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Adenosine coordinates organ metabolism and blood supply, and it modulates immune responses. In the kid-
ney it mediates the vascular response elicited by changes in NaCl concentration in the macula densa region 
of the nephron, thereby serving as an important regulator of GFR. To determine whether adenosine forma-
tion depends on extracellular nucleotide hydrolysis, we studied NaCl-dependent GFR regulation (tubuloglo-
merular feedback) in mice with targeted deletion of ecto-5′-nucleotidase/CD73 (e-5′NT/CD73), the enzyme 
responsible for adenosine formation from AMP. e-5′NT/CD73–/– mice were viable and showed no gross ana-
tomical abnormalities. Blood pressure, blood and urine chemistry, and renal blood flow were not different 
between e-5′NT/CD73+/+ and e-5′NT/CD73–/– mice. e-5′NT/CD73–/– mice had a significantly reduced fall in stop 
flow pressure and superficial nephron glomerular filtration rate in response to a saturating increase of tubu-
lar perfusion flow. Furthermore, whereas tubuloglomerular feedback responses did not change significantly 
during prolonged loop of Henle perfusion in e-5′NT/CD73+/+ mice, a complete disappearance of the residual 
feedback response was noted in e-5′NT/CD73–/– mice over 10 minutes of perfusion. The contractile response of 
isolated afferent arterioles to adenosine was normal in e-5′NT/CD73–/– mice. We conclude that the generation 
of adenosine at the glomerular pole depends to a major extent on e-5′NT/CD73–mediated dephosphorylation 
of 5′-AMP, presumably generated from released ATP.

Introduction
Adenosine is a multifunctional nucleoside that coordinates cellular 
oxygen supply and demand by adapting organ blood flow to meta-
bolic rate (1). In addition, adenosine plays a major role in immune 
responsiveness with its net effect being either pro- or anti-inflam-
matory, depending on adenosine receptor subtype representa-
tion (2). Studies in adenosine receptor KO mice have contributed 
importantly to further defining nonredundant roles of adenosine 
in both processes. Our focus has been to elucidate the role of ade-
nosine in the local hemodynamic control mechanism, called tubu-
loglomerular feedback, that operates in the kidney at the level of 
the juxtaglomerular apparatus (JGA). Tubuloglomerular feedback 
describes a functional connection between the tubular epithelium 
at the site of the macula densa (MD) and the underlying smooth 
muscle cells of the afferent and efferent glomerular arterioles. An 
increase in NaCl concentration in the luminal fluid at the MD cells 
causes an activation of smooth muscle cells and arteriolar vasocon-
striction. As a consequence, glomerular filtration pressure and filtra-
tion rate fall. Both pharmacological and gene-targeting approaches 
have shown that tubuloglomerular feedback–induced vasoconstric-
tion has an absolute requirement for functional A1 adenosine recep-
tors (A1ARs), suggesting that adenosine as their natural ligand 

plays a critical role in the vascular response to increased NaCl (3–6). 
On the other hand, it has been proposed that ATP may be more 
important than adenosine in mediating tubuloglomerular feedback 
responses (7). Recent evidence indicates that ATP is released across 
the basolateral membrane of MD cells in response to increases in 
luminal NaCl concentration (8). The hypothesis that ATP might 
mediate the tubuloglomerular feedback response is based on stud-
ies demonstrating impairment of pressure-induced autoregulatory 
constrictor responses in the presence of inhibitors of P2 purinergic 
receptors as well as in P2X1 KO mice (9, 10). It is to be noted, howev-
er, that no studies have been published thus far that have examined 
the effect of P2 antagonists or of genetic P2 receptor deficiency on 
tubuloglomerular feedback responsiveness in a direct fashion.

Nevertheless, these two lines of experimental evidence can be 
reconciled by assuming that ATP is successively hydrolyzed to  
5′-AMP and adenosine in the juxtaglomerular interstitium so that 
ATP released by MD cells serves as the precursor for the formation 
of adenosine. Previous evidence in rats has, in fact, suggested that 
pharmacological blockade of ecto-5′-nucleotidase/CD73 (e-5′NT/
CD73) causes a reduced efficiency of tubuloglomerular feedback 
consistent with the notion that AMP hydrolysis provides some of 
the adenosine involved in NaCl-dependent vasoconstriction (11). 
In the current study we have used a gene-targeting approach to 
assess whether the tubuloglomerular feedback response is depen-
dent upon an intact ATP breakdown pathway. Our data show 
that mice with a deletion of the e-5′NT/CD73 gene have a marked 
impairment of tubuloglomerular feedback–dependent vasomotor 
responses. These data indicate that signaling between MD cells 
and VSMCs involves e-5′NT/CD73–dependent formation of ade-
nosine presumably from ATP released by MD cells.

