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SCHAFER, JAMES A., CLIFFORD S. PATLAK, AND THOMAS E. 
ANDREOLI. Fluid absorption and active and passive ion flows 
in the rabbit superficial pars recta. Am. J. Physiol. 233(2): 
F154-F167, 1977 or Am. J. Physiol.: Renal Fluid Electrolyte 
Physiol. 2(2): F154-F167, 1977. -Isolated rabbit proximal 
straight tubules were perfUsed with Krebs-Ringer buffers con- 
taining 127.8 mM NaCl and 3.8 mM NaHCO, (pH 6.61, and 
bathed with Krebs-Ringer buffers contkning 105 mM NaCl 
and 25 mM NaHCO, .(pH 7.4). Na isethionate replaced Na 
acetate in both mediums; acetate omission had no effect on net 
volume absorption (J,, nl min-l mm-l). In acetate-free me- 
diums, J, was 0.41 t 0.04 (SE) at 37°C and 0.16 it 0.01 at 2lOC. 
Jv at 21°C was referable to passive driving forces. The transep- 
ithelial voltage was +2.7 mV (lumen positive) at 37°C and rose 
to +3.7 mV at 21°C. At 37”C, net Cl- absorption accounted for 
85 t 3% of net cation absorption. The data were analyzed in 
terms of model calculations with flow-diffusion equations for 
lateral intercellular spaces. Approximately one-third of the 
Na+ absorption at 37°C could be accounted for by dissipative 
transport processes; the remainder was active. The computed 
ionic concentrations along the entire length of intercellular 
spaces were nearly identical to the ionic concentrations in the 
bathing solutions, and passive ion transport across the epithe- 
lium was accurately predicted from bulk phase ion con- 
centrations. With intercellular spaces isosmotic to the exter- 
nal solutions, fluid absorption could be accounted for in terms 
of the oppositely directed gradients of Cl- and HCOg- across 
junctional complexes, because the junctional complexes were 
more permeable to Cl- than HCO,-. 

proximal straight tubule; net volume absorption; sodium 
transport; chloride transport; bicarbonate transport; mathe- 
matical model 

THE PURPOSE OF THIS PAPER is to present a model which 
assesses active and passive ion transport and coupled 
fluid transport in superficial rabbit proximal straight 
tubules exposed to asymmetrical solutions. In 1962 Cur- 
ran and Macintosh (7) showed that osmotic volume flow 
could occur between two isosmotic external solutions 
separated by two membranes enclosing a stirred central 
compartment. Volume flow between the two external 
solutions depended on the two membranes having vary- 
ing reflection coefficients, and on the generation of hy- 
drostatic pressure gradients within the central compart- 
ment. These workers argued that a comparable series 
membrane arrangement might account for isotonic fluid 

absorption coupled to active solute transport in epithe- 
lia if active solute transport generated the equivalent of 
central compartment h-prtonicity. Patlak- et al. (24) 
developed 
vent flows 

- - 
a-quantitative description of solute and 
across composite membrane systems. 

Sol- 

Diamond and Bossert (9) proposed a unique mod&a- 
tion of this model to rationalize isotonic fluid absorption 
across epithelia exposed to symmetrical solutions. They 
reasoned that active salt transport from apical (lu- 
minal) solutions into unstirred intercellular spaces 
might raise the osmolality of the latter, thereby provid- 
ing a driving force for osmotic volume flow from cells to 
intercellular spaces. By assigning active transport sites 
to the apical ends of intercellular spaces, and assuming 
a relatively high value for the di-&ion resistance Of 
intercellular spaces, Diamond and Bossert (9) computed 
that during isotonic fluid absorption in actively trans- 
porting epithelia intercellular spaces might contain a 
standing osmotic gradient, progressing from hyperton- 
icity at the closed ends of intercellular spaces to isoton- 
icity at the open ends. 

