
conductance (Miller and Edelman, 1990; Joseph and Miller, 1991;
Bialek and Miller, 1994). If phase I of the ATP-evoked electrical
response is attributable to an increase in basolateral membrane CI
conductance, then pretreatment with basolateral DIDS should
block this part of the response. All of the data illustrated in Figure
2A-D are from the same tissue. In Figure 2C, the tissue was
pretreated with 3 mm basolateral DIDS for ~30 min before 50 um
ATP was added to the apical bath, and in Figure 2D, the first few
minutes of the response are replotted at higher gain. During
phase I of the control response (Fig. 2, A or B), the addition of
ATP depolarized V,, by 21.5 mV and V by 26.0 mV. In the
presence of basolateral DIDS (Fig. 2, C or D), these changes were
reduced by ~75%; V5 depolarized by 4.0 mV and V5 depolarized
by 4.9 mV. Table 1 (rows 2 and 3) shows that in three tissues,
phase I of the ATP-induced AV was inhibited by 70% in the
presence of basolateral DIDS (p < 0.05; paired ¢ test). In con-
trast, during phase II of the ATP response, neither AV, nor AlVg
was significantly different in control and DIDS-pretreated condi-
tions. The DIDS-induced reduction of the ATP response during
phase I lends additional support to the notion that ATP increases
basolateral membrane Cl conductance.

The depolarization of V', and V5, the decrease in TEP, and the
increase in R /Ry during phase II of the ATP-induced electrical
response are consistent with a decrease in apical membrane K
conductance. The apical membrane contains a large K conduc-
tance (T ~0.9) that can be inhibited by 1 mm Ba®" (Miller and
Edelman, 1990; Joseph and Miller, 1991; Bialek and Miller, 1994).
If ATP decreases apical membrane K conductance during phase
II of the response, then pretreatment with apical Ba** should
inhibit this phase of the response. Figure 3, 4 and C, show control
ATP responses in the absence and presence of apical Ba**, and
Figure 3, B and D, show the first few minutes of these responses
plotted at higher gain. During phase I of the control response,
addition of ATP depolarized V5, and V' by 8.2 and 10.8 mV,
respectively, and in the presence of apical Ba**, V, and Vg
depolarized by 5.2 and 4.6 mV, respectively. Apical Ba*>* com-
pletely inhibited phase II of the ATP-induced voltage changes:
AV, and AV were 16.4 and 14.0 mV, respectively, in the absence

J. Neurosci., April 1, 1997, 17(7):2324-2337 2331

of Ba?*; AV, and AV were —1.2 and —1.4 mV, respectively, in
the presence of apical Ba®". These results indicate that phase II of
the ATP voltage response is mediated by a Ba®*-inhibitable
decrease in apical membrane K conductance. Complete inhibition
of phase II of the ATP-induced response by apical Ba>* was
observed in two other tissues (data summarized in Table 1, rows
4 and 5). Apical Ba®* also significantly reduced phase I of the
ATP response, but this effect is probably attributable to the
Ba®"-induced depolarization of V5 from approximately —60 to
—30 mV, which brings V' toward the equilibrium potential for CI,
and reduces the driving force for Cl efflux during phase I of the
ATP response (Bialek and Miller, 1994).

Role of free [Ca®*];,

The electrical effects of ATP suggest the presence of G-protein
coupled (metabotropic) purinoceptors at the apical membrane.
Activation of metabotropic receptors has been associated with an
IP,-mediated increase in cytolosic-free [Ca**];, (Dubyak, 1991;
Barnard et al., 1994; Zimmermann, 1994; Kirischuk et al., 1995).
To determine whether ATP activates Ca** signaling pathways in
the RPE, we performed a series of experiments that measured
[Ca®*];, levels with the calcium-sensitive dye fura-2 AM. The top
panel of Figure 44 shows the [Ca®*];, response to two successive
additions of 100 um ATP to Ringer’s solution perfusing the apical
membrane, and the bottom panel shows the concomitant TEP and
transepithelial resistance (R,) responses. The addition of ATP
significantly increased free [Ca®"];, levels by ~400 nMm from a
baseline of ~120 nM. In 15 ATP pulses taken from 10 tissues, the
addition of ATP increased free [Ca®*];, by 420 = 70 nm from a
baseline value of 130 * 30 nm. Figure 4 B shows the second of the
ATP-induced responses from Figure 44 replotted at higher gain.
The rising phase of the ATP-evoked increase in free [Ca®"];,
occurs over a period of 4-6 sec, and the falling phase typically
occurs over a period of 20-40 sec; this time course is slightly
faster than the rising and falling phases of the electrical responses,
suggesting a causal relationship between the calcium and electri-
cal responses.

