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Silva GB, Atchison DK, Juncos LI, García NH. Anandamide inhibits
transport-related oxygen consumption in the loop of Henle by activating CB1
receptors. Am J Physiol Renal Physiol 304: F376–F381, 2013. First pub-
lished December 5, 2012; doi:10.1152/ajprenal.00239.2012.—The energy
required for active Na chloride reabsorption in the thick ascending
limb (TAL) depends on oxygen consumption and oxidative phosphor-
ylation (OXP). In other cells, Na transport is inhibited by the endog-
enous cannabinoid anandamide through the activation of the canna-
binoid receptors (CB) type 1 and 2. However, it is unclear whether
anandamide alters TAL transport and the mechanisms that could be
involved. We hypothesized that anandamide inhibits TAL transport
via activation of CB1 receptors and NO. For this, we measured
oxygen consumption (QO2) in TAL suspensions to monitor the anan-
damide effects on transport and OXP. Anandamide reduced QO2 in a
concentration-dependent manner. During Na-K-2Cl cotransport and
Na/H exchange inhibition, anandamide did not inhibit TAL QO2. To
test the role of the cannabinoid receptors, we used specific agonists
and antagonists of CB1 and CB2 receptors. The CB1-selective agonist
WIN55212–2 reduced QO2 in a concentration-dependent manner.
Also, the CB1 receptor antagonist rimonabant blocked the effect of
anandamide on QO2. In contrast, the CB2-selective agonist JHW-133
had no effect on QO2, while the CB2 receptor antagonist AM-630
failed to block the anandamide effects on QO2. To confirm these
results, we measured CB1 and CB2 receptor expression and only CB1
expression was detected. Because CB1 receptors are strong nitric
oxide synthase (NOS) stimulators and NO inhibits transport in TALs,
we evaluated the role of NO. Anandamide stimulated NO production
and the NOS inhibitor NG-nitro-L-arginine methyl ester blocked the
anandamide effects on QO2. We conclude that anandamide inhibits
TAL Na transport-related QO2 via activation of CB1 receptor and
NOS.

NKCC2; salt absorption; NHE; hypertension

IN THE LOOP OF HENLE, the thick ascending limb reabsorbs
15–25% of the filtered NaCl. This process generates the cor-
tico-medullary osmotic gradient required for water reabsorp-
tion and urine concentration. In this regard, factors that pro-
mote NaCl reabsorption and thus salt and water excretion (10,
11) do so by active transcellular Na transport via apical Na/H
exchange and Na-K-2Cl cotransport (10).

Anandamide (arachidonic acid N-hydroxyethylamide) is an
autocrine/paracrine factor synthesized in the kidney (6), whose
effects are mediated by the cannabinoid type 1 (CB1) and type

2 (CB2) receptors. Several of these anandamide-induced ef-
fects include controlling Na transporters through CB1 recep-
tors in diverse living systems. In addition, it has been reported
that anandamide potently inhibits amino-acid transporters in a
Na-dependent manner in neural tissue (26). Also, in parathy-
roid and neuronal tissues anandamide blocks the Na (20) and K
currents, controlling hormonal-derived responses (23).

The anandamide effects on renal tissue are unclear. In fact,
direct “in vivo” studies addressing anandamide effects on Na
reabsorption are at best inconclusive. For instance, studies by
Koura et al. (15) showed that anandamide decreases glomeru-
lar filtration rate through efferent arteriolar dilation (via CB1
and non-CB1 receptors) but it does not affect Na excretion rate
(15). On the other hand, Ritter et al. (24) have recently reported
that renal intramedullary infusion of anandamide increases
urinary Na and volume excretion (24). While these various
effects could be explained in terms of renal hemodynamics, the
role of anandamide on tubular transport remains unclear.

