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We have previously shown that in renal cortex, COX-2 expression is localized to macula densa and surrounding cortical
thick ascending limb of Henle (cTALH). Dietary salt restriction increases local expression of COX-2, which mediates renin
production and secretion. Given that decreased luminal chloride [Cl–] at the level of the macula densa increases renin
production and secretion, we investigated the role of extracellular ion concentration on COX-2 expression. Quiescent
rabbit cTALH cells were incubated in a physiological salt solution containing high or low levels of NaCl. Immunoreactive
COX-2 expression increased significantly in the low NaCl solution. COX-2 expression also increased after administration
of the Na+/K+/2Cl– cotransport inhibitor, bumetanide. Selective substitution of chloride led to increased COX-2 expression,
whereas selective substitution of sodium had no effect. The p38 MAP kinase inhibitor PD169316 decreased low NaCl-
induced COX-2 expression. Low-salt or low-chloride medium induced cultured cTALH to accumulate ≥ 3-fold higher levels
of pp38, the activated (phosphorylated) form of p38; low-salt medium also increased pJNK and pERK levels. Feeding rats
a low-salt diet for 14 days induced a significant increase in renal cortical pp38 expression, predominantly in the macula
densa and cTALH. These results suggest that reduced extracellular chloride leads to increased COX-2 expression, which
may be mediated by activation of a p38-dependent signaling pathway.
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Introduction
In the mammalian kidney, the macula densa is involved
in regulation of tubuloglomerular feedback and renin
release by sensing alterations in luminal chloride (1–4).
To our knowledge, Kotchen et al. were the first to con-
sider the possibility that intraluminal chloride concen-
trations may be the proximate mediator of macula
densa regulation of renin secretion (5), and subsequent
studies strongly suggested a preeminent role for extra-
cellular chloride in macula densa regulation of renin
secretion (6–8). The use of the isolated perfused juxta-
glomerular (JGA) preparation provided definitive con-
firmation of the role of alterations of luminal chloride
in regulation of renin secretion (9). Ion substitution
experiments of tubular perfusate demonstrated that
substitution of other cations for sodium did not affect
renin secretion, whereas substitution of other anions for
chloride led to increased renin secretion (10). Increasing
luminal NaCl from 25 to 80 mmol/L decreased renin
secretion sixfold, whereas further increases had no effect
on renin secretion, indicating the t1/2 for Cl– to be
approximately 30 mmol (8).

Macula densa sensing of luminal chloride concentra-
tion is dependent on net apical transport, mediated by
the luminal Na+/K+/2Cl– cotransport (11). The
Na+/K+/2Cl– cotransporter possesses a high affinity for

Na+ and K+, such that minimal alterations in transport
occur with physiological changes of Na+ or K+ concen-
trations; however, the affinity for chloride is lower and
falls within the range of loop chloride values, thereby
resulting in an uptake mechanism that is very sensitive
to any change in luminal chloride (12). The role of the
Na+/K+/2Cl– cotransport in this macula densa sensing
is further supported by the observation that loop
diuretics, which inhibit Na+/K+/2Cl– cotransport,
increase renin activity, even in the absence of volume
depletion (8, 13, 14).

Studies in experimental animals and in humans have
indicated that prostaglandins are important mediators
of this macula densa–regulated renin release (15–18),
and studies using the isolated perfused JGA prepara-
tion demonstrated that nonselective nonsteroidal anti-
inflammatory drugs (NSAIDs) prevented the increases
in renin release mediated by macula densa sensing of
decreases in luminal NaCl (19). NSAIDs inhibit the
enzymatic activity of cyclooxygenases, which prevent
conversion of arachidonic acid to prostaglandin G2 and
thence to prostaglandin H2 (20). There are two separate
gene products with cyclooxygenase activity, cyclooxy-
genase-1 (COX-1) and cyclooxygenase-2 (COX-2). The
gene for the “constitutive” cyclooxygenase, COX-1,
encodes a 2.9-kb transcript, and the gene for COX-2,
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the “inducible” cyclooxygenase, encodes a 4.5-kb tran-
script and increases in response to inflammatory or
mitogenic stimuli. In the kidney, COX-1 has been local-
ized to mesangial cells, arteriolar endothelial cells, pari-
etal epithelial cells of Bowman’s capsule, and cortical
and medullary collecting ducts, but not to macula
densa or cortical thick ascending limb of Henle
(cTALH). In contrast, in all mammalian species exam-
ined to date (rat, mouse, dog, rabbit, human), there is
localized and regulable COX-2 expression in macula
densa cells and surrounding cTALH cells (21–25).