Recent observations from this laboratory (31) indicate 
that under certain circumstances a standing gradient 
mechanism may not account for fluid absorption in iso- 
lated mammalian superficial proximal straight tubules. 
When these tubules were exposed to asymmetrical, 300 
mosmol liter-l Krebs-Ringer (KR) buffers (the perf&ate 
was a Cl-KR solution with 133.6 mM Cl-, 10 mM ace- 
tate, and 3.8 mM HCO,- at pH 6.6, and the bath was an 
HCO,-KR bath containing 113.6 mM Cl-, 10 mM ace- 
tate, and 25 mM HCO,- at pH ‘7.41, and active Na+ 
transport was inhibited, NaCl was absorbed passively 
and isotonic fluid 
tive salt flux. 

absorption W85 coupled tothis dissipa- 

We solved the flow-diffusion equations for lateral in- 
tercellular spaces of these tubules in terms of measured 
transepithelial ionic permeability coefficients, the mea- 
sured rate of dissipative salt absorption, the measured 
rate of coupled fluid transport, and a variable dimen- 
sionless parameter termed cy, which expressed the ratio 
of the ionic difYusion resistance of the epithelium with 
respect to that of an equivalent thickness of free Krebs- 
Ringer buffer (31). Our calculations indicated that far 
values of ac based on the measured transepithelial elec- 
trical resistance of these tubules (20), the Na+, Cl-, and 
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HCOS- concentration in intercellular spaces were uni- 
form as a function of channel length, and very nearly in 
equilibrium with the bathing solutions. Because the 
intercellular spaces were isosmotic with external solu- 
tions, fluid absorption linked to passive ion absorption 
could be rationalized entirely in terms of an extracellu- 
lar rather than a transcellular route. The driving force 
for fluid absorption could be accounted .for quantita- 
tively by the osmotic pressure gradient referable to the 
oppositely directed Cl- and ‘HCO,- concentration gra- 
dients across junctional complexes, and the fact that the 
latter were more permeable to Cl- than to HC03- (31). 

It is clearly relevant to evaluate salt and water ab- 
sorption from these tubules under circumstances in 
which both active and passive ion transport proces~~ 
are occurring with particular regard to two issues: the 
relative contributions of active and passive transport 
processes to net Na+ absorption when these tubules are 
exposed to asymmetrical Krebs-Ringer solutions resem- 
bling those which might be seen by the superficial pars 
recta in vivo,‘and the nature of the driving force for fluid 
absorption under such conditions. In ,this context, our 
earlier experimental data (31) on fluid absorption at 
37OC from superficial proximal straight tubules exposed 
to asymmetrical solutions involve a measure of corn- 
plexity not currently amenable to such an analysis. The 
experiments were carried out with acetate-containing 
solutions, and recent observations from this laboratory 
(29) have indicated tb t a in these tubuks acetate is 
actively absorbed from luminal ,fluids by as yet undeter- 
minedproceEW3, e.g., active transport and/or metabolic 
consumption. 

Therefore, in this paper we extend the analytical 
model developed previously (31) to experimental data on 
fluid absorption from proximal straight tubules exposed 
at 37% to acetate-free asymmetrical solutions, specifi- 
cally, a pH 6.6 Cl-KR* buffer in the per-f&ate, and a pH 
7.4 HCO,-IcR* btier in the bath (the asterisk denotes 
an acetate-free solution). The experimental results indi- 
cate that omission of acetate tirn both pez&siig and 
bathing mediums bd no significant ef&ct on the rate of 
net fluid absorption, either at 37O or at 21°C; and in 
acetate-free mediums at 37°C Cl- was the counter-ion 
for approximately 85% of Na+ in an is&onic fluid abr- 
bate. The calculations based on the analytical model are 
consistent with the view that in asymmetrical acetate- 
fi-ee solutions at 37”C, approxjmately one-third of Na+ 
absorption Tom these tubules depended on dissiptive 
transport processes, and the remainder on active Na+ 
transport. Net fluid absorption may have occurred via 
an extracellular route when intercellular spaces were 
isosmotic to external solutions, driven by an osmotic 
pressure gradient referable to oppositely directed con- 
centration gradients for NaCl and NaHCO, a-s jum- 
tional complexes. A preliminary report of some of the 
observations in this paper has appeared elsewhere (32). 