In spite of these opposite results, anandamide may regulate
Na transport in the kidney particularly at the level of the
medullary thick ascending limb. Indeed, in this segment, anan-
damide could inhibit transport by two different mechanisms.
First, anandamide is associated to the nitric oxide (NO) syn-
thase system in renal arterial segments and neuronal cells via
CB1-mediated activation (6) and NO is a potent Na transport
inhibitor in the thick ascending limb (9, 28). Second, anand-
amide also inhibits oxidative phosphorylation in several cell
types (30). Because thick ascending limb transport is highly
dependent on active transport, anandamide-induced inhibition
of oxidative phosphorylation and the consequent decrease in
ATP production could reduce Na reabsorption in this segment.
At present, it is unknown whether anandamide inhibits trans-
port in the thick ascending limb and, if so, the mechanism(s)
involved. We therefore hypothesized that anandamide inhibits
thick ascending limb transport via activation of CB1 receptors
and NO.

METHODS

Animals. This study was approved by the J. Robert Cade Founda-
tion Institutional Animal Care and Use Committee. All studies were
conducted according to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Male Wistar rats weighing
150–200 g were fed a regular chow (Grupo Pilar) for 7–10 days
before the experiments.

Rat medullary thick ascending limb suspensions. Medullary thick
ascending limb suspensions were prepared as described previously
(28, 29). Kidneys were perfused via a catheter placed in the abdominal
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aorta with 40 ml of 0.1% collagenase type I (Sigma-Aldrich) and 100
U heparin in HEPES-buffered physiological saline containing the
following (in mM): 130 NaCl, 4 KCl, 2.5 NaH2PO4, 1.2 MgSO4, 2
calcium dilactate, 5.5 glucose, 6 D/L-alanine, 1 trisodium citrate, and
10 HEPES. The inner stripe of the outer medulla was dissected from
coronal slices of the kidneys. The tissue was minced and incubated at
37°C for 30 min in 0.1% collagenase type I while agitating the
suspension and gassing it with 100% oxygen every 5 min. Tissue was
centrifuged at 93 for 2 min, resuspended in cold HEPES-buffered
physiological saline, and stirred on ice for 30 min. The resulting
tubule suspension was filtered through a 250-�m nylon mesh and
spun again for 2 min. The pellet was washed and resuspended in 1 ml
cold HEPES-buffered physiological saline. At least 93% of tubules in
these suspensions are thick ascending limbs (4).

Measurement of oxygen consumption. To examine the effect of
anandamide on tubular transport, we used oxygen consumption. This
technique monitors effects on both transport and cell metabolism.
Oxygen consumption can be used to measure Na transport because it
is stoichiometrically related to Na transport, and 35–50% of total
oxygen consumption by the thick ascending limb is associated with
NaCl transport (4, 19, 27, 28). To measure oxygen consumption, thick
ascending limbs were suspended in 0.1 ml of HEPES-buffered phys-
iological saline warmed to 37°C and equilibrated with 100% oxygen.
Then, they were added to a closed chamber at 37°C and oxygen
consumption was recorded continuously using a Clark electrode.
Initial and constant slopes were established for the experiment for 6
min. Then treatments were added. The effect of a treatment was
measured after a new stable slope was established for at least 3–4 min.
Only one treatment was tested per suspension. All experiments were
completed within 20 min. At the end of the experiment, an aliquot of
the suspension was used to determine protein content. All results were
normalized by protein content.

Measurement of intracellular NO. Intracellular NO in thick ascend-
ing limbs was measured using the NO-selective fluorescent dye 4,
5-diaminofluorescein diacetate (DAF-2DA; EMB Biosciences). Sus-
pensions of medullary thick ascending limbs were loaded by incubat-
ing them at 37°C with 10 �M DAF-2DA for 20 min in HEPES-
buffered physiological saline. Tubules were spun at 96 g for 2 min; the
pellet was washed three times and resuspended in 1 ml HEPES-
buffered physiological saline at 37°C gassed with 100% oxygen. Once
the tubules were loaded, they were placed in the chamber of fluores-
cence spectrophotometer. After a 10-min equilibration, measurements
were taken for 10 s once every min for 5 min as a baseline. Then,
anandamide was added and fluorescence was measured for 10 min,
taking the last 5 min as the experimental period. The dye was excited
with a low-pressure mercury arc lamp at 488 nm, and emitted
fluorescence was measured at 510 nm. Time control experiments were
performed to test the stability of the dye. In some experiments, the
NOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME; Sigma)
was added to the chamber at the beginning of the equilibration period.