Conditions in which the macula densa has been
shown to mediate renin expression and secretion, such
as dietary salt deficiency, renovascular hypertension, or
treatment with angiotensinogen-converting enzyme
(ACE) inhibitors or with loop diuretics, all increase
macula densa/cTALH COX-2 expression (21, 26–29),
and COX-2–selective inhibitors blunt increases in renin
in response to salt-deficient diets (30), ACE inhibition
(26), and experimental renovascular hypertension (27).
Direct evidence for a role of COX-2 in macula
densa–mediated renin release has recently been pro-
vided by Traynor et al., who determined that in an iso-
lated JGA preparation, increased renin release in
response to lowering the perfusate NaCl concentration
was blocked by a COX-2–selective inhibitor but not by
a COX-1–selective inhibitor (31). Although these stud-
ies indicated that COX-2–derived prostaglandins are
involved in macula densa–mediated renin release, the
signals regulating COX-2 expression have not yet been
determined. The present studies therefore examined
whether extracellular ionic composition might influ-
ence COX-2 expression.

Methods
Materials. Goat polyclonal anti-murine COX-2 anti-
body, mouse monoclonal anti-pp38, anti-pJNK, anti-
pERK antibody, goat polyclonal anti-p38 antibody, and
ATF-2 were from Santa Cruz Biotechnology Inc. (Santa
Cruz, California, USA). Goat anti-human uromucoid

(Tamm Horsfall) antibody was from ICN Biochemicals
Inc. (Costa Mesa, California, USA). Anti-goat IgG
(H+L) was from Vector Laboratories (Burlingame, Cal-
ifornia, USA), and biotin-labeled mouse anti-rabbit IgG
(H+L) antibodies were from Pierce Chemical Co. (Rock-
ford, Illinois, USA). PD98059, PD169316, H7, H8, and
2′ , 5′-dideoxyadenosine were from Calbiochem-Nov-
abiochem Corp. (La Jolla, California, USA). 32P-CTP
(3,000 Ci/mmol), Enhanced Chemiluminescence Kit
(ECL), and ECL Hyperfilm were from Amersham Life
Sciences Inc. (Arlington Heights, Illinois, USA). BCA
protein Assay Reagent kit and Immunopure ABC per-
oxidase staining kit were from Pierce Chemical Co.
Other reagents were purchased from Sigma Chemical
Co. (St. Louis, Missouri, USA).

Animals. Male Sprague-Dawley rats (Harlan Bioprod-
ucts for Science Inc., Indianapolis, Indiana, USA), ini-
tially weighing 250 g, either were maintained on nor-
mal rat chow or were given a single intraperitoneal dose
of furosemide (1 mg/kg) and then placed on rat chow
deficient in sodium (0.02–0.03% Na+) (ICN Biochemi-
cals Inc.) for 2 weeks.

Primary culture of rabbit cTALH cells. cTALH cells were
isolated from homogenates of rabbit renal cortex by
immunodissection with anti-Tamm Horsfall antibody,
as described previously (26, 32–34). Briefly, the renal
cortex was dissected, minced, and digested with 0.1%
collagenase. After blocking with 10% BSA, the sieved
homogenates were incubated with goat anti-human
Tamm Horsfall antiserum (50 mg/mL) for 30 minutes
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Figure 1
Decreased extracellular [Cl–] increases immunoreactive COX-2
(irCOX-2) expression in cultured cTAL cells. Quiescent primary cul-
tured rabbit cTAL cells were incubated with various media (described
in Table 1) for 6 hours: control, low salt, NaCl, Na gluconate, Na
isethionate, and choline chloride. AP < 0.01 compared with control.
Inset: representative experiment.