Nonstandard abbreviations used: A1AR, A1 adenosine receptor; e-5′NT/CD73, 
ecto-5′-nucleotidase/CD73; EPFR, early proximal flow rate; JGA, juxtaglomerular  
apparatus; MD, macula densa; PRC, plasma renin concentration; PSF, stop flow 
pressure; PU, perfusion units; RBF, renal blood flow; SNGFR, superficial nephron 
glomerular filtration rate.
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Results
Targeted disruption of the e-5′NT/CD73 gene in the region of 
the second and third exon caused elimination of mRNA tran-
scripts of the targeted exons as well as all subsequent exons 
(Figure 1). Immunoperoxidase labeling using a polyclonal Ab 
against CD73 confirmed the absence of the protein in kidneys of 
e-5′NT/CD73–/– mice, while WT animals showed immunostaining 
in glomeruli, presumably in mesangial cells, proximal tubule 
brush border, and cortical interstitial cells (Figure 2). e-5′NT/
CD73–deficient mice were indistinguishable from WT mice in 
gross anatomical appearance, fertility, and behavior. Crossings 
of heterozygous mice yielded offspring of the different genotypes 
in a near Mendelian ratio. Of a total number of 264 pups, 76 
(28.8%) were WT, 55 (20.8%) were e-5′NT/CD73–/–, and 133 (50.4%) 
were e-5′NT/CD73+/–. Also, male and female mice were produced 
in about equal numbers, with 26 of the 55 e-5′NT/CD73–/– mice 
being male and 29 female.

Plasma and urine chemistry. Measurements of a panel of plasma 
constituents were performed in four male and four female e-5′NT/
CD73+/+ and e-5′NT/CD73–/– mice. Since no gender differences were 
detectable, values from male and female animals were analyzed 
together. As can be seen in Table 1, the only significant difference 
was a higher level of plasma alkaline phosphatase in the e-5′NT/
CD73–/– mice. Similarly, urinary Na and Cl concentrations were 
not different between e-5′NT/CD73+/+ and e-5′NT/CD73–/– mice 
(Na: 156 ± 28 and 172 ± 26 mM; Cl: 115 ± 20 and 104 ± 12.4 mM). 
Urinary osmolarity, determined in urine collected by bladder 
puncture shortly after anesthesia, was not different between WT 
and KO mice (1,900 ± 134 and 1,998 ± 196 mOsm/l; P = 0.69).

Response to 5′-AMP. To assess the absence of e-5′NT/CD73 func-
tionally we determined heart rate responses to bolus injections of 
increasing amounts of 5′-AMP. As can be seen in Figure 3, 5′-AMP 
caused dose-dependent bradycardia in both WT and e-5′NT/CD73–/–  
mice, but the magnitude of the heart rate change was significantly 
attenuated in the e-5′NT/CD73–deficient animals. While heart 
rate decreased from 555/min ± 33 to 185/min ± 25 in WT animals, 
it only fell from 500/min ± 32 to 360/min ± 15 in e-5′NT/CD73–/– 
mice. Thus, a substantial part of the bradycardic effect of 5′-AMP 
is mediated by activation of A1AR following hydrolysis of 5′-AMP 
to adenosine. Direct proof of this possibility was obtained by the 
observation that 5′-AMP had no measurable effect on heart rate in 
A1AR KO mice (Figure 3).

Blood pressure. Systolic blood pressure measured by the tail compres-
sion method in awake animals averaged 111 ± 3 mmHg (n = 11) in 
WT and 102 ± 2 mmHg (n = 11) in e-5′NT/CD73 KO mice (P = 0.02). 
Heart rate was 529/min ± 9 in WT and 540/min ± 10 in KO mice  
(P = 0.44). Systolic blood pressure of anesthetized mice about 60 min-
utes after the administration of inactin/ketamine averaged 100 ± 7 
mmHg in WT (n = 10) and 112 ± 5 mmHg in e-5′NT/CD73–/– mice (n = 15;  
P = 0.17), with mean heart rates being 413/min ± 14 and 434/min ± 14 
in WT and KO mice respectively (P = 0.33).

Figure 1
RT-PCR determinations of e-5′NT/CD73 mRNA transcripts in e-5′NT/
CD73+/+ (WT) and e-5′NT/CD73–/– mice (KO). Primer sequences are 
located in exons 1, 2, 3, or 8. PCR reaction with β-actin primers were 
used as positive control.

Figure 2
e-5′NT/CD73 Ab staining of kidney sections from WT and e-5′NT/
CD73–deficient mice. (A and B) Immunoperoxidase staining of sec-
tions of the renal cortex with a polyclonal Ab against e-5′NT/CD73. In 
sections from WT mice (left) positivity was noted predominantly in the 
glomerular tuft, including the glomerular stalk, and in interstitial cells. 
Staining was absent in sections from e-5′NT/CD73–/– mice. (C and D) 
In the renal outer medulla e-5′NT/CD73 positivity was found in the 
brush border of proximal straight tubules (left), with no staining being 
detectable in sections from e-5′NT/CD73–/– animals. Magnification in A 
and C: ×100; in B and D: ×600.



research article

636 The Journal of Clinical Investigation   http://www.jci.org   Volume 114   Number 5   September 2004

Plasma renin concentration. Plasma renin concentration (PRC) was 
determined in five e-5′NT/CD73+/+ and five e-5′NT/CD73–/– mice 
both under basal conditions and following the intraperitoneal 
administration of 50 mg/kg furosemide. PRC averaged 736 ± 80 ng 
Ang I/ml/h in WT and 493 ± 94 ng Ang I/ml/h in e-5′NT/CD73–/–  
mice (P = 0.08). At 45 minutes after the injection of furosemide, 
PRC averaged 3,368 ± 576 and 2,373 ± 303 ng Ang I/ml/h in  
e-5′NT/CD73+/+ and e-5′NT/CD73–/– mice, respectively (P = 0.2). The 
stimulation of renin secretion by furosemide was 4.6-fold in WT 
and 4.8-fold in e-5′NT/CD73 KO mice.

