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Abstract: 22 

About 50% of the Na+ reabsorbed in thick ascending limbs traverses the paracellular 23 

pathway. Nitric oxide (NO) reduces the permselectivity of this pathway via cGMP, but its 24 

effects on absolute Na+ (PNa
+) and Cl- (PCl

-) permeabilities are unknown. To address 25 

this, we measured the effect L-arginine (0.5mmol/L; NO synthase substrate) and cGMP 26 

(0.5mmol/L) on PNa
+ and PCl

- calculated from the transepithelial resistance (Rt) and 27 

PNa
+/PCl

- in medullary thick ascending limbs. Rt was 7722±1554 ohm-cm in the control 28 

period and 6318±1757 ohm-cm after L-arginine treatment (p<0.05). PNa
+/PCl

- was 29 

2.0±0.2 in the control period and 1.7±0.1 after L-arginine (p<0.04). Calculated PNa
+ and 30 

PCl
- were 3.52±0.2 x10-5 cm/sec and 1.81±0.10 x10-5 cm/sec respectively in the control 31 

period. After L-arginine they were 6.65±0.69 x10-5 cm/sec (p<0.0001 vs control) and 32 

3.97±0.44 x10-5 cm/sec (p<0.0001), respectively. NOS inhibition with L-NAME 33 

(5mmol/L) prevented L-arginine’s effect on Rt. Next we tested the effect of cGMP. Rt in 34 

the control period was 7592±1470 ohm-cm and 4796±847 ohm-cm after dibutyryl-cGMP 35 

(0.5mmol/L; db-cGMP) treatment (p<0.04). PNa
+/PCl

-
 was 1.8±0.1 in the control period 36 

and 1.6±0.1 after db-cGMP (p<0.03). PNa
+ and PCl

- were 4.58±0.80 x10-5 cm/sec and 37 

2.66±0.57 x10-5 cm/sec, respectively, for the control period, and 9.48±1.63 x10-5 cm/sec 38 

(p<0.007) and 6.01±1.05 x10-5 cm/sec (p<0.005), respectively, after db-cGMP. We 39 

modeled NO’s effect on luminal Na+ concentration along the thick ascending limb. We 40 

found that NO’s effect on the paracellular pathway reduces net Na+ reabsorption, and 41 

that the magnitude of this effect is similar to that due to NO’s inhibition of transcellular 42 

transport. 43 

Keywords: sodium transport, nitric oxide, paracellular permeability, kidney 44 
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Introduction 45 

 As a diluting segment, the thick ascending limb reabsorbs solutes but little or no 46 

water. Net NaCl reabsorption in this portion of the nephron accounts for ~30% of the 47 

NaCl load filtered by the glomerulus (3). About half of the Na+ is reabsorbed through 48 

active, transcellular transport. The remainder, and other cations, are reabsorbed via the 49 

paracellular pathway, or shunt, due to the lumen-positive voltage created as a 50 

consequence of active transport (13, 15). The route through the tight junctions of 51 

neighbor cells is markedly cation selective in thick ascending limbs with a Na+/Cl- 52 

permeability ratio (PNa
+/PCl

-) of ~2 (5, 11, 15).  53 

 NO regulates salt and water reabsorption throughout the nephron (6, 17, 26, 27, 54 

32). It is synthesized by nitric oxide synthase (NOS) from its substrate L-arginine. All 55 

three NOS isoforms (neuronal, inducible and endothelial) are expressed in mammalian 56 

thick ascending limbs. NO reduces the activity of transporters in the luminal membrane 57 

and thereby transepithelial NaCl and NaHCO3 reabsorption (7, 9, 31, 33, 34). We 58 

previously showed that NO decreases the PNa
+/PCl

- of the paracellular pathway in thick 59 

ascending limbs via cGMP (30). However, whether this is a result of a decrease in PNa
+, 60 

an increase in PCl
-, or a simultaneous change in both PNa

+ and PCl
- in opposite 61 

directions, and how these changes alter net salt reabsorption, is still unknown.   62 

 To calculate absolute permeabilities, one must know the transepithelial 63 

resistance (Rt) which is a measure of the hinderance encountered by ions traversing an 64 

epithelia through both trans- and paracellular conductive pathways. In thick ascending 65 

limbs Rt -or its inverse conductance- is predominantly a reflection of the ionic 66 
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permeability of the paracellular pathway, determined by the barrier function of the tight 67 

junctions(10, 12, 40). Changes in these variables can affect net solute transport. Rt of 68 

rat thick ascending limbs has not been reported nor has the effect of endogenously 69 

produced NO on this parameter.  70 

 The objective of this study was to evaluate the effects of NO on a) thick 71 

ascending limb Rt; b) the mechanism of action; c) the absolute permeabilities of both 72 

