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Macula densa (MD) cells express COX-2 and COX-2–derived PGs appear to signal the release of renin from the renal
juxtaglomerular apparatus, especially during volume depletion. However, the synthetic machinery and identity of the
specific prostanoid released from intact MD cells remains uncertain. In the present studies, a novel biosensor tool was
engineered to directly determine whether MD cells release PGE2 in response to low luminal NaCl concentration ([NaCl]L).
HEK293 cells were transfected with the Ca2+-coupled E-prostanoid receptor EP1 (HEK/EP1) and loaded with fura-2.
HEK/EP1 cells produced a significant elevation in intracellular [Ca2+] ([Ca2+]i) by 29.6 ± 12.8 nM (n = 6) when positioned
at the basolateral surface of isolated perfused MD cells and [NaCl]L was reduced from 150 mM to zero. HEK/EP1 [Ca2+]i
responses were observed mainly in preparations from rabbits on a low-salt diet and were completely inhibited by either a
selective COX-2 inhibitor or an EP1 antagonist, and also by 100 μM luminal furosemide. Also, 20-mM graduated
reductions in [NaCl]L between 80 and 0 mM caused step-by-step increases in HEK/EP1 [Ca2+]i. Low-salt diet greatly
increased the expression of both COX-2 and microsome-associated PGE synthase (mPGES) in the MD. These studies
provide the first direct evidence that intact MD cells synthesize and release PGE2 during reduced luminal salt content and
suggest that this response is important in the control […]
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Introduction
PGE2 is a major product of PGH2 derived from COX
metabolism and is an important paracrine regulator of
salt and water homeostasis in the kidney. In the renal
cortex, COX-1 expression predominates in collecting
duct, vascular tissue, and glomerular mesangial cells
(1). In contrast, COX-2 is expressed and presumably
mediates PG production in the macula densa (MD)
and surrounding cortical thick ascending limb (cTAL)
cells (2–5). MD cells are in direct contact with the vas-
cular pole of the same glomerulus from which the fil-
trate originates. These cells sense changes in tubular
[NaCl] and send signals that control preglomerular

vascular resistance and glomerular filtration rate in a
process known as tubuloglomerular feedback. MD cells
also control the release of renin from juxtaglomerular
granular cells (3–6). COX-2–derived PGs may partici-
pate in MD-mediated control of juxtaglomerular func-
tion, particularly in high renin states such as low salt
intake, loop diuretic treatment, and renovascular
hypertension (4, 7). In particular, PGE2 produced by
MD cells has been suggested as the mediator of renin
release induced by low luminal [NaCl] ([NaCl]L) (3–10).
In addition, PGE2, as a potent vasodilator, may also
modulate preglomerular vascular resistance (11–13)
and tubuloglomerular feedback (14).

Although COX activity has been considered the key
step in PG synthesis, metabolism of arachidonate by
either COX-1 or COX-2 yields only the unstable inter-
mediary PGH2 (1). The subsequent fate of PGH2 is dic-
tated by coexpression of a PG synthase, which is the
other key enzyme of PG synthesis. This enzyme is
capable of converting PGH2 to one of the prostanoid
end products including PGE2, PGF2a, PGD2, PGI2, and
thromboxane A2 (11). Because of the limited number
and inaccessibility of MD cells, as opposed to other
nephron segments in the kidney (15), direct evidence
for the expression of a PGE synthase in the MD and
release of PGE2 from intact MD cells is lacking. Inves-
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tigating PGE2 release from MD cells is important since
a recent work actually questioned whether MD cells
are equipped with PGE2 synthetic machinery in the
normal kidney (16).

The present studies used a cloned PG receptor 
(E-prostanoid receptor-1, or EP1) to engineer a novel
biosensor tool that could be used to detect local PGE2

production. PGE2 interacts with four different G pro-
tein–coupled E-prostanoid receptors designated EP1,
EP2, EP3, and EP4 (11, 12). EP2, EP3, and EP4 couple to
adenylyl cyclase–associated G proteins to increase or
decrease cAMP generation. In contrast, EP1 is coupled
to a Ca2+-signaling mechanism that is thought to
involve inositol 1,4,5-triphosphate and diacylglycerol
formation (11, 12). Therefore, EP1-mediated effects of
PGE2 can be detected using fluorescence microscopy
and a biosensor cell expressing EP1 and loaded with a
calcium fluorophore. The present studies were under-
taken to determine, for the first time, whether the
enzymatic machinery necessary for PGE2 synthesis is
expressed in MD cells from rabbits on a standard or
low-salt diet, and to provide direct functional evi-
dence for the control of MD PGE2 release in response
to low [NaCl]L.