Western blot of CB1 and CB2 receptors. Tubules were centrifuged
at 96 g and lysed in a buffer containing the following (in mM): 150
NaCl, 50 HEPES (pH 7.5), 2 EDTA, 4 benzamidine; (in �g/ml): 5
antipain, 10 aprotonin, 5 leupeptin, 5 chymostatin, 5 pepstatin A plus
0.1% SDS, and 0.01% Triton X (Sigma). Samples were centrifuged at
6,000 g for 5 min at 4°C. Protein in the supernatant was measured, and
then equal amounts were loaded onto sodium dodecyl sulfate-polyac-
rylamide gels (8%). Proteins were separated by electrophoresis and
transferred to a nitrocellulose membrane at 80 mA. Membranes were
incubated in blocking buffer containing 50 mM Tris, 500 mM NaCl,
5% nonfat dried milk, and 0.1% Tween-20 for 60 min. Then, a 1:1,000
dilution of a monoclonal antibody against CB1 or CB2 receptors
(Abcam) was added in blocking buffer for 60 min at room tempera-
ture. Membranes were washed in a buffer containing 50 mM Tris, 500
mM NaCl and 0.1% Tween-20 and incubated with a 1:1,000 dilution
of a secondary antibody against the appropriate IgG conjugated to
horseradish peroxidase (Bio-Rad). The reaction products were de-

tected with a chemiluminescence kit. The signal was detected by
exposure to Kodak film. Brain homogenates were used as positive
controls.

Protein content measurement. Total protein content was deter-
mined using the Bradford’s colorimetric method.

Statistics. Data are reported as means � SE. Differences in means
were analyzed using either Student’s t-test for paired experiments or
ANOVA for multiple comparisons when appropriate to determine
significance.

RESULTS

We first measured the effect of anandamide on basal oxygen
consumption by generating a concentration-response curve.
We found that increasing concentrations of anandamide (Cay-
man) from 0.01, to 0.1 to 1 and 10 �M decreased oxygen
consumption in a concentration-dependent manner. At the
maximum concentration tested, anandamide inhibited oxygen
consumption by 21 � 4% (Fig. 1). In control experiments,
vehicle had no effect on oxygen consumption.

We next examined the ability of anandamide to decrease
oxygen consumption in the presence of the apical transport-
ers Na/H exchanger and Na-K-2Cl cotransporter inhibitors.
As expected, in the presence of dimethyl amiloride (Sigma-
Aldrich; 100 �M) and furosemide (Sanofi-Aventis; 100 �M),
basal thick ascending limb oxygen consumption was reduced
(60.5 � 5.1 nmol O2·min�1·mg protein�1). After addition of
anandamide (1 �M), thick ascending limb oxygen consump-
tion remained unchanged (62.1 � 8.1 nmol O2·min�1·mg
protein�1; n � 5; Fig. 2). In control experiments, vehicle did
not alter thick ascending limbs oxygen consumption (69.2 �
3.8 vs. 67.3 � 11.7 nmol O2·min�1·mg protein�1; n � 5).
Taken together, these data indicate that the inhibitory effects of
anandamide on oxygen consumption are linked to thick as-
cending limb transport.

To elucidate the signaling involved in the inhibition of
transport by anandamide we then tested the effect of the
CB1-selective agonist WIN55212–2. We found that increasing
concentrations of WIN55212–2 (Enzo Life Sciences) from 0.1
nM to 1 �M and 10 �M decreased oxygen consumption in a
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Fig. 1. Effect of anandamide on thick ascending limb oxygen consumption.
Inhibition in oxygen consumption caused by anandamide represented by �
(basal � treatment). *P � 0.05 vs. basal; n � 3–6 for each dose.
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concentration-dependent manner. At the maximum concentra-
tion tested, WIN55212–2 inhibited oxygen consumption by
32.1 � 1.3% (Fig. 3). To confirm these results, we studied the
effect of anandamide on oxygen consumption in the presence
and absence of the CB1-selective antagonist Rimonabant (Cay-
man). In the absence of rimonabant, basal thick ascending limb
oxygen consumption was 140.3 � 6.5 nmol O2·min�1·mg
protein�1. After addition of anandamide (1 �M), thick ascend-
ing limb oxygen consumption decreased to 113.8 � 5.8 nmol
O2·min�1·mg protein�1 (n � 5; P � 0.03 vs. basal). In
contrast, in the presence of Rimonabant (10 �M), thick as-
cending limb oxygen consumption was 130.9 � 9.0 nmol
O2·min�1·mg protein�1. After addition of anandamide (1 �M),
thick ascending limbs oxygen consumption remained constant
at 133.5 � 9.8 nmol O2·min�1·mg protein�1 (Fig. 4; n � 5).