Na+ and Cl-; and d) how it impacts net Na+ reabsorption. 73 

Materials and Methods 74 

Chemicals and solutions: Tubules were perfused and bathed with physiological saline, 75 

containing (in mmol/L): 130 NaCl, 4 KCl, 2.5 NaH2PO4, 1.2 MgSO4, 6 L-alanine, 1 76 

Na3citrate, 5.5 glucose, 2 Ca(lactate)2, and 10 4-(2-hydroxyethyl)-1-piperazine 77 

ethanesulfonic acid (HEPES), pH 7.4 at 37°C, unless otherwise stated. The final 78 

concentration of Na+ and Cl- was 142 and 134 mmol/L respectively. L-arginine, the 79 

substrate for NO production, and the NOS inhibitor Nω-Nitro-L-arginine methyl ester 80 

hydrochloride, L-NAME, were obtained from Sigma-Aldrich (Milwaukee, WI). Dibutyryl-81 

cGMP (db-cGMP) was from Enzo Life Sciences (Farmingdale, NY). 82 

Animals: All protocols requiring animals were approved by the Institutional Animal Care 83 

and Use Committee of Case Western Reserve University in accordance with the 84 

National Institutes of Health Guide for the Care and Use of Laboratory Animals. Male 85 

Sprague-Dawley rats weighing 120-150gr (Charles River Laboratories, Wilmington, MA) 86 

were maintained on a diet containing 0.24% sodium and 1.1% potassium (Purina, 87 

Richmond, IN) for at least 4 days before use.  88 
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Isolation and Perfusion of Thick Ascending Limbs. Animals were anesthetized with 89 

ketamine and xylazine (100 and 20 mg/kg i.p. body weight, respectively).  An abdominal 90 

incision was made, and the left kidney was removed and bathed in ice-cold 91 

physiological saline. The capsule was removed and coronal slices were cut. Thick 92 

ascending limbs were dissected from the outer medulla under a stereomicroscope at 4–93 

10°C and placed in a temperature-regulated chamber (37 ± 1°C) with a flowing bath (1 94 

ml/min). Tubules were perfused as described (4, 8).  95 

 96 

Measurement of Rt. Prior to the experiment the injection artifact of the system was 97 

assessed by injecting current pulses of ±100 nA for 1 s four times in absence of the 98 

tubule. This procedure was also repeated at the end of the experiment after the tubule 99 

was released. Voltage deflections resulting from pulse injections were measured with 100 

three calomel electrodes and 150mM NaCl, 4% agar bridges connected to two 101 

electrometers in contact with the perfusion (Axoprobe 1A, Axon Instruments) and 102 

collecting pipettes, (Neuroprobe Amplifier, A-M Systems) and bath which was grounded. 103 

Values were recorded with a PowerLab acquisition system and PowerChart8 software 104 

(AD Instruments, Colorado Springs, CO). To measure Rt, isolated tubules were 105 

transferred to the chamber, bathed and perfused with physiological saline. After a 14-106 

min equilibration period, current pulses were injected (±100 nA) over a minute under 107 

control conditions. Following, the test compound was added to the bath, a 15-min 108 

incubation period was allowed, and the injection procedure was repeated. The baseline 109 

voltage and the artifact of injection were subtracted from the mean voltage deflection 110 

caused by the current pulses to obtain the corrected voltage deflections for each period. 111 
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The corrected voltages were used to calculate the Rt for each period using cable 112 

analysis, as follows, 113 

  114 
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Where: L (length of tubule); λ (space constant); V
o
 (voltage registered at proximal end); 119 

V
1
 (voltage registered at distal end); Rt ; I0 (current injected at proximal end). Results 120 

were expressed as specific Rt, which is the Rt normalized to unit length. 121 

Measurement of Dilution Potentials and Calculation of PNa
+/PCl

-. Tubules were initially 122 

bathed and perfused in symmetrical physiological saline for a 15-min equilibration 123 

period. Transepithelial voltage was measured with two calomel electrodes and 150mM 124 

NaCl, 4% agar bridges connected to an electrometer in contact with the perfusion 125 

pipette (Axoprobe 1A, Axon Instruments) and bath which was grounded. Voltages were 126 

recorded as described for Rt experiments. Thick ascending limbs were then bathed for 127 

an additional 6 min, and basal voltages were recorded during the last minute of this 128 

period. The bath was then changed to a solution based on physiologic saline in which 129 