Methods
Materials. All materials were purchased from Sigma-
Aldrich (St. Louis, Missouri, USA) unless otherwise stat-
ed. The COX-2 inhibitor SC58236 was generously pro-
vided by Peter Isakson and Karen Siebert, and the EP1

blocker SC51322 was provided by Ed Drower (Pharma-
cia Research and Development, St. Louis, Missouri,
USA). These compounds were dissolved in DMSO with
a final DMSO concentration of below 0.1% (vol/vol).

Salt diet. Separate groups of New Zealand white rabbits
(0.5–1.0 kg) were fed standard chow (8630, 0.3% sodi-
um) or low salt (TD 90188, 0.01% sodium; both from
Harlan Teklad, Madison, Wisconsin, USA) rabbit chow
for a minimum of 1 week.

Tubule perfusion. Individual cTAL’s containing the MD
segment with attached glomeruli were dissected from
rabbit kidneys and perfused in vitro using methods sim-
ilar to those described previously (17). For these biosen-
sor studies, the cTAL containing the MD plaque was dis-
sected away from the glomerulus, so that the basolateral
surface of MD cells was accessible from the bath (Figure
1). The dissection solution was an isosmotic, low
NaCl–containing Ringer’s solution consisting of (in
mM): 25 NaCl, 120 N-methyl-D-glucamine cyclamate
(NMDG cyclamate), 5 KCl, 1 MgSO4, 1.6 Na2HPO4, 0.4
NaH2PO4, 1.5 CaCl2, 5 D-glucose, and 10 HEPES. Dis-
section was performed at 4°C. An individual cTAL was
transferred to a chamber mounted on an inverted micro-
scope. The tubule was kept in the low [NaCl] solution
until it was cannulated and perfused with the same
Ringer’s solution except containing approximately 150
mM NaCl and no NMDG cyclamate. The bathing solu-
tion was the same 150 mM NaCl Ringer’s solution and
temperature was maintained at 37°C. When removing

NaCl from the tubular perfusate, NaCl was isosmotical-
ly substituted with NMDG cyclamate, KCl with potassi-
um gluconate, and CaCl2 with calcium gluconate to
achieve an [NaCl] of 0 mM. Graduated changes in
[NaCl]L between 80 and 0 mM were achieved by isos-
motically substituting NaCl with NMDG cyclamate.

Engineering the PGE2 biosensor cells. HEK293 cells were
stably transfected with the full-length mouse E-pros-
tanoid receptor EP1. EP1 is activated specifically by
nanomolar concentrations of PGE2 and not by other
prostanoids, and produces increases in intracellular
calcium (18). HEK293 cells were transfected with a
full-length mouse EP1 cDNA cloned into pcDNA3.1
using SuperFect reagent (QIAGEN Inc., Valencia, Cal-
ifornia, USA) according to the manufacturer’s instruc-
tions. Following transfection, cells were grown and
maintained in media containing 400 µg/ml G418. Pre-
liminary studies in monolayers of EP1-transfected
HEK293 cells (HEK/EP1) exhibited increases in intra-
cellular [Ca2+] ([Ca2+]i) in response to nanomolar con-
centrations of PGE2.

Following cannulation and perfusion of a microdis-
sected cTAL/MD segment (Figure 1), a single fura-2–
loaded HEK/EP1 cell was gently positioned at the baso-
lateral membrane surface of the MD segment using a
separate holding pipette. Based on preliminary experi-
ments, HEK/EP1 [Ca2+]i also appears to be responsive to
ATP released by MD cells via endogenous purinergic
receptors (19). To exclude the effect of purinergic recep-
tors on the biosensor cell calcium signaling, 100 µM
gadolinium, which not only inhibits MD ATP release
(19, 20) but also blocks P2X receptors (21), was always
present in the bath.