Table 1
Composition of incubation solutions

Solution Composition [Na+] [Cl–]
(mM)

Low salt 25 NaHCO3 26 7
0.96 NaH2PO4

0.24 Na2HPO4

5.0 KCl
1.2 MgSO4

1.0 CaCl2
5.5 glucose

NaCl 100 mM added 126 107
Na gluconate 100 mM added 126 7
Na isethionate 100 mM added 126 7
NaNO3 100 mM added 126 7
Choline chloride 100 mM added 26 107
Mannitol 200 mM added 26 7



on ice, followed by washing and addition to plastic
Petri dishes coated with anti-goat IgG (8 mg/mL).
Attached cells resistant to washing were dislodged and
grown to confluence in DME/F12 with 10% FCS. Qui-
escent cTALH cells (grown overnight in the absence of
FCS) were then exposed to the various solutions or
agents for the indicated time before protein isolation.

p38 kinase activity assay. The assay procedure was mod-
ified from methods published previously (35). Conflu-
ent quiescent cTALH cells were exposed to the indicat-
ed condition for 3 hours, then washed with ice-cold
PBS and lysed with lysis buffer (20 mM Tris [pH 7.4],
137 mM NaCl, 2 mM EDTA, 1% Triton X-100, 25 mM
glycerophosphate, 1 mM sodium orthovanadate, 2 mM
sodium pyrophosphate, 10 glycerol, 1 mM PMSF, and
1 µg leupeptin). After brief centrifugation, an aliquot
of the cell suspension was removed for protein meas-
urement; subsequently, 150 µg of protein was incubat-
ed with anti-p38 and precipitated with protein agarose
AG. The precipitates were washed five times with
kinase buffer (25 mM HEPES [pH 7.4], 25 mM β-glyc-
erophosphate, 25 mM MgCl, 2 mM DTT, 0.1 mM sodi-
um vanadate, and 25 µM ATP), and dissolved with
kinase buffer, followed by kinase reaction with ATF-2
(Santa Cruz Biotechnology Inc.) and 32P-ATP at 30°C
for 20 minutes. The kinase reaction was stopped by
centrifugation at 12,000 g for 2 minutes and an equal
volume sample buffer was added to the supernatant,
boiled for 5 minutes, and separated by 10% SDS-PAGE.
After drying the gel, it was exposed to Kodak X-Omat
AR film (Eastman Kodak Co., Rochester, New York,
USA) with an intensifying screen at –70° C.

Immunoblotting. Cells or renal cortex was homogenized
with RIPA buffer and centrifuged, an aliquot taken for
protein measurement, and the rest heated to 100°C for
5 minutes with sample buffer. Renal cortical micro-

somes were isolated as described previously (21). Equal
volumes of protein were separated on 8% (for COX-2) or
12% SDS gels under reducing conditions and transferred
to Immobilon-P transfer membranes (Millipore, Bed-
ford, Massachusetts, USA). The blots were blocked
overnight with 100 mM Tris-HCl (pH 7.4) containing 5%
nonfat dry milk, 3% albumin, and 0.5% Tween-20, fol-
lowed by incubation for 16 hours with the primary anti-
body. The secondary biotinylated antibody was detected
using avidin and biotinylated horseradish peroxidase
(Pierce Chemical Co.) and exposed on film using ECL.

Immunohistochemistry. Under deep anesthesia with pen-
tobarbital (70 mg/kg intraperitoneally), rats were exsan-
guinated with 50 mL/100 g heparinized saline (0.9%
NaCl, 2 U/mL heparin, 0.02% sodium nitrite) through a
transcardial aortic cannula and fixed with glutaralde-
hyde-periodate acid saline (GPAS), as described previ-
ously (26). GPAS contains final concentrations of 2.5%
glutaraldehyde, 0.01 M sodium metaperiodate, 0.04 M
sodium phosphate, 1% acetic acid, and 0.1 M NaCl and
provides excellent preservation of tissue structure and
pp38 antigenicity. The fixed kidneys were dehydrated
through a graded series of ethanols, embedded in paraf-
fin, sectioned at 4-µm thickness, and mounted on glass
slides. The first antibody (rabbit polyclonal anti-pp38
[New England Biolabs Inc., Beverly, Massachusetts, USA]
or polyclonal rabbit anti-murine COX-2 antiserum [Cay-
man Chemical, Ann Arbor, Michigan, USA]) was local-
ized using Vectastain ABC-Elite (Vector Laboratories)
with diaminobenzidine as the chromogen, followed by a
light counterstain with toluidine blue.