Na+/Cl- were reduced to 32/24 mmol/L respectively (all other compounds in the solution 130 

remained the same) for 6 min. The osmolality was maintained at 290 mOsmol/kg using 131 

mannitol.  The resulting difference in transepithelial voltage measured 1 min after the 132 
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exchange was considered the dilution potential of the control period. The bath was then 133 

restored to physiological saline for 12 min to allow tubules to recover. L-arginine (0.5 134 

mmol/L), dibutyryl cGMP (100 umol/L) or vehicle was then added to the bath.  Twenty 135 

min later the process was repeated in the presence of test compounds as indicated in 136 

the text. When L-nitroarginine methylester (L-NAME: 5 mmol/L) was used to inhibit NO 137 

synthesis, it was present from the beginning of the experiment. All dilution potentials 138 

were corrected for liquid junction potentials. PNa
+/PCl

- values were calculated from 139 

dilution potentials using the Goldman-Hodgkin-Katz equation as we have done 140 

previously (30).  141 

Calculation of Absolute Permeabilities. From the Rt values and PNa
+/PCl

- , we calculated 142 

absolute PNa
+ and PCl

- with the Kimizuka-Koketsu equation (18, 19):  143 

  144 

 
( )

2

,
1Na

RTG
FP

α β+

 
 
 =

+
  145 

 146 

 
Cl Na

P P β− +=   147 

 148 

Where: PNa
+ and PCl: Na+ and Cl- permeability; G: specific conductance, the inverse of 149 

specific Rt; R: ideal gas constant; T: temperature in degrees Kelvin; F: Faraday’s 150 

constant; α: NaCl concentration; β: PCl
-/PNa

+. 151 

Mathematical Modeling of Luminal Na+ Concentration Along the Thick Ascending Limb. 152 

A simple mathematical model of the luminal Na+ concentration, [Na+]i, along the thick 153 
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ascending limb was developed following the approach of Layton et al (21) and Layton 154 

and Edwards (20). The model assumed that: a) the thick ascending limb is rigid 155 

extending from the bottom of the outer medulla (x = 0) to the top of the cortex (x = L) 156 

and the cortical-medullary junction is located at x = x*; b) x is positive in the direction of 157 

the constant fluid flow Q along the tubule; c) the amount of Na+ in the lumen (Q·[Na+]i) 158 

changes along the tubule because of the rate of Na+
 reabsorption (J). Thus, the solute 159 

conservation equation for luminal [Na+]i along the thick ascending limb at steady-state is 160 

given by the first-order ordinary differential equation (ODE) 161 

 i([Na ] ) 2 ,dQ r J
dx

π+ = − ⋅   (1) 162 

where r is the radius of the tubule (21). Because J depends on: 1) active transcellular 163 

transport (JA) mediated by the apical Na+-K+-2Cl− cotransporter and the basolateral Na+-164 

K+-ATPase; and 2) transport through the passive paracellular pathway (JP) mediated by 165 

the lumen-positive voltage (Vm), it can be written that  166 

 A P.J J J= +   (2)  167 

JA follows Michaelis-Menten kinetics, that is  168 

 i
A max

i

[Na ]
[Na ]m

J T
K

+

+=
+

, (3) 169 

where the maximal velocity Tmax is assumed to be 400 pmol/mm/min similar to what has 170 

been done previously (21). This yields a physiologically relevant [Na+]i of ~25 mmol/L 171 

(2) at the end of the tubule. The value of Km is 30 mmol/L, an average of the Km for Cl−. 172 

The average Km for Cl- of the different NKCC2 isoforms present in the outer medulla 173 



9 
 

and cortex was used since: 1) it is an obligatory cotransported anion with Na+ in thick 174 

ascending limbs; and 2) it is the rate limiting ion for transcellular Na+ reabsorption. 175 

JP follows the Goldman-Hodgkin-Katz (GHK) equation  176 

 +
i o

P Na

[Na ] [Na ] exp( / ) ,
1 exp( / )

m m

m

FV FV RTJ P
RT FV RT

+ + − −=  − − 
  (4) 177 

where PNa
+ F, R and T have the same meanings as defined above. [Na+]o is the 178 

interstitial [Na+]. Because [Na+]o depends on transport and JA decays exponentially, 179 

[Na+]o was assumed to decay exponentially from the initial interstitial [Na+]o,initial (at x = 0) 180 

to the final interstitial [Na+]o,final (at x = L), according to the equation 181 

 + + + +
o o,initial o,final o,final[Na ] ([Na ] [Na ] )exp( / ) [Na ]x τ= − − + .  (5)  182 

 Here, considering that outer medullary osmolality is approximately 350-400 183 

mOsm/kg (16), [Na+]o,initial was chosen to be 175 mmol/L. Cortical osmolality is 290 184 

mOsm/kg and therefore the value of [Na+]o,final was chosen to be 140 mmol/L. Moreover, 185 

because of the high perfusion rates in the cortex, [Na+]o reaches its minimum value of 186 