To rule out a role of CB2 receptors on transport, we tested
the ability of the CB2-selective agonist JWH-133 (Tocris

Biosciences) to inhibit thick ascending limbs oxygen consump-
tion. We found that after adding JWH-133 from 0.1 to 1 �M
and 10 �M, thick ascending limb oxygen consumption re-
mained without any significant change (Fig. 5). To confirm
these results we examined the efficacy of anandamide on
oxygen consumption in the presence and absence of the CB2-
selective antagonist AM-630. In the absence of AM-630 (Cay-
man), basal thick ascending limb oxygen consumption was
116.6 � 6.3 nmol O2·min�1·mg protein�1. After addition of
anandamide (1 �M), thick ascending limb oxygen consump-
tion decreased to 97.2 � 4.5 nmol O2·min�1·mg protein�1

(n � 5; P � 0.02 vs. basal). In similar experiments in the
presence of AM-630 (10 �M), thick ascending limbs oxygen
consumption was 123.9 � 1.8 nmol O2·min�1·mg protein�1.
After addition of anandamide (1 �M), thick ascending limbs
oxygen consumption decreased to 106.4 � 3.1 nmol
O2·min�1·mg protein�1 (Fig. 6; n � 5; P � 0.03 vs. basal). In
control experiments, vehicle had no effect on oxygen con-
sumption. To further confirm these results, we studied CB1 and
CB2 expression in the thick ascending limb by Western blot.
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Fig. 2. Effect of anandamide (ANA) on oxygen consumption in thick ascend-
ing limbs during inhibition of Na�/H� exchanger and the Na�-K�-2Cl�

cotransporter. Addition of anandamide in the presence of apical transporters
blockers Na�/H� exchanger and the Na�-K�-2Cl� cotransporter inhibitors
di-methyl-amiloride (DMA) and furosemide (FUR) did not inhibit oxygen
consumption, indicating that anandamide inhibits transport (n � 5).

WIN 55212-2 concentration (µM)

∆
 O

xy
ge

n 
co

ns
um

pt
io

n
(n

m
ol

/m
in

/m
g 

pr
ot

ei
n)

-50

-40

-30

-20

-10

0
Vehicle 0.1 1 10

*

*

*

Fig. 3. Inhibition of in thick ascending limb oxygen consumption caused by the
specific cannabinoid receptor type 1 (CB1) receptor agonist WIN55212 rep-
resented by � (basal � treatment). *P � 0.03 vs. basal; n � 4–6 for each dose.
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Fig. 4. Effect of anandamide on thick ascending limb oxygen consumption
during inhibition of CB1 receptors. Addition of anandamide in the presence of
the CB1 receptor blocker rimonabant (10 �M) did not inhibit thick ascending
limb oxygen consumption (n � 5).
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As positive control we used whole brain homogenates. We
found that CB1 receptors are expressed in medullary thick
ascending limb suspensions, while CB2 receptors were absent
(Fig. 7). This absence of CB2 receptors by Western blot could
indicate that these receptors are not expressed in thick ascend-
ing limb, at least under these experimental conditions. Thus,
taken together, these data indicate that anandamide inhibits
thick ascending limb oxygen consumption via activation of
CB1 receptors. We found no evidence that anandamide could
significantly affect TAL transport-related oxygen consumption
via CB2 receptors and thereby Na reabsorption.

