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Abstract

Thick ascending limbs (THALs) reabsorb 25–30% of the filtered NaCl. About 50–70% is 

reabsorbed via the transcellular pathway and 30–50% is reabsorbed through the Na-selective 

paracellular pathway. Nitric oxide (NO) inhibits transepithelial Na reabsorption, but its effects on 

the paracellular pathway are unknown. We hypothesized that NO decreases the selectivity of the 

paracellular pathway in THALs via cGMP-dependent protein kinase (PKG). To assess relative 

Na/Cl permeability ratios (PNa/PCl), we perfused rat THALs and measured the effect of reducing 

bath NaCl on transepithelial voltage, creating dilution potentials, with vehicle, NO donors and 

endogenous NO. PNa/PCl was calculated using the Goldman-Hodgkin-Katz equation. Reducing 

bath Na/Cl to 16/8; 32/24; and 64/56 mmol/l created dilution potentials of −13.6 ± 2.2, −10.8 ± 

3.0, and −6.1 ± 0.9 mV, respectively. Calculated PNa/PCls were 2.0 ± 0.2, 2.2 ± 0.5, and 1.9 ± 0.2. 

The NO donor spermine NONOate (SPM; 200 μmol/l) blunted the dilution potential caused by 

32/24 mmol/l Na/Cl from −11.1 ± 2.1 to −6.5 ± 1.6 mV (p<0.004) and PNa/PCl from 2.2 ± 0.4 to 

1.5± 0.2. Nitroglycerin (200 μmol/l), another NO donor, also reduced PNa/PCl. Controls showed 

no significant changes. Dibutyryl-cGMP decreased dilution potentials from −13.4 ± 2.9 to −7.5 ± 

1.8 mV (n=6, p<0.01). PKG inhibition with KT5823 (4μM) blocked the effect of SPM, while 

phosphodiesterase 2 inhibition did not. Endogenously-produced NO mimicked the effect of the 

NO donors. Conclusion: NO reduces the selectivity of the paracellular pathway in thick ascending 

limbs via cGMP and PKG.
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Thick ascending limbs reabsorb about 30% of the filtered load of NaCl 1, 2. About 50–70% 

of the Na traverses the transcellular pathway, entering the cell via Na/K/2Cl cotransport and 

Na/H exchange, and exiting via Na/K ATPase. Transcellular NaCl reabsorption generates a 

lumen-positive potential that drives Na reabsorption via the paracellular pathway 3. Up to 

50% of the total Na reabsorbed by thick ascending limbs traverses the paracellular 

pathway 4. The paracellular pathway in thick ascending limbs is selective for Na over Cl 

with a Na/Cl permeability ratio (PNa/PCl) of about 2 3, 5, 6.
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Renal nitric oxide causes natriuresis and diuresis 7-9. A major part of this is due to inhibition 

of NaCl reabsorption by the thick ascending limb 10. We have shown that NO inhibits net 

NaCl 11 and Na bicarbonate 12 reabsorption in this segment. We have also shown that NO 

inhibits Na/K/2Cl cotransport 13 and Na/H exchange activity 14. The former was due to an 

increase in cGMP, activation of phosphodiesterase 2, and consequent decreases in cAMP 15. 

The latter was also due to an increase in cGMP with subsequent activation of cGMP-

dependent protein kinase (PKG) rather than phosphodiesterase 2 12. Although as much as 

50% of reabsorbed Na traverses the paracellular pathway, the effects of NO on transport via 

this route are unknown.

Even though there have been no studies of the effect of NO on the properties of the 

paracellular pathway in native renal epithelia, several reports have shown that it regulates 

the permeability and selectivity of the paracellular pathway in other cells. NO increases the 

permeability of the paracellular pathway in endothelial cells 16 as the initiating step in 

angiogenesis 17,18. NO has also been shown to reduce the assembly of the proteins that form 

the paracellular pathway of Sertoli cells via a cGMP and PKG-dependent process 19. 

Finally, in intestinal epithelial cells NO has been reported to both increase and decrease total 

permeability and permselectivity of the paracellular pathway in both physiological and 

pathological states 20-24.

We hypothesized that NO reduces the permselectivity of the paracellular pathway in thick 

ascending limbs via a process involving cGMP and PKG.

Methods

An expanded Methods section is available in the online-only Data Supplement. Please see 

http://hyper.ahajournals.org.