140 mmol/L (i.e., [Na+]o,final) at the cortical-medullary junction, (i.e., at x = x*). The value 187 

of the rate constant τ, chosen to be 0.03, guarantees that [Na+]o reaches its minimum 188 

value of 140 mmol/L at x* = 0.18 cm, 30% of the total tubular length L (0.6 cm) tubule . 189 

Finally, because the lumen-positive voltage, Vm, is influenced by both the active 190 

and passive transport, it was written that 191 

A P.mV V Vα= +           (6) 192 
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Here, because the active component of the voltage, VA, is due to the active transport JA 193 

and because JA follows Michaelis-Menten kinetics (see equation (3)), it was assumed 194 

that VA also follows Michaelis-Menten kinetics according to the equation  195 

 i
A max

i

[Na ] ,
[Na ]m

V V
K

+

+=
+

 (7) 196 

with Km same as in JA, and Vmax the maximal lumen positive voltage of 10 mV measured 197 

at the beginning of the tubule when JA is at a maximum.  198 

 In equation (6) the passive component of the voltage, VP, is given by the Nernst 199 

equation 200 

 o
P 10

i

[Na ]2.303 log .
[Na ]

RTV
F

+

+

 
=  

 
  (8) 201 

 Alpha (α) is a factor used to correct the passive component of the transepithelial 202 

voltage, VP. It corrects VP to compensate for the fact that we are not accounting for the 203 

effect of Cl− on VP in our simple model. Thus, to obtain a “physiological voltage” due to 204 

the paracellular component one must multiply VP by α. The total transepithelial voltage 205 

is then given by equation 6. α is calculated as the ratio between the membrane voltage 206 

predicted by the Goldman-Hodgkin-Katz (GHK) equation for both Na+ and Cl− (VP,GHK) 207 

and by the Nernst equation for Na+ only (VP,Nernst). The Na+ and Cl- concentrations used 208 

to calculate the correction factor α were those used in the dilution potential experiments 209 

where [Na+]i,* = 142 mmol/L, [Na+]o,* = 32 mmol/L, [Cl−]i,* = 134 mmol/L, and [Cl−]o,* = 24 210 

mmol/L.  211 

 212 
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That is, 213 
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+
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 (9) 214 

 Assuming that [Na+]i = 175 mmol/L at the beginning of the tubule (x = 0), r = 10 215 

µm and Q = 10 nL/min, the above ODE (1) was solved in Matlab using the stiff ODE 216 

solver, ode15s.  217 

 Four simulations were performed to predict the luminal Na+ concentration along 218 

the tubule under the following conditions: 1) control; 2) considering the effect of NO on 219 

the paracellular pathway only; 3) considering the effect of NO on the transcellular 220 

pathways only; 4) considering the effect of NO on both the paracellular and transcellular 221 

pathways combined. A control experiment was simulated by using the control PNa
+ and 222 

PCl
- values obtained in this study and the calculated α value for these conditions. Next, 223 

the effect of NO on the paracellular pathway only was simulated by assigning PNa
+ and 224 

PCl
- values calculated in the presence of L-arginine in this study, and the calculated α 225 

value for these conditions. The effect of NO on the transcellular pathway only was 226 

simulated by reducing the value of Tmax by 30%, that is Tmax = 280 pmol/mm/min, and by 227 

assigning PNa
+ and PCl

- values as in the control case and the calculated α value. Finally, 228 

the effect of NO on both the paracellular and transcellular pathway was simulated by 229 

reducing the value of Tmax by 30% and by assigning to PNa
+, PCl

- and α the same values 230 

used for the simulation in which we tested the effect of NO on the paracellular pathway 231 

only. 232 
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Statistical analysis: All data were analyzed with a two-tailed Student’s t-test for paired 233 

experiments. Absolute permeabilities were calculated from PNa
+/PCl

- and specific 234 

transepithelial resistances by “boot strapping”. Results are presented as means ± SEM. 235 

A p value of <0.05 was considered significant. 236 

Results 237 

 We first measured Rt and the effects of endogenously produced NO on this 238 

parameter as required to calculate absolute permeabilities of Na+ and Cl- in medullary 239 

thick ascending limbs, and the effects of NO. Additionally, these values have not been 240 

reported previously. Rt was measured by recording the voltage deflections at both 241 

proximal and distal ends of the tubule caused by current pulses in the absence or 242 

presence of L-arginine (0.5mmol/L). During the control period, the specific Rt was 7722 243 