Renal blood flow. Renal blood flow (one kidney) and superficial 
blood flow velocity (relative measurements given in perfusion 
units, or PU) were found to average 1 ± 0.1 ml/min and 127 ± 10 
PU in WT mice. Values in e-5′NT/CD73–/– animals were 0.9 ± 0.1 
ml/min and 127 ± 9 PU, not significantly different from WT ani-
mals. Mean arterial blood pressure in these animals averaged 93 ± 6  
mmHg in WT and 85.5 ± 3.3 in KO mice (P = 0.29). As a result of 
similar blood flows and blood pressures, renal vascular resistance 
was also the same between the two strains of mice (90 ± 6 versus  
98 ± 11 mmHg min/ml). In response to 20 μg of AMP, renal vas-
cular resistance fell to 70.5 ± 1.4 mmHg min/ml or by 12% ± 5% in 
WT and to 95.4 ± 12 mmHg min/ml or by 3.3% ± 2.1% in KO mice, 
a difference of borderline significance (P = 0.08).

Micropuncture measurements
Stop flow pressure. The response of stop flow pressure (PSF) to an 
increase in loop perfusion rate from 0 to 30 nl/min was examined 
in five male e-5′NT/CD73+/+ and six male e-5′NT/CD73–/– mice of 
2–4 months of age (mean body weight 27.4 ± 0.5 g versus 25.7 ± 0.9  
g). Mean arterial blood pressure during the period of micropunc-

ture was 96 ± 3.4 mmHg in WT and 98 ± 2.9 mmHg in KO animals 
(NS). Similarly, mean PSF at zero loop flow was not significantly 
different between e-5′NT/CD73+/+ and e-5′NT/CD73–/– animals  
(40.8 ± 2.1 mmHg versus 37.8 ± 1 mmHg; P = 0.16). Initial respons-
es to a saturating increase in loop flow rate consisted of a 9.8 ± 0.9  
mmHg decrease in PSF in WT mice (n = 17), whereas the reduc-
tion averaged 5.5 ± 0.8 mmHg in e-5′NT/CD73–/– mice (n = 24;  
P = 0.002; Figure 4). Observations in individual tubules of e-5′NT/
CD73–/– mice (Figure 5) indicated a certain degree of inhomogene-
ity in that initial responses were absent or greatly suppressed in 
18 out of 24 tubules, or 75% (Figure 5, B and C), while they were 
relatively normal in the remaining 25% (Figure 5D). A comparable 
response variability was not observed in WT animals. Repetitive 
flow challenges showed that responding tubules lost tubuloglo-
merular feedback sensitivity during subsequent flow exposures. 
Thus, while PSF reductions in WT nephrons were not different 
between the first, third, and fifth challenge, tubuloglomerular 
feedback response magnitude in e-5′NT/CD73–/– mice declined to 
only 2.7 ± 0.6 mmHg and 1.3 ± 0.5 mmHg at the third and fifth 
challenge, respectively (Figure 4 and Figure 5D).

In an additional series of experiments in three WT and four 
e-5′NT/CD73–/– mice, the reduction in PSF following an increase 
in flow from 0 to 30 nl/min was determined before and after 
a period of uninterrupted perfusion for 10 minutes (Figure 6). 
Tubuloglomerular feedback responses in WT mice to the initial 
challenge averaged –9.6 ± 1.4 mmHg, while responses follow-
ing extended perfusion of the loop averaged –8.4 ± 0.8 mmHg 
(P = 0.39 compared with initial response). In contrast, feedback 
responses in e-5′NT/CD73–/– mice averaged –3.7 ± 0.7 mmHg ini-
tially and 0.4 ± 0.9 after the perfusion (P = 0.001 compared with 
initial response). Thus, prolonged perfusion in e-5′NT/CD73–/– 

Table 1 
Average concentrations of a number of plasma constituents  
in e-5′NT/CD73+/+ and e-5′NT/CD73–/– mice

 e-5′NT/CD73+/+ e-5′NT/CD73–/–

 Unit Mean ± SEM Mean ± SEM
Glucose mg/dl 254.5 25.1 282.2 12.6
Cholesterol mg/dl 66.7 6.1 77.2 4.4
Triglycerides mg/dl 34 5.7 28.5 6.9
Na mmol/l 153.5 1.2 149.5 1.4
K mmol/l 3.85 0.15 3.9 0.1
Cl mmol/l 115 1.6 114 0.85
Ca mmol/l 2.25 0.04 2.25 0.02
Mg mmol/l 0.9 0.03 0.88 0.01
P mg/dl 6.7 0.4 7.2 0.1
Creatinine mg/dl 0.25 0.03 0.27 0.02
BUN mg/dl 26.2 2.3 24.2 2
Alkaline phosphatase U/l 59 9.8 98 2.3A

ALT/GPT U/l 29.2 4.3 29 3
AST/GOT U/l 66.5 12.3 67.5 9.3
Creatine kinase U/l 199.5 56.9 195.5 25.6
LDH U/l 429 70 400 85
Uric acid mg/dl 0.75 0.08 0.7 0.02
Total protein g/dl 4.18 0.08 4.13 0.06

Plasma from 2 animals of a given genotype was pooled for one determi-
nation, with a total of 8 animals in each group (n = 4 for each genotype). 
ALT/GPT, alanine aminotransferase/glutamate pyruvate transaminase; 
AST/GOT, aspartate aminotransferase/glutamate oxaloacetic transamin-
ase; BUN, blood urea nitrogen; LDH, lactate dehydrogenase. AP < 0.05.