Fluorescence microscopy. The [Ca2+]i of HEK/EP1 biosen-
sor cells was measured with dual excitation wavelength
fluorescence microscopy (Photon Technology Interna-
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Figure 1
Photomicrograph of the biosensor technique for assessing PGE2

release at the basolateral membrane of MD cells. The glomerulus
(G) has been dissected away from the MD plaque. A single
HEK/EP1 cell is loaded with fura-2 and held with a pipette (arrow-
head) positioned at the MD basolateral membrane surface while
perfusing the intact cTAL.
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tional, Lawrenceville, New Jersey, USA) using the fluo-
rescent probe fura-2 (TEF LABS Inc., Austin, Texas,
USA) as described previously (22). Fura-2 fluorescence
was measured at an emission wavelength of 510 nm in
response to excitation wavelengths of 340 and 380 nm
alternated at a rate of 50 Hz by a computer-controlled
chopper assembly. An adjustable photometer window
was positioned over the single biosensor cell and emit-
ted photons were detected by a Leitz photometer
(Vashaw Scientific, Atlanta, Georgia, USA) that was
modified for photon counting. Magnification was
×1,000 using an Olympus 100× UVFL lens. Autofluo-
rescence-corrected ratios (340 nm/380 nm) were calcu-
lated at a rate of 5 points/s using Photon Technology
International software. Biosensor cells were loaded with
the dye by adding 10 µM fura-2 AM dissolved in
dimethyl sulfoxide to the culture medium. Loading
required approximately 60 minutes, after which fura-2
AM was removed. The 340/380 ratios were converted
into [Ca2+]i values as described before (22) using the
methods and equation of Grynkiewicz et al. (23).

In situ hybridization. A 290-bp fragment of rabbit
microsome-associated PGE synthase (mPGES) cDNA
was obtained using RT-PCR with mPGES-selective
primers based on mouse and human conserved
sequences (5′-GCT GGT CAT CAA GAT GTA CG-3′ for
sense; 5′-CCA GGT AGG CCA CGG TGT GT-3′ for anti-
sense). This cDNA fragment was used to determine
the expression of this isoform in MD. For in situ
hybridization studies, tissues were fixed in 4% para-
formaldehyde. Tissues were embedded in paraffin and
7-µm sections were cut. Prior to hybridization, sec-
tions were deparaffinized, refixed in paraformalde-
hyde, treated with proteinase K (20 µg/ml), washed
with PBS, and treated with triethanolamine plus
acetic anhydride (0.25% vol/vol). Finally sections were
dehydrated in 100% ethanol. Antisense RNA was
hybridized to the sections at 50–55°C for approxi-
mately 18 hours as described by Pelton et al. (24). Fol-
lowing hybridization, sections were washed at 50°C
in 5× SSC plus 10 mM β-mercaptoethanol for 30 min-
utes. This was followed by a wash in 50% formamide,

2× SSC, and 100 mM β-mercaptoethanol for 60 min-
utes. Following additional washes in 10 mM Tris, 5
mM EDTA, and 500 mM NaCl, sections were treated
with 10 µg/ml RNase at 37°C for 30 minutes, fol-
lowed by another wash in 10 mM Tris, 5 mM EDTA,
and 500 mM NaCl at 37°C. Sections were then
washed twice in 2× SSC and twice in 0.1× SSC at
50°C. Slides were dehydrated with a series of graded
ethanol containing 300 mM ammonium acetate. For
detection of the hybridized probe, slides were dipped
in photoemulsion (K5; Ilford Imaging UK Ltd.,
Knutsford, United Kingdom) diluted 1:1 with 2% glyc-
erol/water and exposed for 7 days at 4°C. After devel-
opment in Kodak D19 (Eastman Kodak Co. Scientif-
ic Imaging Systems, New Haven, Connecticut, USA),
slides were counterstained with hematoxylin and
eosin. Photomicrographs were taken using a Zeiss
Axioskop (Carl Zeiss Inc., Thornwood, New York,
USA) using both bright-field and dark-field optics.