It has been demonstrated that purinergic-coupled increase in
[Ca?"],, can be inhibited by unloading calcium from internal
stores before the addition of ATP (Kirischuk et al., 1995). The
depletion of calcium from internal stores can be achieved by
adding specific inhibitors of the endoplasmic reticulum (ER)
Ca®"-ATPase, thereby blocking calcium uptake without affecting
calcium leakage out of the ER stores (Seidler et al., 1989; Darby
et al., 1993). We tested this notion in the experiment summarized
in Figure 54; 100 um ATP was added to the apical bath in the
absence and presence of 10 um cyclopiazonic acid, a potent and
specific inhibitor of the ER Ca** ATPase (Seidler et al., 1989).
The control response shows that ATP increased [Ca®*];, from 130
to 600 nm. In the presence of cyclopiazonic acid, the ATP-induced
increase in [Ca®*];, was inhibited by >90%. An almost identical
effect was observed in each of three tissues. The cyclopiazonic
acid-induced inhibition of the ATP-evoked [Ca®*];, response in
the presence of ~2 mm extracellular calcium indicates that the
calcium spikes shown in Figures 4 and 54 initially originated from
the internal stores, not from the extracellular environment.

Figure 5B shows the effects of ATP in the absence and presence
of cyclopiazonic acid on TEP and R,. The right panel in Figure 5B
shows that cyclopiazonic acid itself produced a transient increase
in TEP and a decrease in R,. Figure 5B also shows that pretreat-
ment with cyclopiazonic acid completely abolished phase I and
significantly reduced phase II of the TEP response. In five tissues,
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Figure 5. A, Effects of pretreatment

with cyclopiazonic acid on the ATP- 0
evoked [Ca**],, response. Left panel

shows that ATP produced a transient (B)
increase in [Ca®"];, from 130 to 620 nM,

which represents a difference of ~590
nM. In the presence of the ER Ca**-
ATPase inhibitor, ATP increased
[Ca®*];, by only 30 nM (see text for de-
tails). B, Effects of pretreatment with
cyclopiazonic acid on the ATP-induced
TEP and R, responses. Left panel shows
that ATP increased the TEP by 1.9 mV
(phase I) and decreased the TEP by 3.5
mV (phase II). In the presence of cyclo- 4
piazonic acid, ATP did not elicit a mea-
surable increase in TEP during phase I 3L L]

and decreased the TEP by 1.2 mV dur- 100 uM ATP
ing phase II. Measurements were made

in a different tissue from A.

TEP (mV)

cyclopiazonic acid completely inhibited phase I and reduced
phase II of the TEP response by 74 * 18%. These data strongly
suggest that the ATP-induced elevation of [Ca®"];,, is responsible
for the observed electrical effects. This condition can be tested
further by using the calcium buffer BAPTA to clamp free [Ca®*];,
and block the ATP-evoked electrical responses. Figure 6 shows
three ATP (100 um) pulses administered consecutively on the
same tissue. After the first (control) ATP pulse, 50 um BAPTA
was added to Ringer’s solution perfusing the apical membrane for
~20 min (data not shown). In the presence of BAPTA, two
subsequent additions of ATP to the apical Ringer’s solution were
made. The first of these additions resulted in an ~40% reduction
in the voltage response, and the second addition of ATP in the
presence of BAPTA did not produce any voltage responses in this
tissue. The bar graphs in Figure 74,B summarize the relative
effects of BAPTA on phase I (solid bar) and phase II (open bar) of
the ATP-induced voltage response, compared with a normalized
control ATP response. Taken together, Figures 54,B, 6, and
7A,B show that ATP induces a release of Ca®>" from the ER
stores and that this transient increase in [Ca®*];, produces the
changes in basolateral membrane Cl and apical membrane K
conductance.