Statistical analysis. All values are presented as mean ±
SEM. ANOVA and Bonferroni t tests were used for sta-
tistical analysis, and differences were considered sig-
nificant when P < 0.05.
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Figure 2
Time course of COX-2 expression in cTAL induced by low-salt medi-
um. Primary cultured cTAL cells were incubated in low-salt medium
for the indicated time. (n = 4–13). AP < 0.05, BP < 0.01 compared
with base line. Inset: representative experiment.

Figure 3
Effects of mannitol addition to low-salt medium. Lane 1, control; lane
2, low salt; lane 3, low salt + NaCl; lane 4, low salt + 200 mM manni-
tol. AP < 0.01 compared with control. Inset: representative experiment.



Results
To determine the role of alterations in extracellular
ions on expression of COX-2, quiescent cultured
cTALH cells were incubated in solutions of varying
ionic composition, indicated in Table 1. Immunoreac-
tive COX-2 was expressed as the fold increase compared
with quiescent control cells maintained in DME/F12.

When cTALH were incubated in low-salt medium for
6 hours, immunoreactive COX-2 expression increased
significantly (3.9 ± 0.4–fold control; n = 13; P < 0.01)
(Figure 1). When the cells were incubated in the same
solution in which 100 mM NaCl had been added (NaCl
solution), COX-2 expression was not different than in
cells incubated in DME/F12 (1.1 ± 0.2–fold control; 
n = 5). Similarly, when 100 mM choline chloride was
added (final [Cl–] = 107 mM), COX-2 expression was
not increased above base line (1.1 ± 0.3–fold control; 
n = 5). In contrast, when additional sodium was added
with either Na gluconate or Na isethionate, COX-2
expression was significantly increased (3.1 ± 0.4– and
3.9 ± 0.6–fold control, respectively; n = 5; P < 0.01 com-
pared with control) (Figure 1). Similar increases were
seen with NaNO3 substitution (2.5 ± 0.15–fold control;
n = 3; P < 0.02 compared with control). A time course of
COX-2 expression after exposure of cTALH cells to low-
salt solution indicated detectable increases in expres-
sion within 1 hour, an apparent peaking within 6 hours
(3.9 ± 0.4–fold control), and increased expression for up
to 16 hours (3.4 ± 0.5–fold control; P < 0.01) (Figure 2).

To investigate whether decreases in extracellular
osmolarity were involved in the increased COX-2
expression in response to low extracellular NaCl, 200
mM mannitol was added to low-salt medium. Under
these conditions, COX-2 expression was still signifi-
cantly increased (3.0 ± 0.1–fold control; n = 3, P < 0.05)
(Figure 3). cTALH cells exposed to bumetanide (50 µM)

in the NaCl solution increased immunoreactive COX-
2 expression significantly (2.4 ± 0.1–fold control; n = 4;
P < 0.01 compared with control) (Figure 4).

To identify possible signaling pathways involved in
the induction of COX-2 expression by altered extra-
cellular ionic content, cTALH cells were incubated in
low-salt solution in the presence of kinase inhibitors.
As indicated in Figure 5, incubation with the protein
kinase C inhibitor, H7 (1 µM); the protein kinase A
inhibitor, H8 (1 µM); or the adenylate cyclase
inhibitor, dideoxyadenosine (100 µM), failed to
attenuate significantly the elevated immunoreactive
COX-2 expression (2.8 ± 0.7–, 2.8 ± 0.8–, and 3.0 ±
0.5–fold control, respectively; n = 5; P < 0.05 com-
pared with control). In contrast, the p38 mitogen-
activated protein kinase–specific (MAPK-specific)
inhibitor, PD169316 (1 µM), significantly blocked
COX-2 upregulation induced by low-salt medium
(1.0 ± 0.3–fold control; n = 5; P < 0.05 compared with
low salt only). The MEK1 inhibitor, PD98059 (1 µM),
produced numerical but not statistically significant
decreases in COX-2 expression (2.2 ± 0.4–fold con-
trol; n = 5; P = NS compared with low salt only).