±1554 ohm-cm  and it was 6318 ± 1757 ohm-cm after adding L-arginine to stimulate NO 244 

production (Fig 1A, n=10, p<0.05). 245 

 To test whether the effect of L-arginine on Rt was due to NO, we studied the 246 

ability of L-nitromethylester (L-NAME), a NO synthase inhibitor, to block its effects. In 247 

the presence of L-NAME (5mmol/L), the specific Rt was 7924 ± 1964 ohm-cm. After 248 

addition of L-arginine in the presence of L-NAME, the specific Rt was 8463 ± 1725 ohm-249 

cm, not significantly different from the value in the control period (Fig 1B, n=6). L-NAME 250 

alone did not affect Rt. 251 

 We next studied the effect of endogenous NO on dilution potentials and thus 252 

PNa
+/PCl

-s because these values are required to calculate absolute Na+ and Cl- 253 

permeabilities.  During the control period, the dilution potential was -11.0 ± 1.1 mV. After 254 
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adding L-arginine to the bath, the dilution potential was -9.0 ± 1.3 mV (Fig 2A, n=9, p< 255 

0.05). The calculated PNa
+/PCl

- was 2.0 ± 0.2 during the control period. After L-arginine it 256 

was 1.7 ± 0.1 (Fig 2B, p< 0.04). 257 

 Once we collected both PNa
+/PCl

- values and Rt data, we calculated the absolute 258 

permeabilities for Na+ and Cl-, and the effects of NO. During the control period 259 

calculated PNa
+ and PCl

- were 3.52 ± 0.21 x 10-5 cm/s and 1.81 ± 0.17 x 10-5 cm/s, 260 

respectively. After adding L-arginine to stimulate NO production, they increased to 6.65 261 

± 0.69 x 10-5 cm/s (p<0.0001 vs PNa
+ control) and 3.97 ± 0.44 x 10-5 cm/s (p<0.0001 vs 262 

PCl
- control), respectively (Fig 2C, n=50). 263 

 We then investigated the effect of the membrane-permeant cGMP analogue 264 

dibutyryl-cGMP (db-cGMP) on Rt in this segment. During the control period, the specific 265 

Rt was 7592 ± 1470 ohm-cm. After db-cGMP (0.5mmol/L) it was 4796 ± 847 ohm-cm 266 

(Fig 3, n=10, p<0.04).   267 

 We next studied the effect of db-cGMP on dilution potentials. During the control 268 

period, the dilution potential was -9.8 ±1.0 mV. After adding db-cGMP, the dilution 269 

potential was -7.5 ± 1.1 mV (Fig 4A, n=6, p<0.02). The calculated PNa
+/PCl

- was 1.8 ± 270 

0.1 during the control period and 1.6 ± 0.1 after db-cGMP treatment (Fig 4B, n=6, 271 

p<0.03).  272 

 Using the PNa
+/PCl

- and Rts, we calculated the effects of db-cGMP on PNa
+ and 273 

PCl
- as for NO.  During the control period, PNa

+ and PCl
- were 4.58 ± 0.80 x 10-5 cm/s and 274 

2.66 ± 0.57 x 10-5 cm/s, respectively. After db-cGMP treatment they were 9.48 ± 1.63 x 275 
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10-5 cm/s (p<0.007 vs PNa
+ control) and 6.01 ± 1.05 x 10-5 cm/s (p<0.005 vs PCl

- 276 

control), respectively (Fig 4C, n=50). 277 

 The changes in permeabilities of Na+ and Cl- caused by NO could either blunt the 278 

inhibitory effect of NO on transcellular transport by increasing salt flux through the 279 

paracellular pathway or they could augment the inhibitory effect by reducing 280 

reabsorption via this route. To address this question, we designed a mathematical 281 

model to predict the effect of NO on luminal Na+ concentration. Figure 5 shows the 282 

model’s predictions as a function of tubular length. The solid black line represents the 283 

control conditions using an α value of 0.28 (the correction factor used to account for the 284 

effect of Cl- as described in the Methods). The dashed line takes into account the effect 285 

of NO only on the paracellular pathway using an α value of 0.22. The blue line takes into 286 

account the effect of NO only on the transcellular pathway (blue line) using an α = 0.28. 287 

The green line takes into account the combined effects of NO on both the transcellular 288 

and paracellular pathways using an α value of 0.22. Under control conditions in the 289 

absence of NO luminal Na+ falls exponentially to 22.4 mmol/L by the end of the thick 290 

ascending limb. When only the effect of NO on the paracellular pathway was 291 

considered, Na+ reabsorption was augmented early in the thick ascending limb but by 292 

the end of the tubule the Na+ concentration was 33.9 mmol/L, much greater than the 293 

control condition. The same was true when considering the effect of NO on the 294 

transcellular pathway only, which results in a luminal concentration of Na+ at the end of 295 

the tubule of 46.2 mmol/L. When the effects of NO on both transcellular and paracellular 296 

pathways were included in the model, the luminal Na+ concentration was always greater 297 

than control, and by the end of the tubule was 52.5 mmol/L.  298 
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Discussion  299 