To evaluate whether the inhibitory effects of anandamide on
thick ascending limb transport-related oxygen consumption is
mediated by NO, we first examined whether anandamide
stimulate NOS activity. For this, we measured anandamide-
induced NO production in the presence and in the absence of
the NOS inhibitor L-NAME by using the fluorescent probe
DAF 2. Treatment of medullary thick ascending limb suspen-
sions with anandamide (1 �M) in the absence of inhibitor
increased NO from 2.05 � 0.23 to 54.04 � 6.24 arbitrary
fluorescence units (P � 0.01 vs. basal; n � 5). In contrast, in
the presence of the NOS inhibitor L-NAME (2 mM), the
anandamide-induced increase in NO was much smaller (from
1.37 � 0.23 to 3.24 � 1.9 arbitrary fluorescence units; P �
N.S. vs. basal; n � 5). These data indicate that anandamide
stimulates NOS and by these means NO synthesis in thick
ascending limb suspensions.

Next, we measured thick ascending limb oxygen consump-
tion in the presence and in the absence of NOS inhibition. In
the absence of L-NAME, basal thick ascending limb oxygen
consumption was 164.2 � 12.7 nmol O2·min�1·mg protein�1.
After addition of anandamide (1 �M), thick ascending limbs
oxygen consumption decreased to 136.8 � 12.6 nmol
O2·min�1·mg protein�1 (n � 5; P � 0.01 vs. basal). In
contrast, in the presence of L-NAME (3 mM) basal thick
ascending limb oxygen consumption was 180.5 � 19.5 nmol
O2·min�1·mg protein�1. After addition of anandamide, thick
ascending limbs oxygen consumption remained constant at
172.6 � 17.0 nmol O2·min�1·mg protein�1 (n � 5; N.S. vs.
basal; Fig. 8). These data indicate that the inhibitory effects of
anandamide on oxygen consumption in the thick ascending
limb are mediated by NO.

DISCUSSION

To study the effect of anandamide on the thick ascending
limb, we measured its effects on oxygen consumption (19).
While anandamide decreased oxygen consumption by 21% in
thick ascending limb suspensions; the CB1-specific agonist
WIN55212–2 decreased oxygen consumption at a significantly
greater rate. These are predictable results since anandamide
and its analogs have much lesser affinity, being only partial
agonists for CB1 receptors (1). In addition, because nearly 50%
of the oxygen consumption by the thick ascending limb is the
result of active transport, we tested whether the inhibition of
oxygen consumption by anandamide was related to Na trans-
port. To do this we measured the effects of anandamide in
tubules preincubated with both furosemide and dimethyl
amiloride at concentrations previously shown to block thick
ascending limb transport (25). We found that in the presence of
these transport inhibitors anandamide no longer inhibits oxy-
gen consumption. At the concentrations we tested, these data
indicate that the inhibitory effects of anandamide on thick
ascending limb oxygen consumption are limited to transport
rather than blockade of oxidative phosphorylation.

Anandamide has been reported to inhibit Na transport in
other tissue as well. In rat cortical astrocytes, anandamide
inhibits amino acid transport via a Na-dependent mechanism
(26). In addition, WIN55212, the selective agonist of CB1
receptors, markedly decreased activity on voltage-gated Na
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channels in dorsal root (13) and trigeminal ganglion neurons
of rats (8) and frog parathyroid cells (20). Moreover, in
experiments performed in follicular cells of Xenopus oocytes
anandamide blocks cromakalim-dependent K currents, altering
the responses to gonadotropin or progesterone (23). Because
anandamide has been found to be synthesized in the renal
medulla (6), it is likely that anandamide could be an auta-
coid or paracrine factor. However, it remains unknown
whether the thick ascending limb could serve as a source of
anandamide.

Although this is the first report reflecting the effect of
anandamide and CB1 receptor activation on thick ascending
limb transport, the anandamide-induced diuretic effects have
been shown in the past. Anandamide infusion in the renal
medulla increases urine flow rate, producing a rapid decrease
in blood pressure mediated by CB1 receptors activation (18).
In fact, anandamide transport-related inhibitory effect is con-
sistent with other reports. In vivo, intramedullary administra-
tion of an anandamide analog methanandamide increased uri-
nary volume and decreased mean arterial blood pressure in
anesthetized rats, indicating a regulatory role in body volume
homeostasis and blood pressure (18). Supporting this notion,
Ritter et al. (24) recently reported that acute intramedullarily
infused anandamide has a diuretic and natriuretic effect with
little effect on mean arterial pressure. On the other hand,
intravenous administration of anandamide induced vasodila-
tion of the efferent arteriole with a resultant decrease in
glomerular filtration rate but with no effect on Na excretion
(15). Since the discrepancy of these results could be due to
different methods of administration, we used an ex vivo tech-
nique by which the hemodynamic effects or changes in sys-
temic regulators are absent. Thus our data show that in the
absence of systemic effects, anandamide in the medullary thick
ascending limb inhibits transport-related oxygen consumption.