Figure 3
Change of heart rate in response to 5′-AMP. (A) Heart rate in e-5′NT/
CD73+/+, e-5′NT/CD73–/–, and A1AR–/– mice during control and during 
the injection of 5, 10, 20, and 30 μg of 5′-AMP. (B) Decrease of heart 
rate compared with control; significance is given for the comparison 
between e-5′NT/CD73+/+ and e-5′NT/CD73–/– mice.
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mice renders the tubuloglomerular feedback system unrespon-
sive to changes in loop perfusion rate.

Early proximal flow rate. To examine whether the impaired 
responses of PSF to loop perfusion are paralleled by similarly atten-
uated responses of superficial nephron glomerular filtration rate 
(SNGFR), we determined the response of early proximal flow rate 
(EPFR) to a saturating increase in loop flow rate. EPFR is a close 
correlate of SNGFR because of the early puncture site, and it has 
therefore been used as an index of SNGFR in numerous studies 
(12). Because multiple determinations of EPFR are not reliably 
possible, we compared EPFR at 0 loop flow with EPFR at the third 
exposure of a given tubule to a flow of 30 nl/min (Figure 7). In 
e-5′NT/CD73+/+ mice, EPFR at loop flows of 0 and 30 nl/min aver-
aged 9.5 ± 1 and 4.1 ± 0.54 nl/min, respectively. Thus, EPFR fell 
5.3 ± 0.5 nl/min or 57.4% ± 2.8%. In e-5′NT/CD73 KOs, EPFR was 
8.0 ± 0.7 nl/min at zero flow (NS compared to WT) and 6.4 ± 0.5 
nl/min at a flow of 30 nl/min, values representing a fall of 1.6 ± 0.5 

nl/min or 15.6% ± 5.8%. Both absolute and relative reductions in 
tubuloglomerular feedback responses were significantly reduced 
in e-5′NT/CD73–/– compared with WT mice (P < 0.0001).

Isolated perfused afferent arterioles. Additional experiments were 
performed to determine whether the impaired tubuloglomerular 
feedback response in e-5′NT/CD73–deficient mice was the result of 
a diminished response of afferent arterioles of these mice to ade-
nosine. As shown in Figure 8, basal diameters of isolated perfused 
afferent arterioles were similar in e-5′NT/CD73+/+ and e-5′NT/
CD73–/– mice, averaging 8.9 ± 0.6 and 8.8 ± 0.3 μm, respectively. 
Application of adenosine in doses of 10–9, 10–8, 10–7, and 10–6 M  
constricted afferent arterioles to 7.8 ± 0.4, 6.1 ± 0.5, 3.9 ± 0.5, and 
2.8 ± 0.5 μm in WT mice, and to 7.6 ± 0.7, 6.5 ± 1.3, 5.3 ± 1.3, 
and 4.3 ± 1.3 μm in KOs, respectively, with differences between 
genotypes at a given dose not reaching 5% levels of significance. 
Therefore, the altered tubuloglomerular feedback responsiveness 
seems to be related to impaired signaling rather than a reduced 
vasoreactivity of the afferent arteriole.

Discussion
The current study describes the generation of mice with a null 
mutation in the e-5′NT/CD73 gene and initial studies to define 
the renal and systemic phenotype of these animals. Absence of the 
enzyme was established at the mRNA level by the failure to detect 
transcripts beyond the targeted second and third exon and at the 
protein level by absence of immunostaining with a polyclonal Ab 
that positively labeled expected expression sites in WT mice. In 
addition, we used the effect of bolus injections of AMP on heart 
rate to establish the absence of e-5′NT/CD73 functionally. It has 
been shown previously that pharmacological blockade of e-5′NT/
CD73 blocked the negative chronotropic and inotropic effects of 
AMP in the heart in situ (13). In the current studies we observed 
that the bradycardic effect of AMP is markedly attenuated in  
e-5′NT/CD73 null mice. We also found that AMP-induced brady-

Figure 4
Average PSF responses (the difference between PSF at zero and 30 
nl/min) to the first, third, and fifth flow challenge in e-5′NT/CD73+/+ 
and e-5′NT/CD73–/– mice. Lines indicate SEM, and significance is 
given for comparisons between the genotypes for a given response 
(nonpaired t test).

Figure 5
Recordings of PSF (upper traces) and arterial pres-
sure (AP, lower traces) in e-5′NT/CD73+/+ and  
e-5′NT/CD73–/– mice. Black boxes indicate periods of 
loop of Henle perfusion at 30 nl/min. (A) Six succes-
sive PSF responses in a nephron of a WT mouse; this 
response pattern is representative for all nephrons 
studied. (B) Absence of PSF responses in a nephron 
of an e-5′NT/CD73–/– mouse; this response is rep-
resentative for 25% of nephrons studied. (C) PSF 
response in a nephron of an e-5′NT/CD73–/– mouse 
equal to or smaller than 2 mmHg; this response is 
representative for 50% of nephrons studied. (D) PSF 
response in a nephron of an e-5′NT/CD73–/– mouse 
was initially normal, but disappears after repeated 
flow challenges; this response is representative for 
25% of nephrons studied.
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cardia is entirely absent in a line of mice that lack A1AR receptors, 
previously generated in our laboratory (3). Thus, e-5′NT/CD73–
dependent adenosine formation and subsequent A1AR activa-
tion are the dominant causes for AMP-induced bradycardia. The 
negative chronotropic response to AMP can therefore serve as a 
functional assay for local, e-5′NT/CD73–dependent adenosine 
generation and action.