Immunofluorescence. Rabbit kidneys were perfusion-
fixed with paraformaldehyde and tissue sections were
processed as described earlier (17). Sections were sub-
jected to microwave antigen retrieval before staining
and were blocked for 40 minutes with PBS-Tween con-
taining 2% BSA to lower background fluorescence.
Subsequent blocking with goat anti-rabbit Fab IgG
(1:100; Jackson ImmunoResearch Laboratories Inc.,
West Grove, Pennsylvania, USA) was carried out for 40
minutes to reduce nonspecific binding when a rabbit
polyclonal antibody (anti-mPGES) was used on rabbit
tissue. After subsequent washings in PBS, tissues were
treated overnight with either a goat polyclonal COX-2
antibody (C-20, 1:100; Santa Cruz Biotechnology Inc.,
Santa Cruz, California, USA) that recognizes COX-2 in
various species (25) or with the affinity-purified rabbit
polyclonal mPGES antibody (1:50; Cayman Chemical
Co., Ann Arbor, Michigan, USA). After washing, there
was a 40-minute incubation with Alexa 594–conjugat-
ed donkey anti-goat IgG (1:500; Molecular Probes Inc.,
Eugene, Oregon, USA) for COX-2 sections or with

Figure 2
Effects of exogenous PGE2 (added to the bath) on [Ca2+]i of an
HEK/EP1 biosensor cell. (a) Recordings of five different HEK/EP1 cells
demonstrate almost identical sensitivities of cells to 1 µM PGE2.
HEK/EP1 [Ca2+]i responses were prevented by the coadministration
of an EP1 blocker (SC51322). (b) Dose-response curve. Each data
point represents the average of four cells studied.

Figure 3
Representative recordings of changes in HEK/EP1 [Ca2+]i/MD PGE2

release. (a) Luminal NaCl removal in the low-salt group (in contrast
to normal diet) induced significant PGE2 release from MD, but not
from distant cTAL cells, as evidenced by increases in HEK/EP1 [Ca2+]i.
(b) HEK/EP1 calcium responses (low-salt group) were inhibited by
either luminal addition of furosemide, an Na:2Cl:K cotransport
blocker, or by a selective COX-2 inhibitor (SC58236, 100 nM) or
bath SC51322 (10 µM), an EP1 blocker.



Alexa 488–conjugated goat anti-rabbit IgG (1:500; Mol-
ecular Probes Inc.) for mPGES sections. Sections were
mounted with VECTASHIELD medium containing
DAPI for nuclear staining (Vector Laboratories Inc.,
Burlingame, California, USA). Tissue sections were
examined with an Olympus IX70 inverted epifluores-
cence microscope using a 40× objective. Images were
captured using a SenSys digital camera and IPLab
Spectrum software equipped with a power microtome
(Signal Analytics Corp., Vienna, Virginia, USA).

Statistical analysis. Data are expressed as mean ± SE.
Statistical significance was tested using ANOVA. Sig-
nificance was accepted at P < 0.05.

Results
Effects of exogenous PGE2. Initial studies were performed
to assess the sensitivity of individual HEK/EP1 cells to
exogenous PGE2. Representative recordings (Figure 2a)
demonstrate that individual HEK/EP1 biosensor cells
produced very similar, reversible, and dose-dependent
(Figure 2b) elevations in [Ca2+]i in response to exoge-
nous PGE2. Calcium signals were completely abolished
(Figure 2a) when HEK/EP1 cells were preincubated
with the EP1 blocker SC51322 (10 µM).

Effects of luminal NaCl removal. Since decreasing [NaCl]L

produces MD signals that stimulate renin release, ini-
tial studies were performed in which [NaCl]L was
decreased from 150 mM to 0 mM. Removing luminal
NaCl resulted in a significant increase in [Ca2+]i of sin-
gle HEK/EP1 cells positioned next to the MD basolater-
al membrane (∆ = 29.6 ± 12.8 nM, n = 6; Figure 3a and
Figure 4b). This response was observed in preparations
from animals kept on a low-salt diet for 1 week. In con-
trast, we were unable to detect significant elevations in
HEK/EP1 cell [Ca2+]i (i.e., PGE2 release) from MD
plaques obtained from rabbits kept on a standard salt
diet (∆ = 2.8 ± 2.8 nM, n = 6) (Figure 3a and Figure 4b).
Also, this response was MD cell–specific, since the same
maneuver caused no detectable change in [Ca2+]i of

HEK/EP1 cells placed next to distant cTAL cells (Figure
3a). Luminal NaCl removal–induced HEK/EP1 calcium
responses in the low-salt group were completely inhib-
ited by luminal addition of a selective COX-2 inhibitor
(SC58236) or bath SC51322, a blocker of the receptor
EP1 (Figure 3b and Figure 4b). It should also be noted
that in low-salt diet studies there was a significant ele-
vation in biosensor cell baseline [Ca2+]i (Figure 4a).