Purinergic receptor subtype

Previous work in the bovine RPE has shown the presence of
adenosine receptors that are sensitive to micromolar amounts of
adenosine (Blazynski, 1993). It is possible that the ATP-induced
responses observed in the present study were not attributable to
activation of ATP receptors, but rather to activation of adenosine
receptors by adenosine, which may be produced either during the
synthesis of ATP or as a result of extracellular ATP hydrolysis by
ecto-ATPases. If ATP activated adenosine receptors, then aden-
osine alone should elicit a response similar to that of ATP and
also block the effects of ATP. We found that adenosine itself (100
M) had little effect on the TEP (<10% of the ATP response). To

100 uM ATP

Peterson et al. « ATP Receptors in Retinal Pigment Epithelium

2.0 min

L T

| 10 uM cyclopiazonic acid |

I
100 uM ATP
4.0 min 4120
~~
o
B
9
E
-
2
u]
Og
10 uM cyclopiazonic acid 108
|
100 uM ATP

determine whether adenosine blocked the effects of ATP, we
added 50 pum ATP in the absence and presence of 100 um
adenosine. Figure 7C shows a bar graph summarizing the effects
of adenosine on the ATP-induced voltage changes during phase I
(solid bar) and phase II (open bar). The height of the bars
represents the ratio of the ATP response in the presence of
adenosine to the control ATP response alone. Because the ratio
for each phase is close to 1, the presence of adenosine did not
inhibit the effects of ATP. We conclude that adenosine receptors
do not play a significant role in the ATP responses.

The bars in Figure 7D, E summarize the effects of pretreatment
of the apical membrane with the P,-purinergic receptor antago-
nist suramin (Dunn and Blakeley, 1988) on phases I and II of the
ATP-induced voltage response. Figure 7D indicates that suramin
(100 uMm) partially inhibited phase I and significantly inhibited
phase II of the 50 um ATP responses, and Figure 7E shows that
this concentration of suramin significantly inhibited both phases
of the 10 uM ATP responses, suggesting that the ATP-evoked
effects are attributable to activation of a subset of
P,-purinoceptor.

To identify which P,-purinoceptor is present in bovine RPE, we
have tested the efficacy of other substrates in mimicking the
ATP-induced changes in TEP. These experiments, summarized in
Figure 8, show that UTP has an apparent affinity, K, of ~1 um for
the receptor, whereas ATP has an apparent K; of ~5 um. The
ATP analog 2-chloro-ATP elicited relatively large responses at
concentrations >10 uM, and ATP+S, a nonhydrolyzable form of
ATP, also elicited a response but was relatively small at the
concentrations studied (<100 um). The ATP pharmacology data,
as summarized in Figures 7, C-E, and 8, along with the ATP-
induced increase in [Ca®*];, are consistent with the presence of
metabotropic P,/P,-purinoceptors at the apical membrane.

Micromolar amounts of DIDS were shown previously to di-
rectly block P,y-receptors in rat vas deferens and in superior
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Figure 6. Effect of BAPTA pretreatment on ATP-induced voltage response. The control addition of ATP (100 um) shows a typical triphase TEP
response, along with the concomitant changes in membrane potential. BAPTA (50 um) was then added to Ringer’s solution perfusing the apical
membrane (data not shown) for ~20 min before a second addition of ATP was made. Both phases of the ATP-dependent voltage response were reduced
by ~40% in the presence of BAPTA. Another 30 min elapsed between the second and third addition of ATP (intervening voltage traces not shown).
BAPTA completely blocked the effects of the final addition of ATP in this tissue.