The main observation in the present study is that mice with a null 
mutation in the e-5′NT/CD73 gene have a markedly reduced ability 
to translate changes in luminal NaCl concentration into changes 
in glomerular arteriolar tone. Although e-5′NT/CD73 is believed 
to have a number of secondary functions (14, 15), there is general 
agreement that the major role of the enzyme consists of converting 
extracellular 5′-AMP to adenosine. Dependence of tissue adenosine 
levels on a functional e-5′NT/CD73 enzyme is supported by stud-
ies in which inhibition of the enzyme was found to significantly 
reduce adenosine concentrations (16, 17). Thus, it would seem 
likely that failure to produce appropriate amounts of adenosine 
in response to an increase in luminal NaCl is the underlying rea-
son for the altered tubuloglomerular feedback responsiveness in 
e-5′NT/CD73 KO mice. Our observations in isolated perfused affer-
ent arterioles have shown that vascular responsiveness to adenos-
ine is normal, further supporting the notion of an inadequate 
adenosine generation as the cause for the feedback attenuation. 
We acknowledge the possibility of the alternative explanation that 
the absence of e-5′NT/CD73 activity may lead to greatly increased 
ATP concentrations and that this may cause P2 receptor desensiti-
zation and subsequent attenuation of tubuloglomerular feedback 
responses. An increase in extracellular ATP concentration in asso-
ciation with an inhibition of e-5′NT/CD73 has been reported in 

isolated neutrophils (17). It is not clear, however, that such an effect 
occurs in a complex tissue in view of the abundance of alternative 
extracellular ATP breakdown pathways in the form of multiple 
ecto-ATP diphosphohydrolases, ecto-phosphodiesterase/pyro-
phosphatases, and alkaline phosphatase (18). In fact, unchanged 
plasma ATP concentrations have been observed in mice with a KO 
mutation of CD39, an ecto-enzyme that directly hydrolyzes ATP, 
and pharmacological inhibition of e-5′NT/CD73 activity did not 
alter tissue concentrations of ATP in isolated rat kidneys (16, 19). 
It is also important to point out that our conclusion of a critical 
role of adenosine deficiency is predicated to a significant extent 
upon the earlier evidence showing that functionally intact A1ARs 
are an absolute requirement for feedback-induced vasoconstriction 
to occur. Tubuloglomerular feedback responses have been found 
to be essentially completely inhibited by pharmacological A1AR 
antagonists, and they are abolished in A1AR–/– mice (3–6).

The present observations suggest that the adenosine used 
in tubuloglomerular signal transmission is generated in the 
extracellular space by hydrolysis of 5′-AMP. Our observations are 
in good agreement with earlier studies in which the e-5′NT/CD73 
inhibitor, β,γ-methylene adenosine diphosphate, was found to 
cause a marked right shift and desensitization of the tubuloglo-
merular feedback response curve (11). Furthermore, convincing 
preliminary evidence is available to show that the same inhibitor 
completely blocked the vasoconstriction caused by an increase in 
luminal NaCl in an in vitro preparation of the rabbit JGA (20). The 
same authors also have reported for the first time that nonspecific 
inhibition of P2 receptors with suramin had no effect on NaCl-
induced vasoconstriction (20). This observation is further support 
of the notion that the role of ATP in the feedback response is to 
cause vasoconstriction indirectly through conversion to adenosine 
and not directly through activation of P2X receptors. Although it 
has been proposed that ATP may be a direct vasoconstrictor medi-
ator of the tubuloglomerular feedback response, studies of the 
effect of P2 receptor antagonists have focused on vessel autoregu-
lation rather than tubuloglomerular feedback itself (10). Since the 
autoregulatory constrictor reaction is only in part feedback depen-
dent, it does not appear that there is a direct conflict between pre-
vious studies and our present conclusions. Nevertheless, further 
experiments are desirable to directly examine the effect of P2 

Figure 6
PSF in response to a loop of Henle flow elevation from 0 to 30 nl/min 
in e-5′NT/CD73+/+ (filled circles) and e-5′NT/CD73–/– (filled triangles) 
before (Initial) and after a 10-minute perfusion period at 30 nl/min 
(After perfusion). Open symbols indicate mean values.

Figure 7
EPFR during loop of Henle perfusion at 0 and 30 nl/min in e-5′NT/
CD73+/+ and e-5′NT/CD73–/– mice. Lines connect measurements in 
the same tubule. Closed symbols show data from individual nephrons; 
open symbols indicate mean values.
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receptor antagonists and P2 receptor deficiencies on MD-depen-
dent changes of GFR or glomerular capillary pressure.