Immunostaining with an antibody that recognizes
specifically the phosphorylated form of p38 indicated
that pp38 expression increased significantly in cultured
cTALH incubated for 6 hours in low-salt medium (3.4 ±
0.4–fold control; n = 8; P < 0.01 compared with control)
(Figure 6a). There were no increases in COX-2 expres-
sion in cells incubated in NaCl or choline chloride solu-
tions (0.9 ± 0.1– and 1.2 ± 0.2–fold control; n = 5; P = NS
compared with control), but selective removal of extra-
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Figure 4
Bumetanide increases COX-2 expression in cultured cTAL. Lane 1, con-
trol; lane 2, bumetanide (50 µM) in NaCl solution; lane 3, low salt. 
AP < 0.01 compared with control. Inset: representative experiment.

Figure 5
The p38 specific inhibitor, PD169316, prevents increases in the COX-
2 expression in cTAL cells exposed to low-salt medium. Quiescent cTAL
cells were maintained in DME/F12 medium (lane 1), incubated for 6
hours in low-salt medium alone (lane 2), or in low-salt medium in the
presence of MEK1 inhibitor, PD98059 (1 µM) (lane 3); p38 MAP
kinase inhibitor, PD169316 (1 µM) (lane 4); PKA kinase inhibitor, H8
(1 µM) (lane 5); PKC kinase inhibitor, H7 (1 µM) (lane 6); or adeny-
late cyclase inhibitor, dideoxyadenosine (100 µM) (lane 7) (n = 5). 
AP < 0.01 compared with control. Inset: representative experiment.



cellular chloride (Na iºsethionate) induced the same
increase in pp38 expression as low salt (3.3 ± 0.2–fold
control; n = 5; P < 0.01 compared with control). Total
immunoreactive p38 expression was unchanged (data
not shown). p38 activity in cultured cTALH was also
measured using ATF-2 as a substrate. p38 activity was
low in cTALH in DME/F12 or NaCl or choline chloride
solutions but was increased when incubated in low-salt
or Na isethionate solutions (Figure 6b).

pp38 expression increased in response to low salt by
30 minutes, with a peak at 3–6 hours (3.0 ± 0.3–fold and
3.4 ± 0.4–fold, respectively; n = 3; P < 0.01 compared
with control) (Figure 6c). Determination of the time
course of expression of the activated forms of other
MAPKs, activated jun kinase (pJNK) and activated ERK
(pERK) indicated relatively small increases in expression
above base line, with early and transient peak increases
(pJNK: 1.7 ± 0.4–fold control at 30 minutes; pERK: 1.3
± 0.1–fold control at 15 minutes; n = 3) (Figure 6d).

To determine whether alterations in p38 activity are
observed in vivo in conditions in which macula
densa/cTALH COX-2 expression is increased, rats were
placed on a salt-deficient diet for 14 days. In renal cortex,
a low-salt diet induced a significant increase in immunore-
active pp38 expression (3.9 ± 0.6; n = 3; P < 0.05 compared
with control) (Figure 7). In control rat cortex, immunore-
active pp38 expression was predominantly localized to the
macula densa and cTALH (Figure 8, a and c). The local-
ization of pp38 expression was similar in the animals on
a low-salt diet, but the intensity of expression was
increased (Figure 8, b and d), consistent with the increas-
es detected by immunoblotting and in a similar distribu-
tion as renal cortical COX-2 expression (Figure 8, e and f).