cervical ganglia, as well as in P,y -receptors cloned from smooth
muscles heterologously expressed in oocytes and human 293 cells
(Bultmann and Starke, 1994; Connolly and Harrison, 1995; Evans
et al., 1995). In the present study, we tested the ability of DIDS to
block the ATP responses. Figure 94 (right panel) shows that
pretreating the apical membrane with DIDS (500 um) signifi-
cantly reduced the [Ca®"];, response evoked by 100 um ATP. In
four tissues, apical DIDS (500 um) reduced the 100 um ATP-
induced [Ca®*],, response by 68 + 14% (mean percentage de-
crease = SEM). Similarly, Figure 9B shows that the electrical
responses produced by ATP were significantly reduced by apical
DIDS (measurements were made in a different tissue from that of
Fig. 94). The bar graphs in Figure 7, F and G, summarize the
effects of pretreatment of the apical membrane with either 100 um
or 500 um DIDS on both phases of the ATP-induced voltage
changes. These results show that the lower concentration of DIDS
significantly attenuated the magnitude of phase II, whereas the
higher DIDS concentration significantly reduced phase I and
almost completely abolished phase II of the ATP response. A
similar effect of DIDS on the ATP-evoked voltage responses has
been observed in cultured human RPE (R. Gallemore, personal
communication) and in native human fetal RPE (J. Quong and S.
Miller, unpublished observations). Because apical DIDS is able to
directly inhibit the effects of ATP-induced [Ca®"];, responses and
the magnitude of both phases of the electrical responses, we
conclude that DIDS can directly block at least a subset of
P,y-purinoceptors.

Purinergic modulation of fluid transport
Phase I of the ATP-evoked electrical response is expected to
increase Cl efflux across the basolateral membrane; phase II

should decrease K efflux across the apical membrane, which will
increase apical-to-basolateral K absorption (Miller and Edelman,
1990). Both phases combined should in principle increase net
retinal-to-choroidal KCl absorption. Previous work in the bovine
RPE has shown that epinephrine-induced activation of apical
membrane «-1 adrenergic receptors causes electrical responses
very similar to those observed in the present study and signifi-
cantly increased fluid absorption across the RPE (Edelman and
Miller, 1991; Joseph and Miller, 1992). To determine whether
ATP or UTP also increases fluid absorption, we performed a
series of experiments to measure the UTP-induced changes in
fluid transport rate Jy,.

Figure 104 shows the results from an experiment in which J5,
across the RPE was measured in the absence or presence of UTP.
Before the addition of 10 um UTP (black bar), an initial control-
to-control Ringer’s solution change was made (see Materials and
Methods). During this period, the control baseline J,, was ~1.0 ul
-cm 2 - hr %, (Positive value of J,, indicates net fluid absorption.)
During the second removal of the probe, Ringer’s solution con-
taining 10 um UTP was added to the apical bath, and a transient
increase in Jy, to ~2.5 ul - cm ™2 - hr ™!, followed by a decrease to
a steady-state level of ~1.5 ul - cm ™2« hr™!, was observed. The
subsequent return to control Ringer’s solution show a decrease of
Jy back to ~1.1 ul - cm™2 - hr™'. An identical protocol for Jy,
measurement was performed in each of nine tissues. In six of the
nine tissues, the addition of UTP significantly increased the con-
trol absorptive Jy. In two tissues, there were no appreciable
changes in Jy, caused by UTP. In one tissue, fluid secretion under
control conditions was observed (control J,, was approximately
—03 ul-cm™2 - hr™!), and the addition of UTP reversed the
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Figure 7. Bar graphs summarizing the effects of vari- 0.6

ous putative blockers on phase I (solid bars) and phase
II (open bars) of the ATP response. Each phase of the
control ATP response (in the absence of blocker) is
normalized to 1, and the height of the bar graph
represents the relative size of the ATP response in the
presence of the blocker compared with the normalized
control. All blockers were added to Ringer’s solution
perfusing the apical membrane before and during the
addition of ATP. Numbers in parentheses indicate sam-
ple size, and error bars indicate SEM. 4 and B repre-
sent bar graphs for the first and second additions of
ATP in the presence of BAPTA, taken from data
similar to those shown in Figure 6. The results of this
figure show that BAPTA, suramin, and DIDS are ef-
fective inhibitors of the effects of ATP.
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0.2
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direction of fluid movement to absorption (Jy, was increased to
~0.6 pul - cm~2 - hr ™! by UTP).