Our data also indicate that CB1 receptor activation by
anandamide does not inhibit oxidative phosphorylation. These
data contrast with those reported for the brain in which anan-
damide and CB1 receptor activation enhances the brain ener-
getic metabolism (5). Our report also varies with data showing
that CB1 receptor activation reduces oxidative phosphorylation
(30). These differences may be related to the type of cell
studied, the anandamide concentration, and the sensitivity of
the tissue to specific endocannabinoids. However, the mecha-
nism involved in the transport-related inhibitory effects of
anandamide remained unsolved. In the kidney, anandamide has
been reported to stimulate NO production (6). In the past it was
shown that NO inhibits Na-K-2Cl cotransport (21) and Na/H
exchange (9) in the thick ascending limb. We therefore studied
the role of NO in anandamide-mediated inhibition of transport-
related oxygen consumption. Anandamide increased NO pro-
duction in thick ascending limbs suspensions. Moreover, L-
NAME blocked anandamide-mediated inhibition of oxygen
consumption. These data indicate that the effects of anand-
amide on thick ascending limb transport are mainly via NO.
Since the CB1 receptor blocker rimonabant did not change
basal oxygen consumption values, it is likely that CB1 receptor
do not regulate basal transport levels, as shown with other
stimuli (28).

Our data concerning the NO-mediated anandamide effects
are similar to other reports. In the thick ascending limb, NO
inhibits transport due to a reduction in Na/H exchanger and

Na-K-2Cl cotransporter activity (9, 22). The anandamide-NO
signaling pathway has been reported in other cell types. In
vascular endothelial cells, anandamide produced vasodilation
in a NO-dependent manner, as blocked by L-NAME (6). In
models of Parkinson’s disease, anandamide inhibits 6-hy-
droxydopamine-induced cell death in a mechanism dependent
on the phosphatidylinositol 3-kinase/Akt signaling pathway
(12), a cascade that also mediates stimulation of NO produc-
tion in the thick ascending limb (28).

We found that the CB1-selective agonist WIN55212 or
anandamide decreased oxygen consumption in a concentration-
dependent manner and the CB1 selective antagonist ribonabant
blocked these effects. CB1 receptors are strongly expressed in
the kidney (17). While previous research demonstrated strong
CB1 receptor expression in the proximal and distal tubules, and
intercalated cells of the collected duct, whether CB1 receptors
were expressed in the thick ascending limb was unknown. Our
data demonstrate that CB1 receptor is expressed in this seg-
ment and plays a role in the regulation of transport-related
oxygen consumption, while CB2 receptor is not, in accordance
with previous reports (2).

The activation of cannabinoid receptors in the kidney have
been reported in the past. In studies resembling acute renal
failure, pretreatment with CB1 agonists prevented tubular ne-
crosis in the renal medulla after ischemia-reperfusion in mice
(7). Since stimulation of NOS and NO production also prevents
renal damage after ischemia-reperfusion (16), it is likely that
the protective effects derived from CB1 receptors activation
could be also mediated by NO. This effect has also been seen
in other cell types. Activation of CB1 receptors reportedly
prevents neuronal injury by decreasing protein kinase A (14),
an enzyme involved in transport in the thick ascending limb
(3). These data support the notion that CB-1-mediated NO
production may inhibit many of the regulatory molecular
mechanisms governing Na transport in the thick ascending
limb.

In summary, anandamide inhibits thick ascending limb Na
transport-related oxygen consumption by activating CB1 re-
ceptors and NO stimulation, which, in turn, blocks apical
transporters. Therefore, it seems likely that new CB1 specific
agonists could surface as precursors for a new class of diuret-
ics.
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