Discussion
Inhibition of renin expression and secretion after admin-
istration of COX-2–selective inhibitors suggests a direct
role for COX-2–derived prostanoids in renin regulation.
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Figure 6
(a) Decreased extracellular [Cl–] increases pp38 expression in cultured cTAL cells. Cultured cTAL cells were incubated in the indicated solu-
tion for 6 hours. (lane 1) control; (lane 2) low salt; (lane 3) Na isethionate; (lane 4) choline chloride; (lane 5) NaCl. AP < 0.01 compared
with control; n = 5. Inset: representative experiment. (b) Decreased extracellular [Cl-] increases p38 kinase activity in cTAL cells. cTAL cells
were incubated in different media for 6 hours, and p38 kinase activity was measured as described in Methods, using ATF2 as substrate. (lane
1) control; (lane 2) low salt; (lane 3) NaCl; (lane 4) Na isethionate; and (lane 5) choline chloride. (c) Time course of pp38 expression in
cTAL incubated in low-salt medium. Cells were incubated in low-salt medium 0–16 hours (n = 3). AP < 0.01 compared with base line. (d)
Time course of pJNK and pERK expression in cTAL incubated in low-salt medium.



PGE2 and PGI2 have been shown to mediate renin secre-
tion in in vitro preparations (15, 16, 18, 36) and in pri-
mary cultures of juxtaglomerular cells (37), and inhibi-
tion of prostaglandin production with selective COX-2
inhibitors inhibits renin production and secretion (26,
27, 30, 31). In vitro studies in cultured mesangial cells
previously demonstrated the existence of a Ca2+-activat-
ed Cl– conductance and determined that decreased
ambient Cl– attenuated the responsiveness of mesangial
cells to vasoactive agonists such as angiotensin II and
vasopressin and increased prostaglandin and nitric oxide
production (38, 39). However, in normal kidney, extra-
glomerular mesangial cells do not express COX-2, mak-
ing it less likely that these cells are the source of the
renin-regulating prostanoids. In contrast, COX-2 expres-
sion in macula densa and surrounding cTALH increases
significantly in high renin states (21, 26–29).

The increase in cTALH/macula densa COX-2 expres-
sion in high renin states suggested that the signals
mediating increased renin, namely decreased luminal
chloride, might also be involved in mediating increased
COX-2 expression. In the present studies, decreasing
extracellular NaCl or selectively decreasing extracellu-
lar Cl– stimulated COX-2 expression in cultured
cTALH cells. Increased COX-2 expression was not sec-
ondary to alterations in extracellular osmolarity and
could be mimicked by administration of bumetanide,
suggesting that ion transport via Na+/K+/2Cl– cotrans-
port was involved in regulating COX-2 expression.

Studies with kinase inhibitors indicated complete
inhibition of the increased COX-2 expression in
response to decreased extracellular NaCl with the p38
inhibitor, PD169316 (40, 41), suggesting a role for
p38 in the COX-2 regulation. Our studies further
determined that pp38 expression and p38 activity
increased in cultured cTALH response to low-NaCl or
low-chloride media, that pp38 was localized predom-

inantly to cTALH and macula densa in vivo, and that
expression increased in animals on a low-salt diet.

Although we did not observe significant increases in
ERK phosphorylation, p98059 did partially inhibit
increased COX-2 expression. PD98059 has been report-
ed to be a specific inhibitor of MEK1, which selectively
activates ERKs (42). The trend toward partial inhibi-
tion with PD98059 suggests either a role for ERK acti-
vation or the possibility that in the cultured cTALH
cells, PD98059 may also inhibit kinases involved in p38
and/or JNK activation or have other, nonspecific effects
(43). As noted, we also observed a transient early
increase in pJNK, raising the possibility that JNK may
also be involved in the initial signaling to increase
COX-2 expression. The lack of specific inhibitors of the
JNK pathway will necessitate alternative approaches,
such as transfection with dominant negative muta-
tions, to determine definitively the role of JNK in the
low Cl–-induced activation.

The mechanism by which low ambient Cl– activates
p38 and other MAPKs in cTALH and macula densa
has not yet been determined. MAPKs are activated by
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Figure 7
Expression of pp38 in rat renal cortex in response to dietary salt
restriction. Male Sprague-Dawley rats (250 g) were maintained on
normal chow or a salt-deficient diet for 14 days. Renal cortical pp38
increased significantly in low-salt rats. AP < 0.05 compared with con-
trol; n = 3. Inset: representative experiment.