We suspect that the availability of 5′-AMP in the JGA interstitium 
is the result of ATP release by MD cells and subsequent metabo-
lism of the nucleoside triphosphate. It was shown recently by using 
ATP-sensitive reporter cells that MD cells release ATP and that this 
release is stimulated by raising NaCl concentration (8). Enhanced 
release of ATP may be related to the swelling of MD cells, which is 
another consequence of elevating luminal NaCl (21–23). It is likely 
that ecto-ATPases dephosphorylating ATP to AMP are present 
in cells adjacent to the MD. ATP-diphosphohydrolase activity is 
associated with most endothelial cells, including those in the renal 
vasculature (19, 24). Furthermore, NTPDase2 (CD39L1), one of 
the nucleoside triphosphate diphosphohydrolases converting ATP 
and ADP to AMP, has been found in association with MD cells and 
renal arterioles (S.C. Robson, personal communication). Recent 
preliminary studies have shown expression of several isoforms of 
ENPP (ecto-nucleotide pyrophosphatase/phosphodiesterase) in the 
region of the glomerular vascular pole, including in the glomerular 
tuft and MD cells (25). e-5′NT/CD73, the enzyme responsible for 
hydrolysis of AMP, is widely expressed and has a particularly high 
representation in the kidney (26). Within the kidney, enzyme activi-
ty is found in tubules, fibroblasts, and glomerular and extraglomer-
ular mesangial cells (27–29). The present immunohistochemical 
staining has largely confirmed this distribution pattern in WT 
mice. In contrast to mice, e-5′NT/CD73 activity was not found in 
glomerular or extraglomerular mesangial cells of rats (29). Affer-
ent arterioles of rats, however, are surrounded by a sheath of 
fibroblast processes expressing e-5′NT/CD73 that could conceiv-
ably be the location of nucleotide hydrolysis in this species (29). 

We assume, therefore, that the successive degradation of ATP by a 
cascade of dephosphorylating enzymes generates adenosine in the 
juxtaglomerular interstitium and largely prevents a direct constric-
tor action of ATP. Given the localization of the enzyme and the 
structure of the juxtaglomerular apparatus, it would seem likely 
that the interaction with the substrate 5′-AMP occurs on the surface 
of extraglomerular mesangial cells or of fibroblast processes encas-
ing afferent arterioles. This assumption could possibly provide an 
alternative explanation for the earlier observation that elimination 
of mesangial cells by Thy1-1 Ab and complement treatment causes 
a marked reduction of tubuloglomerular feedback responsiveness 
in vitro (30). The kinetics of ATP degradation appear compatible 
with this proposal. Km values for e-5′NT/CD73 have been shown to 
be in the low micromolar range (31). Since extracellular ATP con-
centrations at the base of MD cells during high luminal NaCl have 
been estimated to be around 10 μmol/l (8), 5′-AMP concentrations 
in the vicinity of the Km seem possible. The efficiency of conver-
sion of 5′-AMP to adenosine varies somewhat between different 
tissues, but half-degradation times of less than 1 minute have been 
shown in synaptosomal preparations as well as in bile canalicular 
membrane vesicles (32, 33). With a delay time of 10–15 seconds and 
attainment of full vasoconstriction within another 15–30 seconds, 
the temporal characteristics of tubuloglomerular feedback would 
therefore seem compatible with a response that results from the 
generation of adenosine by enzymatic ATP hydrolysis.

Although absence of e-5′NT/CD73 clearly affects tubuloglo-
merular feedback responsiveness, we observed some variability in 
the response characteristics of individual nephrons. While three 
of four nephrons had markedly reduced or absent tubuloglo-

Figure 8
Average responses of isolated perfused afferent arterioles of e-5′NT/
CD73+/+ (n = 10) and e-5′NT/CD73–/– mice (n = 4) to increasing bath 
concentrations of adenosine. Bars indicate SEM. Curves were calcu-
lated by nonlinear regression analysis.

Figure 9
Targeting strategy for e-5′NT/CD73. (A) Schematic drawing of the 
e-5′NT/CD73 gene consisting of nine exons spanning a total of 42.6 
kb. (B) Exon 2 and 3 (WT) were replaced by a neomycin-resistance 
expression cassette (Vector). (C) Southern blots of homologous 
recombinants (Rec) using a probe (bar in B) generated to hybridize 
to genomic DNA outside the homologous region detect a 15-kb DNA 
fragment in the WT and a 8.5-kb DNA fragment in the recombinant 
allele after SpeI digestion. Het, heterozygous. (D) For detection by 
PCR, primers were designed (arrows in B) to amplify a DNA fragment 
spanning from inside of the neomycin-resistance cassette to outside 
the homologous region of the vector, generating a 3.2-kb PCR prod-
uct in the correctly targeted allele only.
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merular feedback responses from the beginning, a time-depen-
dent attenuation was observed in the remaining nephrons. The 
reason for this relative inhomogeneity is not entirely clear. One 
possibility is that ATP in some tubules may have a direct effect 
on smooth muscle cells through P2X receptors, but that the P2X 
receptor subtype involved desensitizes and becomes unresponsive 
with extended exposure times. It is of note that the P2X1 recep-
tor that has been shown to be expressed in afferent arterioles is 
known for rapid desensitization (34). It is conceivable that due 
to discrete differences in the diffusion distances in individual 
JGAs, ATP is able to cause such transient direct constrictions in 
some, but not all nephrons. Another possibility may be that AMP 
is converted to adenosine through some other nucleotidase. For 
example, alkaline phosphatase is another enzyme capable of AMP 
dephosphorylation, and it is of note that we found plasma alka-
line phosphatase levels significantly elevated in e-5′NT/CD73 KO 
mice. One would have to assume that the capacity of this pathway 
is insufficient to maintain adenosine generation at the required 
rate during prolonged MD exposure to high NaCl. Whatever the 
exact reason for the observed tubuloglomerular feedback desen-
sitization, it is important to emphasize that only a minority of 
nephrons show this effect and that such loss of reactivity is not a 
characteristic of the tubuloglomerular feedback response in WT 
animals (see Figure 5A and Figure 6). Thus, tubuloglomerular 
feedback desensitization appears to be a phenomenon specific to 
the model of the e-5′NT/CD73–/– mouse and may therefore be of 
limited general import.