The baseline (control) rate of fluid absorption was 1.2 + 0.2 ul
scm 2 -hr ! (n = 27 from 9 tissues; mean + SEM). The addition
of 10 uM UTP to the apical Ringer’s solution increased Jy, to 2.9 =
1.0 wl - ecm™2 - hr ! (n = 9; p < 0.05). These experiments show
that apical membrane purinoceptors can be activated to increase
fluid movement across the RPE, in the apical-to-basolateral
direction.

DISCUSSION

Receptor subtype and ionic mechanisms

The present study demonstrates that micromolar amounts of ATP
(or UTP) added to the solution bathing the RPE apical mem-
brane causes a transient increase in [Ca®*],, and elicits large
voltage and resistance responses at both the apical and basolateral
membranes. A number of observations indicate that these ATP-
evoked effects are attributable to activation of metabotropic P,/
P, -purinergic receptors. (1) The electrical effects of ATP are
significantly reduced by pretreatment with the P,-purinergic re-
ceptor antagonist suramin. (2) These putative receptors have a

Figure 8. Dose response of UTP, ATP,
2-chloro-ATP, and ATPyS on ATEP. The
rank order of affinity of the putative puriner-
gic receptor for these purinergic analogs are
as follows (from highest to lowest): UTP >
ATP > 2-CI-ATP > ATP~S. The higher af-
finity of the receptor for UTP than for ATP is

ATEP during phase I {(mV)

(3)

(4)

(A) ATP #1 (100 uM)/BAPTA (50 uM)
(B) ATP #2 (100 uM)/BAPTA (50 uM)
(C) ATP (50 uM)/Adenosine (100 uM)

*p < 0.05 (paired t test)
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(G) ATP (50 uM)/DIDS (500 uM)

**p < 0.005 (paired t test)

fivefold higher sensitivity for UTP than ATP. (3) Cyclopiazonic
acid, an ER Ca®"-ATPase inhibitor, significantly reduced the
ATP-evoked calcium and electrical responses. (4) The intracellu-
lar calcium buffer BAPTA significantly inhibited the electrical
effects of ATP. The present data do not conclusively ascertain
which of the P, -purinoceptors subtype is present in the RPE. We
also report that apical DIDS (Figs. 7F,G and 9) attenuated the
ATP-induced calcium response and both phases of the electrical
responses. A similar inhibitory effect of DIDS on the P,-
purinergic-induced increase in [Ca®*];, was observed in human
breast tumor cells (Flezar and Heisler, 1993). However, we found
that apical DIDS, in contrast to basolateral DIDS, had no effect
on the electrical responses evoked by epinephrine, which in-
creases [Ca®"],, by activating apical membrane a-1 adrenergic
receptors in the bovine RPE (Joseph and Milller, 1992) (Peterson
and Miller, unpublished observations). Our results suggest that
DIDS either directly blocks the receptor itself or inhibits the
ATP-dependent (but not the epinephrine-dependent) Ca®*-
signaling pathway.

The tonic addition of ATP (>10 um) generally elicits a triphasic
electrical response. The depolarization of V7, increase in TEP,

consistent with the activation of P,y/P,y-
purinoceptors. Error bars indicate SEM, and
sample sizes range from 3 to 12.