Effects of various [NaCl]L’s and furosemide. Next we test-
ed whether our model is sensitive in the physiological
range of [NaCl]L, and if more subtle changes in [NaCl]L

can cause HEK/EP1 calcium responses. Figure 5
demonstrates that graduated changes in [NaCl]L

between 80 mM and 0 mM caused step-by-step increas-
es in HEK/EP1 cell fura-2 ratio. The most sensitive
range of [NaCl]L where the most significant changes
occurred was between 40 mM and 20 mM (Figure 5a).
The [NaCl]L producing the half-maximal effect was
around 30 mM (Figure 5b). Additional experiments
examined whether HEK/EP1 cell calcium signals are
related to changes in MD NaCl transport. Furosemide
(100 µM), a Na:2Cl:K cotransport blocker and loop
diuretic, added to the luminal perfusate significantly
inhibited the magnitude of HEK/EP1 [Ca2+]i increases
(by 81.0% ± 7.6% compared with control; n = 5, P < 0.01)
in response to 150 mM [NaCl]L removal, as illustrated
by the representative recording in Figure 3b. In the
presence of furosemide, HEK/EP1 cells were still sensi-
tive to exogenous PGE2 added to the bathing solution
(Figure 3b). Similar confirmation of HEK/EP1 biosen-
sor cell reactivity was always performed when detecting
no calcium response (such as in the normal salt group
and with COX-2 inhibitor, not shown).

Expression of COX-2 and mPGES in rabbit MD. As illus-
trated in Figure 6a, there was very little staining of the
rabbit MD with an antibody directed toward a C-ter-
minal COX-2 peptide in animals on a normal salt diet.
In contrast, the low-salt diet greatly increased the num-
ber of COX-2–immunoreactive cells in the MD (Figure
6, b and c). As with COX-2, there was a low level of
mPGES expression in the MD in the normal kidney,
but mPGES expression greatly increased in response to
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Figure 4
Biosensor HEK/EP1 cell baseline [Ca2+]i (a) and tubular NaCl
removal–induced increases in [Ca2+]i (∆[Ca2+]i) (b). A low-salt diet sig-
nificantly elevated biosensor cell baseline [Ca2+]i and ∆[Ca2+]i upon
luminal NaCl removal, compared with a normal diet. Biosensor cell cal-
cium responses were inhibited by luminal addition of a selective 
COX-2 inhibitor (SC58236, 100 nM) or bath SC51322 (10 µM), an EP1

blocker. (n = 6 in each group, *P < 0.01 compared with normal diet).

Figure 5
Luminal [NaCl] dependency of MD PGE2 release in cell preparations
from rabbits fed a low-salt diet. (a) Representative recording shows
step-by-step increases in HEK/EP1 cell fura-2 ratio in response to
graduated reductions in luminal [NaCl] from 80 to 0 mM. (b) Rela-
tionship between biosensor cell responses and luminal [NaCl]. Data
points represent mean ± SE, n = 4, all low-salt preparations.
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the low-salt diet (Figure 6e). In addition to localizing
the mPGES protein, in situ hybridization clearly
demonstrated the expression of mPGES mRNA in rab-
bit MD cells (Figure 6f). These findings indicate that
the complete enzymatic machinery necessary for PGH2

synthesis and its conversion to PGE2 is indeed present
in MD cells, and more importantly, both COX-2 and
mPGES expression are upregulated by low salt intake.