Animals

We used male Sprague-Dawley rats (Charles River Breeding Laboratories, Wilmington, 

MA) weighing 110–150 g for this study. Animals were maintained on a diet containing 

0.22% sodium and 1.1% potassium (Purina, Richmond, IN) for at least 4 days. All protocols 

involving animals were approved by the Institutional Animal Care and Use Committee 

(IACUC) of Case Western Reserve University in accordance with the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals.

Results

Effect of different NaCl concentrations on dilution potential and PNa/PCl

To set the most adequate experimental conditions for subsequent protocols, we first 

measured the dilution potentials generated by replacing the basolateral solution for one 

containing either 16/8; 32/24; or 64/56 mmol/l Na/Cl. The dilution potentials were − 13.6 ± 

2.2 mV (n=5), −10.8 ± 3.0 mV (n=6), and −6.1 ± 0.9 mV (n=4), respectively. The calculated 

PNa/PCls were 2.0 ± 0.2, 2.2 ± 0.5, and 1.9 ± 0.2. We decided to use the solution containing 

32/24 mmol/l Na/Cl in all subsequent experiments.
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Effect of NO donors on the permselectivity of the paracellular pathway

We first evaluated the effect of 200 μmol/l spermine NONOate, an NO donor, on the 

dilution potential caused by reducing the bath to 32/24 mmol/l Na/Cl and the calculated 

PNa/PCl. During the control period, the dilution potential was −11.1 ± 2.1 mV. After the 

addition of spermine NONOate to the bath, the dilution potential was −6.5 ± 1.6 mV, a 

reduction of 41.4% (Fig 1; p <0.004; n=9). The calculated PNa/PCl in the control period was 

2.2 ± 0.4, while that after spermine NONOate was 1.5 ± 0.2 (p< 0.04). Controls showed no 

significant changes with time.

A second NO donor, nitroglycerin (200 μmol/l), was also used. During the control period, 

the dilution potential was −11.6 ± 1.7 mV. After the addition of nitroglycerin, the dilution 

potential was −9.5 ± 1.5 mV, a reduction of 18.1% (Fig 2; p<0.02; n=5). The calculated 

PNa/PCl in the control period was 2.1 ± 0.2, while that after nitroglycerin was 1.8 ± 0.2 (p< 

0.03).

Effect of endogenously-produced NO on the permselectivity of the paracellular pathway

Thick ascending limbs produce NO from L-arginine. Thus we next tested whether 

endogenously-produced NO reduced the permselectivity of the paracellular pathway. During 

the control period, the dilution potential was −11.0 ± 1.7 mV. When 0.5 mM L-arginine was 

added to stimulate NO production, the dilution potential was −8.0 ± 1.0 mV (Fig 3; n=6; 

p<0.03), a 27.3% reduction. The calculated PNa/PCl was 2.0 ± 0.2 in the control period, 

while that after L-arginine was 1.6 ± 0.1 (p<0.05).

Signaling cascade mediating the effect of NO on the paracellular pathway

NO exerts most of its effects via cGMP. Thus we tested whether cGMP mediates its effects 

on PNa/PCl. We found that during the control period, the dilution potential was −13.4 ± 2.9 

mV. In the presence of the membrane-permeant cGMP analog, dibutyryl-cGMP (500 

μmol/l), the dilution potential was −7.5 ± 1.8 mV, a reduction of 44% (Fig 4; p< 0.02; n=6). 

Controls showed no significant changes with time.

cGMP can activate two downstream mediators, PKG 12 and phosphodiesterase 2 15. Thus, 

we next tested which of these mediates the actions of NO. First we studied the effect of the 

PKG inhibitor KT5823 (4 μmol/l). During the control period, in the presence of KT 5823 the 

dilution potential was −8.6 ± 0.1 mV. When spermine NONOate was added, the dilution 

potential was −7.1 ± 0.9 mV, not significantly different (Fig 5, n=6). KT 5823 alone did not 

affect the dilution potential.

Next we tested the effect of phosphodiesterase 2-specific inhibitor BAY60-7550 (10 

μmol/l). The dilution potential in the control period with BAY60-7550 present was − 7.0 ± 

0.5 mV. After the addition of spermine NONOate (200 μmol/l), the dilution potential was 

−4.1 ± 0.5 mV (Fig 6; n=6; p<0.005), a reduction of 41.4%. Time controls showed no 

significant differences.
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Discussion

Our hypothesis was that NO decreases the permselectivity of the paracellular pathway in 

thick ascending limbs. We found that: 1) the PNa/PCl (a measure of permselectivity of the 

paracellular pathway) of perfused thick ascending limbs measured under different conditions 

was about 2; 2) NO donors reduce PNa/PCl; 3) endogenously-produced NO reduces the 

PNa/PCl of the paracellular pathway; 4) cGMP mimicks the effects of the NO donors; 5) 

inhibiting PKG blocks the effect of NO; and 6) inhibiting phosphodiesterase 2 does not 

block the effect of NO. These are the first results showing that both exogenously-added and 

endogenously-produced NO reduces the permselectivity of the paracellular pathway in the 

thick ascending limb, or any nephron segment. They are also the first data showing that 

cGMP and PKG mediate these effects.