METHODS 

The techniques used for studying transport events in 
proximal straight tubules isolated corn superficial re- 
gions of rabbit renal cortex are similar to those devel- 

oped originally by 3urg et al. (6) and Kokko et al. (18). 
Details of the methodology utilized in this latiatory 
have been present&l previously (29,3l, 33); .unless oth- 
erwise in&a&e& these techniques were utilized without 
modification in the present experiments. 

Stated briefly, 25 to 4.&mm segments of protimid 
straight tubules were obtained by gentle teasing .fiorn 
cortical and outer medullary regions of rabbit renal 
cortex. The dissections were carried out &O-&Z in the 
HCO&R bathtig mediums described blow. The iso- 
lated tubule segment8 were tr&med ko 8 th- 
regulahki (t0.5”C) chamber, sucked into holding and 
collect-mg pipettes, and pem with a microsyringe 
pump in series with a perfusion pipette which wan ad- 
vanced approximately 0.2 mm into the tibule lumen. 

The experiments reported in this paper will be ana- 
lyzed in part by utilizing transepithelid ionic permea- 
bility coefficients {I$, cm s-l), determined in many 
instances from unidirectional tracer fluxes, and the 
transepithelial water permeability (P,, cm s-l), deter- 
mined Erom net volume fluxes in the presence of hydro- 
static pressure gradients. It is particularly relevant, 
therefm, to comment on the possibility of bulk phase 
unstirred layer efGcts in the isolated tubulh prepara- 
tion, particularly since recent observations from this 
(30) and othe r a ra 1 bo to ries (40) indicate clearly that 
bulk phase unstirred layers may result in significant 
errors, not only in assessing PD, at zero volume flow, but 
also in measuring water permeability coefficients from 
steady-state net volume flows. 

As indicated previously (28, 31), when the bathing 
solutions in the isolated tubule preparation are bubbled 
with gas, oscillatory motion of the tubules occurs at a 
rate of 60-200 min+, and convective mixing of minute 
particles in the bath is evident as near as 2 x low4 cm to 
the tubules. Under these conditions, tracer permeabil- 
ity coefficients having values of approximately 15 x 10e4 
cm s-l [i.e., at least lo-fold greater than either PNa or Per 
(31, 33)j are unaffected by lo-fold increments in the 
viscosities of both the perfusate and the bath (28). It 
,seems improbable, therefore, that bulk phase unstirred 
layer efExts were a significant factor in the present 
experiments. 

The constituents of the various Krebs-Ringer perfus- 
ing and bathing solutions are listed in Table 1. The 
acetate-containing HCO,-KR and Cl-KR solutions were 
those described previously (31, 33); the acetate-f&e 
counterparts of these solutions were identical except 
that acetate was replaced by isethionate, a poorly per- 
meant, nonactively transported species (29,31). As indi- 
cated in Table 1, the acetate-free KR solutions have 
been denoted by asterisks. 

The perfY&ate/bath Cl- concentration ratio (Table 1; 
perf&sate/bath Cl- concentration ratio = 1.22) and 
transepithelial pH gradient were chosen to resemble the 
values which might be seen in vivo by this nephron 
segment. To our knowledge, tubular fluid/plasma Cl- 
ratios for the pars recta -of mammalian species are not 
available from in vivo micropuncture data; nor are there 
data providing Cl- tubular fluid/plasma ratios for in 
vivolat~ proximal convolutions in the rabbit. In the rat, 
the tubular fluid/plasti Cl- concentration ratios ob- 
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TABLE 1. Composition of sohtions 