Discussion
The present studies used a modification of a recently
established biosensor technique (26) to provide direct
functional evidence, for the first time, that PGE2 is
released from the basolateral membrane of intact, per-
fused MD cells in a setting of reduced luminal salt
delivery. This bioassay was originally used to measure
cellular ATP release from the MD (19) using a rat
pheochromocytoma clonal cell line (PC12) that
endogenously expresses purinergic P2X receptors.
Instead of using a native cell line, we engineered a
novel biosensor tool, HEK293 cells transfected with
the mouse receptor EP1, to selectively detect PGE2. The
fura-2 fluorescence ratio, and consequently [Ca2+]i of
individual HEK/EP1 cells, increased in response to
exogenous PGE2 added to the bathing solution (Fig-
ure 2). The calcium responses of several individual
HEK/EP1 cells were almost identical, indicating simi-
lar EP1 density and PGE2 sensitivity (Figure 2a). Also,
calcium responses were dose-dependent and were
completely abolished by preincubation with the EP1

blocker SC51322, which is consistent with EP1-medi-
ated calcium signaling (11, 12). It is important to note
that nontransfected HEK293 cells did not increase
[Ca2+]i in response to PGE2 but did respond to exoge-

nous ATP (data not shown), presumably through
endogenously expressed purinergic receptors. This lat-
ter effect was completely blocked by gadolinium,
which not only blocks P2X receptors (21) but also
inhibits ATP release (19, 20). The experiments meas-
uring PGE2 release were therefore carried out in the
presence of gadolinium to exclude ATP purinergic sig-
naling and its effects on cell [Ca2+]i. Gadolinium did
not affect PGE2 detection by HEK/EP1 cells (similar
responses in Figure 2a and Figure 3b).

Because of the limited number and inaccessibility of
MD cells (only 15–20 cells per nephron), it has not been
possible to directly test for the release of prostanoids by
MD cells. The HEK/EP1 biosensor technique provides
a unique tool allowing the detection of PGE2 release
from single MD plaques. As shown in Figure 1, a fura-2–
loaded HEK/EP1 cell can be positioned at the MD baso-
lateral membrane surface, allowing real-time determi-
nation of basolateral PGE2 release from an intact
microperfused cTAL-MD segment.

Removing NaCl from the luminal perfusate signifi-
cantly elevated [Ca2+]i in HEK/EP1 biosensor cells, indi-
cating PGE2 release from MD cells. Importantly, not
only a single large change in luminal NaCl delivery (Fig-
ure 3a), but also more subtle reductions in [NaCl]L in
the physiological range (Figure 5a), caused detectable
PGE2 release from MD cells. The largest change in
biosensor cell responses were observed between 40 mM
and 20 mM [NaCl]L, and the half-maximal effect was
around 30 mM [NaCl]L (Figure 5b). These findings are
not only consistent with earlier work (27), but the data
are essentially identical to the previously established
[Cl]1/2, the luminal chloride concentration producing a
half-maximal renin secretory effect (27).

Additional studies using furosemide provided further
evidence that biosensor cell calcium responses (and
therefore MD PGE2 release) were related to MD NaCl
transport rather than a nonspecific effect of luminal
NaCl. Inhibition of MD Na:2Cl:K cotransport with
furosemide prevented [NaCl]L-dependent increases in
HEK/EP1 [Ca2+]i (Figure 3b), consistent with earlier
findings that furosemide blocks MD NaCl transport
dependency of renin release (27). Low distal tubular
[NaCl] is associated with states of volume depletion
and is a stimulus for MD signaling that increases syn-
thesis and release of renin from juxtaglomerular 
granular cells (3–6). Basolateral MD PGE2 release in
response to decreased luminal salt delivery represents
the physiological direction of signal transmission from
MD cells into the juxtaglomerular apparatus area.
Recent evidence has accumulated that this signaling
mechanism involves MD-derived PGs produced by
COX-2 in these cells (3–12). Consistent with this, we
found that HEK/EP1 calcium responses were inhibited
by luminal addition of a selective COX-2 inhibitor
(SC58236) or bath SC51322, a blocker of the PGE2

receptor EP1. These findings provide direct evidence
that intact MD cells release PGE2, consistent with PGE2

synthesis reported in a recently developed putative MD

Figure 6
COX-2 (a–c) and mPGES (d and e) immunofluorescence of kidney
cortex in control rabbits (a and d) and rabbits fed a low-salt diet
(b and e). Number of COX-2–positive cells (c, n = 6 in each group,
*P < 0.05 compared with normal salt diet) and mPGES expression
in the MD significantly increased in response to the low-salt diet
(LS) compared with the normal salt diet (NS). Nuclei are blue. In
situ hybridization clearly demonstrated mPGES mRNA expression
in MD cells (f).



cell line (25). In our experiments, PGE2 release appeared
to be MD cell–specific, since applying this biosensor
approach upstream using HEK/EP1 cells placed next to
distant cTAL cells produced no detectable signals (Fig-
ure 3a). However, it is possible that cTAL cells adjacent
to the MD can also synthesize and release PGE2 and
that this contributed to the detected biosensor signal.