Figure 8
Localization of pp38 in rat renal cortex in response to dietary salt.
Immunoreactive pp38 expression was detected at low (×10) (a and
b) and higher (×32) power (c and d) in rats maintained on normal
chow (a, c, and e) or a salt-deficient diet for 14 days (b, d, and f).
Note restriction of pp38 expression to cTALH and tubular expression
in the animals on the salt-deficient diet (arrowheads in a and b). Low
salt increased pp38 expression in macula densa and surrounding
cTALH (arrows in c and d). For comparison, increased macula
densa/cTALH COX-2 expression is presented (e and f). (Figure widths:
a and b: 700 µm; c–f: 212 µm).



sequential phosphorylation of an MEK activator and
an MEK (MAPK activator), which activates MAPK by
dual phosphorylation of tyrosine and threonine
residues (44, 45). In general ERKs regulate cell growth
and differentiation and are activated by mitogens,
whereas JNK and p38 pathways participate in stress
responses and are activated by cellular stresses such as
ultraviolet light, x-rays, free radicals, heat and osmot-
ic shock, and withdrawal of growth factors, as well as
by inflammatory cytokines such as TNF and IL-1β.
(46, 47). It is noteworthy that the yeast homologue of
p38, HOG, is activated by hyperosmolarity, and in
mammalian cells, p38 has been shown to be activated
by both hypo- and hyperosmolarity (46–49). The pres-
ent studies are the first to our knowledge to demon-
strate that p38 can be activated in response to altered
extracellular Cl–, even under isosmotic conditions.
Increased p38 activity was observed when either rela-
tively impermanent (isethianate, gluconate) or perme-
ant (nitrate) anions were substituted for Cl–.

MAPKs have been demonstrated to increase COX-2
expression in other cell types, including activation by
ERKs (50, 51), JNK (51–53), and p38 (50–52, 54–56). It
has been suggested that MAPKs mediate COX-2 tran-
scription via activation of a cyclic AMP–response ele-
ment (CREB) in association with either C/EBP (57) or
ATF1 sites (58). In addition, p38 has also been shown
to increase COX-2 expression by posttranscriptional
regulation (mRNA stabilization) (56). Preliminary
studies in which cultured cTALH were transiently
transfected with a construct containing the mouse
COX-2 promoter coupled to GFP indicate increased
COX-2 transcription in response to decreased extra-
cellular NaCl (H.-F. Cheng and R.C. Harris, unpub-
lished results), but further studies will be required to
determine mechanisms of transcriptional activation
and to explore whether posttranscriptional regulation
of COX-2 is also involved. Another unanswered ques-
tion requiring further investigation is whether expres-
sion of other proteins important for cTALH and mac-
ula densa function, such as nNOS and ion
transporters, is also regulated by p38 and/or other
MAPKs. It remains possible that the observed increas-
es in COX-2 expression may result from increased pro-
duction of other mediators of COX-2 activity, such as
NO (34), in addition to or instead of direct alteration
of COX-2 gene transcription by p38.

Immunoisolation of cTALH cells was originally
described by Allen et al. (32) and has been used to attain
primary cultured cells that retain characteristics of
CTLAH in vivo (26, 33, 34, 59). We have previously
determined that these cells express immunoreactive
COX-2 (26) and nNOS (34); however, they also express
Tamm Horsfall, which is characteristic of cTALH but
not macula densa cells. Although both COX-2 and
nNOS are expressed by macula densa in vivo (21, 60),
the surrounding cTALH are also capable of expressing
both enzymes, especially in high renin states (21,
61–63). It is noteworthy that under these conditions,

COX-2 expression occurs at the distal end of the loop of
Henle, at the point where luminal chloride concentra-
tion is lowest. Therefore, the in vitro observation that
decreased extracellular Cl– induced increased expression
of COX-2 in cTALH offers an explanation why COX-2
expression in vivo occurs at the macula densa and sur-
rounding cTALH, the site of the thick limb with the
lowest luminal NaCl concentration, and why macula
densa and cTALH COX-2 expression increases with salt
depletion and decreases with volume expansion.

In summary, these results suggest that alterations in
extracellular chloride may increase COX-2 expression
in macula densa and surrounding cTALH at least in
part by increasing p38 activity. Increased COX-2 expres-
sion in these conditions may be one mechanism by
which the macula densa regulates renin expression.
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