Concentration of substrate (uM)
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decrease in R, and increase in R ,/Ry during the first 10-15 sec of
the response are consistent with an increase in basolateral mem-
brane Cl conductance. This conclusion is supported by the finding
that basolateral DIDS, a specific blocker of Cl conductances at the
basolateral membrane (Joseph and Miller, 1991; Bialek and
Miller, 1994), significantly inhibited phase I of the ATP-induced
response. The second phase of the response, which lasts 1-2 min,
consists of a depolarization of V/,, decrease in TEP, no significant
change in R, and an additional increase in R,/Ry. These voltage
and resistance changes are probably caused by a decrease in apical
membrane K conductance, because apical Ba®>" completely abol-
ished this phase of the response. These effects of extracellular
ATP in the RPE on [Ca®*];, and ion transport exhibit a few key
differences with the effects of ATP in other epithelial models. For
example, extracellular ATP activates K currents in cultured distal
nephron epithelia (Nilius et al., 1995); in airway epithelia, extra-
cellular ATP activates both Ca”*-sensitive and Ca®*-insensitive
Cl conductances (Stutts et al., 1994; Hwang et al., 1996), and in
T84 epithelial cells, the ATP-induced stimulation of Cl secretion
is largely attributable to the hydrolysis of ATP to adenosine by
luminal ecto-ATPases, followed by the activation of adenosine
receptors, and a subsequent increase in intracellular cAMP levels
(Stutts et al., 1995).

The present study provides indirect evidence for two calcium-
dependent conductance mechanisms that are affected by metabo-
tropic signaling in the RPE. The ability of cyclopiazonic acid to
inhibit the ATP-induced calcium and electrical responses (Fig. 5),
as well as the finding that BAPTA significantly reduces the elec-
trical effects of ATP, strongly suggests a causal relationship be-
tween the intracellular second messenger, calcium, and the af-
fected ionic mechanisms. These results show that basolateral
membrane Cl channels and apical membrane K channels are
sensitive to [Ca®*],,. In other epithelia, apical membrane-
localized Ca®"-activated Cl channels have been proposed to play

an important role in fluid secretion (Jiang et al., 1993; Smith and
Welsh, 1993). In the toad RPE, a large component of the K
conductance is made up of the inward rectifying K channels that
are believed to reside at the apical membrane (Segawa and
Hughes, 1994) and are inactivated by high levels of [Ca**];, (B.
Hughes, personal communication).

Physiological implications
Extracellular ATP has been well characterized as a signaling
molecule in central and peripheral neurons, oligodendrocytes,
astrocytes, and numerous cell types not directly associated with
the nervous system (Edwards and Gibb, 1993; Flezar and Heisler,
1993; Zimmermann, 1994; Nilius et al., 1995; Van Scott et al.,
1995). However, to our knowledge, none of the retinal cell types
have been shown to release ATP as a neurotransmitter. A recent
study in rabbit suggested that ATP may be co-released with
acetylcholine from retinal neurons after stimulation with flicker-
ing light (Neal and Cunningham, 1994). ATP has also been shown
to activate purinoceptors in late precursors and oligodendrocytes
in cultured rabbit retinal cells, suggesting that certain classes of
retinal cells may release ATP that could, in turn, bind to puriner-
gic receptors on retinal oligodendrocytes (Kirischuk et al., 1995).
The present finding that UTP increases baseline levels of fluid
absorption may have important clinical implications. In the hu-
man eye, accumulation of fluid in the subretinal space often leads
to retinal detachment from the RPE and subsequent loss of vision
(Anand and Tasman, 1994). The increase inJy, to ~3 ul - cm 2 -
hr~! by apical UTP would remove ~0.75 ml of fluid per day in the
human eye (10 cm?). Therefore, UTP (or perhaps ATP) could be
used therapeutically to reduce the pathological accumulation of
fluid in the subretinal space. Previous work in the bovine RPE has
shown that nanomolar amounts of epinephrine increases fluid
absorption by amounts that are comparable with those found by
UTP in the present study. Both ATP and epinephrine could
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Figure 10. Addition of UTP to Ringer’s solution bathing the apical membrane elicited a significant increase in fluid absorption. 4, The obligatory
control-to-control solution change (see Materials and Methods) during the first 35 min produced very little change in J,, TEP, and R,. The initial,
steady-state Jy, was ~1.0 wl - cm~2 - hr !, indicating net absorption of fluid from the apical to basolateral chamber. The addition of 10 um UTP (black
bar) produced a transient increase in Jy, to ~2.5 ul- cm™2 - hr™ !, followed by a steady decrease to ~1.5 ul - cm ™2 - hr'. The removal of UTP from the
apical bathing solution brought Jy, levels back down to ~1.1 ul- cm™2- hr~'. B, The addition of UTP produced electrical effects that were similar to those

of ATP.