In summary, e-5′NT/CD73 KO mice are normal in gross anatomical 
appearance, behavior, and fertility. The constriction of glomerular 
arterioles in response to increases in luminal NaCl concentration is 
markedly impaired, however. This impairment is most consistent 
during repetitive or prolonged exposure of MD cells to the NaCl 
perturbation. Taken together with previous local measurements of 
ATP (8), our observations suggest that the main extracellular signal-
ing pathway for the tubuloglomerular feedback response involves 
ATP release by MD cells, its dephosphorylation to form 5′-AMP, and 
the subsequent generation of adenosine by the action of e-5′NT/
CD73; adenosine then activates A1AR on glomerular arterioles to 
produce the local vasoconstrictive response.

Methods
Generation of e-5′NT/CD73–/– KO mice. All animal studies were performed 
according to protocols examined and approved by the Animal Use and 
Care Committee of the National Institute of Diabetes and Digestive and 
Kidney Diseases. A targeting vector was generated to replace exons 2 and 
3 of the e-5′NT/CD73 gene coding for the presumptive catalytic site of 
the enzyme (35) with a neomycin-resistance cassette (Figure 9). Briefly, 
homologous arms upstream (7.2 kb) and downstream (1.7 kb) of the tar-
geted region of the e-5′NT/CD73 gene were generated by long-distance 
PCR (Expand Long Template; Hoffman-La Roche Inc.) and inserted into 
the targeting vector pPNT flanking the neomycin-resistance cassette. 
DNA isolated from 129SvEv ES cells was used as a template. The primers 
used for amplification of the homologous arms were 5′-GTTCAAAGAC-
GTTCTCGGCTATGAAGC-3′ and 5′-GAGGCCAGCCCATTTTGGTGC-
CACTGG-3′ for the upstream arm and 5′-CTCCCACCTCTCAGGAGA-
ATGGTAGGAC-3′ and 5′-CTTGCTGTACTAGCCTAGAGACCTGAG-3′ 
for the downstream arm. The targeting vector was linearized with NotI 
and transfected into 129SvEv ES cells by electroporation. Five out of 
1,245 clones tested by PCR and Southern blotting were found to have 
undergone homologous recombination. Primers used for screening of the 

clones were 5′-CGCAGCGCATCGCCTTCTATCGCCTTC-3′ (inside the 
neomycin-resistance cassette, sense primer) and 5′-GTAGTTCAAGTCG-
GAGCCTG-3′ (3′ outside of the downstream homologous region, anti-
sense primer), amplifying a 3.2-kb fragment for the correctly targeted 
allele only. For Southern hybridization, a 300-bp probe was generated 
5′ of the upstream homologous arm, detecting a 15-kb SpeI fragment 
in the WT and a 8.5-kb fragment in the mutated allele. ES cells that had 
undergone homologous recombination were injected into blastocysts of 
C57BL/6J mice and implanted into pseudopregnant foster females. Four 
male chimeras were obtained and crossed to C57BL/6J females to test for 
germline transmission. Heterozygous progeny was intercrossed to obtain 
homozygous mutants and WT controls. Genotyping was performed on 
DNA from tail biopsies using PCR for the neomycin gene (5′-ACAA-
CAGACAATCGGCTGCTCTGATG-3′ and 5′-TGCGCGCCTTGAGCCT-
GGCGAAC-3′) and for a fragment from WT exon 2 (5′-TGGGAAATCAT-
GAATTTGATAAC-3′ and 5′-GTTGGATATACTTCAAAGGAAACC-3′). 
Experiments performed in this study were done in littermates derived 
from matings of heterozygous animals.

RT-PCR. Total RNA was isolated from kidneys using TRIzol reagent 
(Gibco-BRL; Life Technologies Inc.). The cDNA was synthesized by 
Moloney murine leukemia virus RT (Superscript, Gibco-BRL; Life Tech-
nologies Inc.). Remaining genomic DNA was digested with RNase-free 
DNase I (Hoffman-La Roche Inc.), and PCR was performed without RT 
to test for the efficiency of the digestion. To evaluate the structure of a 
potential mutant transcript in the KOs, primers for PCR were chosen to 
amplify fragments from exon 1, 2, 3, and 8. PCR was performed under 
standard conditions. A fragment from the β-actin cDNA was amplified 
as a positive control.

Immunohistochemistry. For immunohistochemical analysis mice were 
anesthetized and kidneys were fixed in situ by consecutive infusion with 
330 mOsm sucrose/PBS (pH 7.4), followed by 3% paraformaldehyde 
dissolved in PBS as described (36). Fixative was rinsed by subsequent 
perfusion with sucrose/PBS. Immunolabeling was performed on 5-μm 
cryostat sections. After blocking with 5% skim milk in PBS, pH 7.4, 
sections were incubated with the anti-CD 73 Ab (BD Biosciences — 
Pharmingen) overnight at 4°C, followed by the incubation with an HRP-
conjugated secondary Ab (DAKO A/S). Signal generation was performed 
using diaminobenzidine (KEM EN TEC Diagnostics A/S).