Interestingly, we were unable to detect [NaCl]L-
dependent PGE2 release from MD cells obtained from
animals kept on a standard salt diet. Only the low-salt
diet caused consistent and significant [NaCl]L-depend-
ent increases in HEK/EP1 cell [Ca2+]i. A low-salt diet
produces an experimental model characterized by a
high renin state and is also known to increase the
expression of COX-2 in MD cells (2). Upregulation of
COX-2 in kidneys obtained from rabbits on a low-salt
diet was indeed confirmed in the present studies by
immunohistochemistry (Figure 6, a–c). Thus, similar
to findings observed in other species (2, 28), the num-
ber of COX-2–immunoreactive cells in the MD plaque
was substantially increased (by about sixfold) when ani-
mals were subjected to a low-salt diet for 1 week. This
number actually nicely correlates to findings of biosen-
sor studies in that only one of six normal salt prepara-
tions produced a biosensor calcium signal. We believe
that the failure to show MD PGE2 release in the major-
ity of normal salt preparations is mainly technical: the
chance that the biosensor cell is positioned next to a
COX-2– and mPGES-expressing (and consequently
PGE2-producing) MD cell is much higher in the low-
salt group. In other words, the sensitivity of this biosen-
sor technique is probably limited to those MD cells in
direct contact with the biosensor cell. Still, average MD
PGE2 release was much higher on the low-salt diet. If
we compare Figure 4b with Figure 2b, the estimated
amount of PGE2 released from MD cells is around
50–60 nM on the low-salt diet and only 1–2 nM on nor-
mal salt intake.

In addition to COX-2, the present studies also demon-
strated that mPGES, an enzyme capable of converting
COX-2–derived PGH2 to PGE2 (29), was also present in
the rabbit MD (Figure 6, d and f), and that mPGES
expression was greatly upregulated in response to low
salt intake (Figure 6e). Previous studies performed in
rats failed to detect mPGES in microdissected MD
(16), but whether this represents a species difference
or a difference in the physiologic status of the animals
studied remains unclear.

Not only did MD cells obtained from animals on a
low-salt diet exhibit increased PGE2 production in
response to reduced [NaCl]L, but baseline [Ca2+]i was
also increased in HEK/EP1 cells placed adjacent to the
MD (Figure 5a). Increased baseline HEK/EP1 cell
[Ca2+]i is consistent with increased COX-2 and mPGES
expression in MD cells and higher baseline PGE2 pro-
duction in these MD. NaClL removal caused an almost
immediate elevation in biosensor cell [Ca2+]i (Figure
3), suggesting a rapid activation of COX-2 and
mPGES, with synthesis and release of PGE2 from MD

cells. The rapidity of PGE2 synthesis in response to low
luminal Cl– suggests rapid activation of an intracellu-
lar signaling cascade. At present the nature of this
immediate signaling cascade, i.e., the link between
reduced [NaCl]L and COX-2 activation, remains
uncertain. Cl– transport–dependent activation of the
MAPKs ERK and p38 has recently been suggested in
cultured cells (25). However, tyrosine phosphorylation
(30) could also stimulate MD COX-2 as well as activa-
tion of phospholipase A2, and increased substrate
availability could be the cause of acute PGE2 genera-
tion (31). The biosensor technique should provide a
novel tool that will help to clarify in detail the intra-
cellular signaling mechanisms involved in MD NaCl
transport and related PGE2 production in response to
low [NaCl]L during salt deprivation.

In summary, these studies provided direct evidence for
the synthesis and release of PGE2 from intact, perfused
MD cells. Our findings are consistent with the recent
view (9) that renin release and renal vascular resistance
are critically dependent on MD COX-2– and mPGES-
derived PGE2, particularly during volume depletion.
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