conceivably be presented to the RPE at the same time; it has been
shown recently, for example, that cultured postganglionic sympa-
thetic neurons co-release ATP and epinephrine (von Kugelgen et
al., 1994). Simultaneous presentation of ATP and epinephrine to
the RPE in vivo could lead to additive increases in the rate of fluid
absorption out of the subretinal space.

One component of the DC electroretinogram and DC electro-
oculagram is a prominent slow positive potential that peaks ~5
min after light onset (Linsenmeier and Steinberg, 1982). This
positive potential is most likely attributable to an increase in RPE
basolateral membrane Cl conductance (Gallemore and Steinberg,
1989, 1993). It has been postulated that after light onset, a retinal
paracrine or “light peak substance” diffuses into the subretinal
space and binds to a receptor on the apical membrane of the RPE.
This activates a second messenger pathway that leads to an
increase in basolateral membrane Cl conductance (Gallemore
and Steinberg, 1989, 1993). We have found that at lower concen-
trations of ATP (<5 uM), the electrical effects are monophasic
and consistent with an increase in basolateral membrane Cl con-
ductance. Therefore, it is possible that ATP is the “light peak
substance.” Its actions would arise either from diffusion of ATP
from cells in the inner retinal layer or from an autocrine loop
involving ATP efflux across the apical membrane of the RPE.

The presence of ATP in the subretinal space could also arise
from ATP release from damaged retinal cells or from RPE cells
themselves. The activation of the apical membrane purinergic
receptors could therefore serve to communicate nearby cell dam-
age to the RPE, and the high affinity of the ATP-evoked responses
suggests that these receptors would be ideally suited to quickly

detect nearby cell damage. Because the RPE plays an active role
in normal and pathological wound-healing and in mediating in-
flammatory responses associated with a number of ocular pathol-
ogies, it is possible that the purinergic receptors can modulate
various aspects of wound-healing or inflammation in the eye.
Previous work in other cells types have shown that stimulation of
P,-purinergic receptors can play a modulatory (either inhibitory
or stimulatory) role in various aspects of either interleukin-13
(IL-1B)-induction or tumor necrosis factor (TNF)-induction of
immune responses. These studies suggested that extracellular
ATP, acting through purinergic receptors, was able to modulate
either the ameliorative or damaging effects of IL-18 or TNF in
endotoxin-mediated cell death (Proctor et al., 1994), in produc-
tion of prostaglandin E2 (PGE,) in chondrocytes (Leong et al.,
1993), and in the lysis of 1.929 (transformed mouse skin fibroblast)
cells (Kinzer and Lehmann, 1991). A similar set of findings has
been obtained in the RPE including the following. (1) In vitro
stimulation by IL-18 and TNF« has been shown to produce a wide
variety of RPE-mediated secondary cytokine production, such as
IL-6 and IL-8 (Elner et al., 1992), and alterations in RPE prolif-
eration and permeability. (2) Endotoxins, through the secretion of
TNF, have been shown to have damaging ocular effects (Planck et
al., 1994), and it is possible that ATP could also modulate the
effects of endotoxin in the retina. (3) The RPE has been shown to
inducibly express PGE, after co-culture with activated lympho-
cytes (Liversidge et al., 1993), whose presence in the outer retina
(along with extracellular ATP) would be expected after retinal
insult or damage. The role of extracellular ATP both as a para-
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crine signal and as an effector of RPE-mediated immune response
is potentially important and remains to be investigated.
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