We studied the effects of NO on the paracellular pathway by measuring Na/Cl dilution 

potentials and calculating PNa/PCl. The ionic permeability of the paracellular pathway is a 

result of charge selectivity and steric hindrance. Dilution potentials result from the 

differential permeabilities of Na and Cl of the paracellular pathway. Thus they are a direct 

measure of a physiologically relevant parameter which takes into account both charge 

selectivity and steric hindrance. We found that the PNa/PCl was about 2 under a variety of 

conditions and did not change significantly with time. Our results are comparable to those 

previously reported 3, 5, 6 and indicate that the paracellular pathway of thick ascending limbs 

is selective for Na over Cl by a factor of 2. The fact that PNa/PCl was stable over time 

indicates that cell viability was maintained throughout the protocol. This is consistent with 

our previous data which show that isolated, perfused thick ascending limbs remain viable for 

85-90 min 12, 15, 25, 26.

NO has been shown to reduce net transepithelial NaCl reabsorption 10, 27 and Na/K/2 Cl 

cotransport activity 13 in thick ascending limbs. However its effect on the paracellular 

pathway, which is response for as much as 50% of Na reabsorption, is unknown. Our data 

show that the NO donor spermine NONOate decreased both the magnitude of the Na/Cl 

dilution potential and the calculated PNa/PCl. Nitroglycerin had a similar effect.

The fact that two chemically distinct NO donors similarly reduced PNa/PCl is strong 

evidence that the effect was due to NO and not a byproduct of either spermine NONOate’s 

or nitroglycerin’s metabolism/degradation. The larger inhibitory effect observed with 

spermine NONOate despite using equimolar concentrations of both compounds can most 

likely be explained by the fact that while spermine NONOate spontaneously degrades 

releasing NO with a half-time of 40 min in aqueous solutions, nitroglycerin needs to be 

metabolized to produce NO. The concentration of spermine NONOate we used produces an 

NO concentration of about 1.6 μM. This is within the physiological range of 0.6 to 9 μM 

previously reported for the renal medulla 28, 29.

Since thick ascending limbs produce NO and physiologically relevant concentrations of NO 

from donors reduced PNa/PCl, we next tested whether the results observed with 

exogenously-added NO were mimicked by endogenously produced NO. We found that 

endogenously-produced NO significantly decreased both dilution potentials and PNa/PCl.
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We tested the effects of endogenously produced NO on PNa/PCl by first depleting tubules 

of L-arginine by perfusing and bathing them in L-arginine-free solution, and then adding it 

back to the bath. This protocol works because the Y+ transporter that moves L-arginine into 

the cell will also remove it from the cell if the chemical gradient favors exit. Since the bath 

is constantly exchanged, the concentration of L-arginine in the bath is effectively zero. Thus 

the chemical gradient always favors L-arginine exit from the cell. When L-arginine is added 

back to the basolateral bath NO production begins because NOS is already activated by 

luminal flow and only lacks substrate to produce NO 30.

Our finding that addition of L-arginine to the bath reduces PNa/PCl and the conclusion that 

this is due to NO is based on our previously published work showing that: 1) L-arginine 

stimulates NO production 31; 2) L-arginine inhibits net NaCl reabsorption and this is 

blocked by L-NAME, an inhibitor of NOS; 3) D-arginine does not mimic the effects of L-

arginine on net NaCl reabsorption 32. If L-arginine per se rather than NO were affecting the 

paracellular pathway in the experiments reported here, we would have been able to observe 

this effect in the previously reported experiments in which net NaCl reabsorption was 

measured. Such an effect would have reduced net reabsorption, not been inhibitable by L-

NAME, and may have been mimicked by D-arginine.

The concentration of L-arginine in the outer medulla of the kidney is not clear. Recently it 

has been reported that the concentration in the entire kidney may be as high as 0.5 mM 33. If 

this value is accepted for whole kidney, one would expect that the concentration in the outer 

medulla could be considerably greater. Thus, the concentration of L-arginine we used 

approximates physiological concentrations 34.