 The objective of this work was to investigate the effect of NO on the paracellular 300 

pathway of thick ascending limbs and its impact on net Na+ reabsorption. We found that: 301 

1) endogenously produced NO decreases Rt; 2) inhibition of NOS prevents the 302 

decrease in Rt; 3) NO reduces PNa
+/PCl

- in thick ascending limbs; 4) NO increases 303 

absolute PNa
+ and PCl

-, but the increase of PCl
- is greater; 5) cGMP mimics the effects of 304 

NO on PNa
+/PCl

-, Rt, PNa
+ and PCl

-;  6) the effects of NO on the paracellular pathway 305 

reduce Na+ reabsorption ; and 7) the contributions of NO-induced inhibition of 306 

paracellular and transcellular Na+ reabsorption to the reduction in net Na+ transport are 307 

equal.    308 

 We first studied the effect of NO on Rt, which assesses predominantly 309 

paracellular permeability to ions in this segment(10). Rt in rat thick ascending limbs and 310 

the effects of NO have not been reported previously. We found that the specific Rt was 311 

about 7700 ohm-cm (~46 ohm-cm2) during the control period and that it decreased 312 

when L-arginine, the substrate for NO production, was added. This effect was blocked 313 

by the NOS inhibitor L-NAME. These results show that NO induces changes in the 314 

barrier function of the tight junctions.  315 

 We next studied the effect of NO on PNa
+/PCl

-, an indicator of paracellular 316 

permselectivity, which was calculated from Na+/Cl- dilution potentials. Dilution potentials 317 

arise from the movement of ions through the tight junctions down their concentration 318 

gradient which is dependent on the charge/size selectivity of the paracellular space. We 319 

found a PNa
+/PCl

- of 2 during the control period while in the presence of NO, PNa
+/PCl

- 320 
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decreased to about 1.7. These data indicate that NO regulates the relative PNa
+ and PCl

- 321 

differently. However, this ratio alone does not provide information of how the absolute, 322 

individual permeabilities are affected by NO.  323 

 With both Rt and PNa
+/PCl

- values, we calculated the absolute permeabilities for 324 

Na+ and Cl-. We found that NO increased both PNa
+ and PCl

-, but PCl
- increased more. 325 

These are the first data showing that NO has an effect on absolute PNa
+ and PCl

- in any 326 

nephron segment. Because NO increases PCl
-  more than PNa

+, the effects of NO on the 327 

paracellular pathway likely further reduce the lumen positive potential normally 328 

generated in thick ascending limbs by active transport.  329 

 c-GMP mediates most of the effects of NO. Thus we tested the effect of this 330 

signaling molecule on Rt and PNa
+/PCl

-. c-GMP caused a decrease in Rt, and an 331 

increase in both PNa
+ and PCl

- comparable to those evoked by NO. These data suggest 332 

that the second messenger mediating the final effect of NO on Rt, absolute 333 

permeabilities, and possibly solute reabsorption via the paracellular pathway is c-GMP. 334 

 Finally, we used a simple mathematical model to investigate the effect of NO on 335 

luminal Na+ concentration along the length of the thick ascending limb based on our 336 

results. Early in the tubule, at the deepest point in the outer medulla, the model predicts 337 

lower luminal Na+ concentrations (indicating that more Na+ is reabsorbed) when the 338 

effect of NO on only the paracellular pathway but not active transcellular transport is 339 

considered compared to control. This is due to high rates of transcellular transport 340 

creating a large lumen positive voltage but still a relatively small transepithelial Na+ 341 

gradient and the increase in permeability caused by NO. However by the end of the 342 

thick ascending limb in the cortex, the model predicts a greater luminal Na+ 343 
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concentration (indicating that less Na+ is reabsorbed) in the presence of NO than its 344 

absence. This is due to 1) active transport creating a large transepithelial Na+ gradient 345 

favoring Na+ entry into the lumen from the interstitium, i.e. back flux; 2) the increase in 346 

paracellular permeability caused by NO and 3) the reduction in PNa
+/PCl

- which 347 

diminishes the lumen-positive potential. Figures 6 and 7 show plots for JP and Vm (and 348 

its components VA and α*VP) along the length of the tubule. Although backflux is evident 349 

under control conditions and when the effects of NO on transcellular transport alone, the 350 

paracellular pathway alone and both the transcellular and paracellular pathway are 351 

taken into account, when analyzing JP backflux begins earlier in the tubule and is more 352 

pronounced throughout the remainder of the tubule when the effect of NO only on JP is 353 

taken into account. This is consistent with the reduction in PNa
+/PCl

-.  354 

 When the effects of NO on both the paracellular pathway and active transcellular 355 

transport are considered the results are somewhat different. Now, the luminal Na+ 356 

concentration in the presence of NO is always greater along the tubule when compared 357 

to the control condition. This is due to several factors including: 1) the direct inhibition of 358 

active transport; 2) a reduction in the lumen positive voltage which diminishes part of 359 

the driving force for Na+ reabsorption via the paracellular pathway; and 3) the increase 360 

in paracellular pathway permeability which allows a larger back flux of Na+ from the 361 

interstitium into the lumen. Although the effect of NO on each pathway analyzed 362 

individually shows an inhibitory effect on Na+ reabsorption leading to a higher luminal 363 