Blood pressure and heart rate. Animals were kept on a normal rodent diet and 
had free access to tap water as drinking fluid. Blood pressure and heart rate 
in conscious mice were determined by tail cuff manometry (Visitech Sys-
tems). Animals were conditioned by placing them into the holding device 
on three consecutive days before the first blood pressure determination.

Blood collection and renin determination. Tail blood was taken from con-
scious mice by nicking the tail with a razor blade and collecting the emerg-
ing blood into a 75-μl hematocrit tube that contained 1 μl 125 mM EDTA 
in its tip. Red cells and plasma were separated by centrifugation; the plas-
ma was ejected into an Eppendorf tube and frozen until used for renin 
determinations. Using a 20-fold dilution of 12 μl of plasma, renin was 
measured by radioimmunoassay (Perkin-Elmer Life Sciences) as genera-
tion of Ang I following addition of excess rat substrate (PRC), with final 
plasma dilutions varying between 1:500 and 1:1,000. Ang I generation 
was determined for a 3-hour incubation period at 37°C and expressed 
as hourly average. In each assay, substrate without plasma was incubated 
for the same time, and any background Ang I formation was subtracted 
from the plasma-containing samples. In addition, background Ang I levels 
were determined in a plasma aliquot kept frozen without the addition of 
substrate until assaying.

Plasma chemistry. Plasma chemistry was determined by standard methods in 
plasma collected from the vena cava of freshly anesthetized mice. The plasma 
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volume obtained from a single mouse was between 200 and 300 μl. Plasma 
from two mice was pooled to obtain the volume necessary for the assays.

Urine collection. Single mice were housed in metabolic cages, and urine 
was collected over a 24-hour period. Urine Na, K, Cl, and osmolarity were 
measured with standard methods.

Renal blood flow. Measurements of renal blood flow (RBF) were performed 
in separate groups of e-5′NT/CD73+/+ and e-5′NT/CD73–/– mice. Mice (2–4 
months old) were anesthetized with 100 mg/kg inactin intraperitoneally 
and 100 mg/kg ketamine intramuscularly. Cannulas were placed in the 
trachea; the jugular vein was cannulated for substance injection and the 
intravenous maintenance infusion of isotonic saline at a rate of 0.35 ml/h. 
The left femoral artery was used for blood pressure monitoring. The left 
renal artery was approached from a flank incision and carefully dissected 
free to permit placement of a 0.5PSB nanoprobe connected to a T402-PB 
flowmeter (Transonic Systems Inc.). The probe was held in place with a 
micromanipulator. The flow signal was digitized and analyzed using Pow-
erLab software (ADInstruments). RBF was determined for 10 minutes, and 
values represent the 10-minute average. Following baseline RBF measure-
ments, the response of RBF, heart rate, and blood pressure to intravenous 
bolus injections of 5, 10, 20, and 30 μg of 5′-AMP was determined in the 
same animals. The effect of 5′-AMP on heart rate was also assessed in a 
group of A1AR KO mice generated in our laboratory.

Micropuncture studies. Experiments were performed in male e-5′NT/
CD73+/+ and e-5′NT/CD73–/– mice (23–28 g weight range). Animals were 
anesthetized and prepared as described above. The left kidney was placed 
in a Lucite cup and covered with mineral oil. PSF as an index of glomerular 
capillary pressure was determined during loop perfusions at zero and 30 
nl/min as described previously (37). To examine the stability of tubuloglo-
merular feedback responses over time, up to five successive flow challenges 
were performed in a given tubule when possible. In an additional series of 
studies, tubules were perfused uninterruptedly for 10 minutes to assess 
maintenance of responsiveness over time, and tubuloglomerular feedback 
responses were determined before and after the perfusion period. To assess 
the response of nephron filtration rate to a change in loop perfusion rate, 
timed collections of early proximal flow rate were performed for 2–3 min-
utes in front of a tubular wax block while the loop was perfused at 30 or 

0 nl/min. Sample volumes were derived from fluid column length in con-
stant bore capillaries. The sequence of the flow change was randomized. 
The following perfusion fluid was used in both experimental series (in 
mM/l): 136 NaCl, 4 NaHCO3, 4 KCl, 2 CaCl2, 7.5 urea, and 100 mg/100 ml 
FD&C green (Keystone Scientific Inc.).

Isolated perfused afferent arterioles. Mouse afferent arterioles with attached 
glomerulus were microdissected from kidneys of e-5′NT/CD73+/+ and  
e-5′NT/CD73–/– mice and perfused as described in detail previously (38). 
In brief, arterioles from mice of either sex (23–32 g) were microdissected 
from kidney slices at 4°C, transferred to a thermoregulated chamber, 
cannulated, and perfused with a pipette (tip diameter 5–6 μm) mount-
ed on a moveable track system. The perfusate consisting of physiologi-
cal salt solution plus 1% BSA was driven from a reservoir pressurized to 
60–90 mmHg. The temperature was increased to 37°C, and the vessel was 
allowed to recover for 30 minutes and then was challenged with potas-
sium (100 mmol/l) to assure viability. Sequences of interest were recorded 
with a digital camera (CoolSNAP-Pro; Media Cybernetics Inc.) for later 
determination of luminal vessel diameters using imaging software (Image 
Pro-Plus; Media Cybernetics Inc.).
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