In our experimental design luminal flow serves as the stimulus for NO production 30, 34. 

Flow in the nephron is not static but oscillates 35-37, and in some nephron segments it stops 

periodically 35, 37. Thus, it is likely that the NO signaling also oscillates and therefore the 

effect of NO on the paracellular pathway is presumably always present but variable.

There are at least three possible explanations for the fact that NO reduces PNa/PCl. First, 

PNa may be reduced. Second, PCl may be increased. Third, both PNa and PCl may be 

affected in opposite ways. Given that NO reduces net transepithelial NaCl reabsorption, it is 

likely that NO decreases PNa rather than increasing PCl. Such an effect would be expected 

to contribute to the reduction in net NaCl reabsorption caused by NO.

The permselectivity of the paracellular pathway is due to the claudin family of proteins. 

Thick ascending limbs express a number of claudins including claudin−3, −10, − 16, −18 

and −19 38. Recently it was reported that claudin−10b, an isoform of claudin−10, is the 

primary regulator of Na selectivity of the paracelular pathway 38. Thus, NO may be 

affecting this protein.

Although we have previously shown that NO inhibits active, transcellular NaCl 

reabsorption 13, 14, 32, this is likely to have a negligible effect on the dilution potentials and 

calculated PNa/PCl in our experiments because of the nature of our experimental design. 

The dilution potentials that we used to calculate PNa/PCl in the presence of NO take into 

account any effect NO may have on the spontaneously developed transepithelial voltage due 
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to active transport. Furthermore, since we diluted the concentration of NaCl in the bath 

rather than in the luminal perfusion solution, Na/K/2 Cl cotransport activity is not 

diminished by the reduction in NaCl concentration, and, in fact, if anything it would be 

enhanced. This would lead to an underestimation of the true dilution potential, and thus our 

experimental design is conservative by nature. We do not think this is a major issue, 

however, because our calculated control PNa/PCl ratios are consistent with those previously 

reported in the literature 3, 5, 6, 39.

Our study is the first to investigate whether NO regulates the permselectivity of the 

paracellular pathway in isolated, perfused tubules. Besides our study, there is little evidence 

regarding the effects of NO on paracellular permeability in the kidney. As far as we know, 

there is only a single report by Liang et al 40. These authors showed a dose-dependent effect 

of NO on paracellular permeability of immortalized opossum kidney cells in culture. In this 

study high concentrations of the NO donor Na nitroprusside increased permeability, 

increased lipid peroxidation, and reduced ATP levels 40. Given the long incubation times 

used in this study and the fact that the effects were reversed by superoxide dismutase, it is 

unclear whether the results were due to NO per se or ONOO−, produced when NO and O2
− 

react.

Outside the kidney NO has been shown to regulate the permeability of the paracellular 

pathway in numerous systems. In epithelial cells of the gastrointestinal tract, NO has been 

shown to both increase and decrease permeability 20-23, 41-45. The precise explanation for 

these data is unclear; however it may be related to the source of the NO, and therefore its 

concentration. Most studies in which constitutive NO synthases (cNOSs), including 

neuronal NO synthase (nNOS) and endothelial NO synthase (eNOS), report that NO 

decrease permeability 46. In contrast, when inducible NO synthase (iNOS) is activated, NO 

appears to increase permeability 20-22, 45, 46. It is known that cNOSs produce low, levels of 

NO while iNOS is a high output enzyme involved in pathophysiological disorders 47, 48. 

Thus low levels of NO produced by cNOS play a crucial role in the maintenance and 

regulation of normal gut function, whereas lack of cNOS activity or excess of iNOS activity 

leads to gut inflammation 46.

cGMP mediates the effects of NO on Na transport in both proximal tubules 49-51 and thick 

ascending limbs 11, 52. We found that NO reduces the permselectivity of the paracellular 

pathway via cGMP. Our data show that the membrane permeant cGMP analog dibutyryl-

cGMP reproduced the effects of NO indicate that cGMP mediates the first step of the 

signaling pathway. These data are consistent with our previous data showing that NO 

inhibits net bicarbonate and NaCl reabsorption via cGMP in this nephron segment. They are 

also consistent with our data showing that NO reduces NHE3 and NKCC2 activity via 

cGMP. In fact, the magnitude of the decrease in the dilution potentials was larger, probably 

due to the fact that a relatively high concentration of the second messenger was used to 

assure a visible result in the case of an effect.