Na+ concentration at the end of the tubule, they are antagonistic with the combined 364 

action being less than the sum of the individual effects. 365 
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 One important caveat of the model is that we have assumed that NO has the 366 

same effect on trans- and paracellular transport in both medullary and cortical thick 367 

ascending limbs. This may or may not be a completely valid assumption because the 368 

effects of NO have not been studied on cortical thick ascending limb salt reabsorption to 369 

our knowledge and cortical and medullary thick ascending limbs respond differently to 370 

some regulatory factors.  371 

 In our experiments we assumed that the change in Rt observed in the presence 372 

of NO was primarily due to changes in paracellular ionic permeability rather than to 373 

specific transcellular resistance. This assumption is supported by several lines of 374 

evidence. First, PNa
+/PCl

- was reduced by NO. This can only occur due to a change in 375 

the paracellular pathway since there is no Na+ or Cl- conductance in thick ascending 376 

limb luminal membranes. To date, no one has reported the effects of NO on Rt or 377 

specific transcellular and paracellular resistance individually. We have shown previously 378 

that within the time frame of the current experiments NO does not alter Na+/K+-ATPase 379 

activity (38).  380 

 There is one report by Wu et al. of an inhibitory effect of NO on the 10 pS Cl- 381 

channel in mouse cortical thick ascending limbs. However, our studies were performed 382 

in medullary thick ascending limbs and  Winters et al. (41) reported a 80 rather than a 383 

10 pS Cl- channel in medullary thick ascending limbs. As a result it is not clear whether 384 

inhibition of the 10 pS Cl- channel by NO is relevant to our study. Furthermore, while the 385 

7-9 pS Cl- channel may be the most abundant in terms of numbers, it only carries 386 

slightly more current than 45 pS channel when factors such as single channel 387 

conductance, open probability, etc, are taken into account. These data suggest that the 388 
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effect of NO on the 10 pS channel may be not critically important to the overall 389 

resistance measurement.  390 

 There is some evidence that NO stimulates luminal membrane rectified K+ 391 

channels (ROMK) in rat thick ascending limbs (25, 39). If NO had both a stimulatory 392 

effect on ROMK and inhibitory effect on 10 pS Cl- channels as discussed above and we 393 

took them into account, they would nearly cancel each other out resulting in a very small 394 

quantitative change in our results. 395 

 The Rt values reported in the literature for the thick ascending limb range 396 

between 11-50 ohm cm2 in mouse (14) and ~24-35 ohm cm2 (5, 11) in rabbit. The Rt 397 

calculated in our experiments falls within these values. The difference between mouse 398 

and rat Rt values in this segment could reflect true species differences or be due to the 399 

use of varying techniques used to calculate Rt.  400 

 In our experimental design, PNa
+/PCl

- values calculated from dilution potential 401 

experiments reflect the permselectivity of the paracellular pathway. In these 402 

experiments we reduced bath NaCl, and not the luminal solution. Thus active 403 

transcellular NaCl transport was not significantly changed by the solution switch. The  404 

value of 2 found in the control period is in accordance with that described in the 405 

literature for thick ascending limbs, and indicates that the paracellular pathway is twice 406 

as selective to Na+ than it is for Cl- (5, 11, 15). The reduction to 1.7 by NO is similar to 407 

what we have previously reported (30). Increasing evidence shows that the paracellular 408 

permselectivity is determined by claudin proteins in the tight junctions of epithelial 409 

tissues. The thick ascending limbs express claudin-3, -10, -11, -16 and -19 (1, 43). 410 