Both cGMP-dependent and independent pathways have been linked to changes in 

permeability in a variety of cell types. Increased cAMP levels have been consistently shown 

to preserve paracellular barrier integrity 53-55. Specifically in the kidney, cAMP has been 
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shown to mediate changes in paracellular permeability in the proximal tubule, leading to 

changes in transport 56. The relation between cGMP levels and changes in the paracellular 

pathway is not as clear. Increases in cGMP have shown to both increase and decrease 

permeability and permselectivity in different cell types 57-60. Our results showing that 

cGMP regulates the paracellular pathway in the thick ascending limb are in agreement with 

other reports showing a NO/cGMP cascade involved in the decrease of permeability in 

endothelial cells 57, 58, as well as permeability and permselectivity 23, 24 of the intestinal 

barrier.

The effects of NO on the paracellular pathway in other cells are mediated by PKG; however, 

NO inhibits NaCl reabsorption by thick ascending limbs via phosphodiesterase 2. As a 

result, we next evaluated which mediates the actions of NO on the permselectivity of the 

paracellular pathway in isolated thick ascending limbs. We found that PKG mediates the 

effects of NO on the paracellular pathway, based on the fact that the effect of NO was 

prevented in the presence of a PKG inhibitor. In contrast, when we used a phosphodiesterase 

2 inhibitor, NO still reduced PNa/PCl. Together, these data indicate that PKG rather than 

phosphodiesterase 2 mediates the effect of NO on the permselectivity of the paracellular 

pathway in thick ascending limbs. These data are consistent with our previous data showing 

that NO reduces bicarbonate reabsorption in this segment via PKG but differ from our 

results showing that phosphodiesterase 2 mediates the inhibitory action of NO on Cl 

reabsorption. The current results are in agreement with those of others who have implicated 

PKG as the downstream mediator of the effects of NO on the permeability of the 

paracellular pathway 18, 19.
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Perspectives

In summary, our results show that NO reduces the permselectivity of the paracellular 

pathway in thick ascending limbs via cGMP and PKG. The data presented in this report 

may provide evidence of an additional antihypertensive action exerted by NO in the thick 

ascending limb. To our knowledge it is the first work showing a regulatory effect of NO 

on the permselectivity of the paracellular pathway in native renal tubules.
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Novelty and significance

What Is New?

• Nitric oxide decreases the permselectivity of the paracellular pathway in thick 

ascending limbs

• This mechanism is mediated by cGMP and PKG

• PDE2 does not mediate this process

What Is Relevant?

We have previously shown that NO decreases net NaCl and Na bicarbonate reabsorption 

in thick ascending limb by inhibiting transcellular Na/K/2Cl cotransport and Na/H 

exchange activity. Up to 50% of reabsorbed Na traverses the paracellular pathway. In this 

manuscript we show that NO inhibits the permselectivity of the paracellular pathway and 

its mechanism of action, which may provide evidence of an additional antihypertensive 

action exerted by NO in this segment.
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Figure 1. 
Effect of the NO donor spermineNONOate (SPM) on dilution potentials evoked by 32/24 

mmol/l Na/Cl and calculated PNa/PCl. Individual experiments and means ± SEM are 

depicted (n=9).
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Figure 2. 
Effect of nitroglycerin (NTG) on dilution potentials evoked by 32/24 mmol/l Na/Cl and 

calculated PNa/PCl. Individual experiments and means ± SEM are depicted (n=5).
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Figure 3. 
Effect of L-arginine (L-arg) on dilution potentials evoked by 32/24 mmol/l Na/Cl and 

calculated PNa/PCl. Individual experiments and means ± SEM are depicted (n=6).
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Figure 4. 
Effect of the second messenger cGMP on dilution potentials evoked by 32/24 mmol/l Na/Cl. 

db-cGMP, dibutyryl-cGMP. Individual experiments and means ± SEM are depicted (n=6).
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Figure 5. 
Effect of spermine NONOate (SPM) on dilution potentials evoked by 32/24 mmol/l Na/Cl in 

the presence of PKG inhibitor KT5823. Individual experiments and means ± SEM are 

depicted (n=6).
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Figure 6. 
Effect of SPM on dilution potentials evoked by 32/24 mmol/l Na/Cl in the presence of the 

phosphodiesterase inhibitor BAY60-7550. Individual experiments and means ± SEM are 

depicted (n=6).

Monzon and Garvin Page 18

Hypertension. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