Some reports indicate that NO can interact with claudin proteins, and regulate their 411 
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expression/function in other systems (24, 28, 29), thus this could be occurring in our 412 

model.  413 

 We previously found that L-NAME inhibition of NOS has no effect on chloride 414 

reabsorption in isolated, perfused thick ascending limbs (35) due to our experimental 415 

conditions. We use L-arginine free solutions both in the lumen and the bath, so the L-416 

arginine contained in the cell is transported out of the cell favored by its concentration 417 

gradient. Since the bath is continuously renewed, there is no L-arginine in our 418 

experimental design. Therefore, all protocols where the effect of endogenously-419 

produced NO was evaluated required the addition of L-arginine. The exact 420 

concentration of L-arginine in the outer medulla has not been determined, but it has 421 

been reported to be ~0.5 mM in whole kidney (36), hence the concentration used in our 422 

experiments falls within the physiological range.   423 

 Our findings that NO regulates paracellular permeability are in agreement with a 424 

report by Liang et al (23). Using the NO donor nitroprusside, these authors found that 425 

NO caused an increase in 3[H]-D-mannitol flux in OK cells, commonly used as an in vitro 426 

proximal tubule model. However, they did not measure the effects of nitroprusside on 427 

absolute PNa
+ and/or PCl

-. Similarly NO has been shown to increase paracellular 428 

permeability in non-renal epithelia. Data from Trischitta et al(37) suggest that NO 429 

modulates intestinal paracellular permeability by increasing conductance to ions. NO 430 

has also been shown to raise permeability by causing tight junction disassembly and gut 431 

barrier dysfunction (42).  432 

 We previously reported that the effects of NO on the permselectivity of the 433 

paracellular pathway in thick ascending limbs were mediated by c-GMP (30), but no 434 
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conclusion could be made at the time regarding its specific effect on the absolute 435 

permeabilities of Na+ and Cl-. Our novel finding that cGMP regulates PNa
+ and PCl

- is 436 

supported by evidence in the literature. Trischitta et al showed that 8-br-cGMP, a cell 437 

membrane-permeable cGMP analog, reduced the dilution potential in eel intestine, 438 

suggesting that this second messenger could be decreasing PNa
+, increasing PCl

-
, or 439 

affecting both in different proportion/direction. Lee et al found that whereas 4 umol/L, 8-440 

br-cGMP increased Rt in Sertoli cells, therefore promoting tight junction assembly, 0.1-1 441 

mmol/L had the opposite effect. These data indicate that this second messenger has a 442 

biphasic effect where a low dose of cGMP lowers ionic permeability and a higher dose 443 

increases ionic permeability (22). It is not clear whether cGMP is part of the mechanism 444 

of action behind the effects of NO in OK cells by Liang (23). Incubation of the cells with 445 

a guanylate cyclase inhibitor did not prevent the increase in permeability but it also 446 

failed to abolish the increase in cGMP. Such results may indicate that the drug was not 447 

actually inhibiting cGMP production therefore no conclusion can be made.   448 

 In summary we have reported that: 1) Rt in rat thick ascending limbs is similar to 449 

that of other species; 2) NO reduces Rt; 3) NO increases absolute PNa
+ and PCl

- in this 450 

segment; 4) these effects are mediated by c-GMP; and 5) perhaps most importantly, the 451 

effects of NO on the paracellular pathway reduce net Na+ reabsorption in this segment. 452 

The results here presented contribute to a better understanding on the anti-hypertensive  453 

effects of NO. 454 
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 566 

Figure captions:  567 

Fig 1. (A) Effect of L-arginine (L-arg) on specific transepithelial resistance (Rt; n=10); (B) 568 

The effect L-arg on specific Rt in the presence of the NO synthase inhibitor L-NAME 569 

(n=6). Individual experiments and means ± SEM are depicted. 570 

Fig 2. (A) Effect of L-arginine (L-arg) on dilution potentials (n=9), (B) calculated PNa
+/PCl

-  571 

and (C) paracellular PNa
+ and PCl

- in thick ascending limbs (n=50). Individual 572 

experiments and means ± SEM are depicted.  573 

Fig 3. Effect of cGMP on specific transepithelial resistance (Rt) in thick ascending limbs 574 

(n=10). Individual experiments and means ± SEM are depicted. 575 

Fig 4. (A) Effect of cGMP on dilution potentials (n=6), (B) calculated PNa
+/PCl

-  and (C) 576 

paracellular PNa
+ and PCl

- in thick ascending limbs (n=50). Individual experiments and 577 

means ± SEM are depicted. 578 
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Fig 5. Effect of NO on the luminal Na+ concentration along the thick ascending limb as 579 

predicted by mathematical modeling. Each line illustrates the steady-state concentration 580 

of luminal Na+ along the tubule.  581 

Fig 6. Effect of NO on JP along the thick ascending limb as predicted by mathematical 582 

modeling.  583 

Fig 7. Effect of NO on (A) Vm, and its components (B) VA and (C) α*VP along the thick 584 

ascending limb as predicted by mathematical modeling. Each line indicates: effect on 585 

paracellular pathway only (dashed line), transcellular pathway only (blue line), both 586 

combined (green line) or control (solid black line). 587 
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