Perhate 

Cl-KR 
mM 

Cl-KR* 

Bath 

HC03-KR HC03-KR* 
mM 

NaCl 127.8 127.8 105 105 
NaHCO, 3.8 3.8 25 25 
Na isethionate 0 10 0 10 
Na acetate. 10 0 lb 0 
Na2HP0,/NaH,P04 4 4 4 4 
KC1 5 5 5 5 
CaCl, 1.8 1.8 1.8 1.8 
MgSO, 1 1 1 1 
Glucose 0 0 8.3 8.3 
Galanine 0 0 5 5 
Urea 13.3 13.3 0 0 
Albumin 0 0 6% 6% 
PH 6.6 6.6 7.4 7.4 

The various KR solutions were bubbled continuously with 95% 
02-5% CO, and adjusted to the indicated pH. All solutions were 
adjusted to 300 mosmol liter -l. The acetate-free solutions are. denoted 
by an asterisk. 

tained from micropuncture of late proximal convolu- 
tions are in the range 1.20-1.30 (11, 22, 38); and fluid 
from late proximal convolutions has a pH in the range 
6.7-7.0 (11, 22, 36). Comparable values of pH and Cl- 
concentrations have been reported for fluid from late 
proximal convolutions in other mammalian species, in- 
cluding the dog (6) and monkey (2). Since further acidi- 
fication of tubular fluid in mammalian species occurs 
between late proximal convolutions and early distal 
tubules (11, 12, 36), the compositions of the Cl-KR and 
Cl-KR* perfusates in Table 1 appear reasonable. 

Net fluid absorption (J,, nl min-l mm+ of tubule 
length) was measured as described previously (29, 31, 
33) from the difference between perfusion and collection 
rates, using exhaustively dialyzed [methoxy-3H]inulin 
as the volume marker; a positive sign for Jv denotes 
volume efflux from lumen to bath. The mean internal 
diameter of these tubules is 22.3 x 10B4 cm (33); thus Jv 
values may be converted from nl min-l mm+ to cm3 s-l 
cm+ by the factor 2.38 x 10e5 cm min mm nl-l s-l (33). 
The radioactive volume marker was also used to detect 
leakage into bathing solutions; in the experiments re- 
poti, the leakage-rate into 
(1% of the perfusion rate. 

the bath was uniformly 

The Jv measurements in the present experiments 
were in the range 0.1-0.45 nl min+ mm+ for tubules 
2.5-4.0 mm in length; for isolated proximal convoluted 
tubules, Jv values in the range of 1.0 nl min-l mm+ 
have been reported for segments 0.5-1.5 mm in length 
(13, 18). In other words, although Jv is smaller for 
straight tubules than for proximal convolutions, abso- 
lute differences between perfusion and collection rates, 
and, hence, the precision of Jv measurements are com- 
parable in the two segments. 

Because many of the fluid absorption rates given in 
this paper were in the range of 0.1-0.2 nl min-l mm-l, 
we have computed the extent to which random varia- 
tions in radioactivity counting might account for such Jv 
values. In the experiments reported in this paper (32 
tubules), the mean tubule length was 3.25 t 0.08 mm 
(mean t SE), the mean perfusion rate was 10.77 t 0.45 

nl min-l, and the mean [3H]inulin radioactivity in the 
perfusing solutions was 30.64 t 1.58 counts&in nl-l. 
The collected fluid was sampled at 7-10 min intervals, 
and in all cases perfusing solution standards and col- 
lected fluid samples were counted for lo-min periods. 
With the same perfusing solutions, the coefficient of 
variation for the liquid scintillation counter used in our 
laboratory is, at a maximum, t 0.3% for a 10.min 
counting period. 

Accordingly, in an average 3.25.mm length tubule 
perfused for 8 min at 10.77 nl min-l with a solution 
containing 30.64 counts/min nl-l [3H]inulin, the total 
radioactivity collected (in the absence of bath leaks) was 
26,399 counts per 10 min with an average random varia- 
tion of t 80 counts per 10 min. Thus the random error in 
estimating perfusion rate would be t 0.033 nl min+, 
which, for a tubule length of 3.25 mm, could result in 
errors in Jv measurements amounting to approximately 
0.01 nl min-l mm-l, or about 10% of the lowest observed 
Jv value which was significantly different from zero. 

Transepithelial voltages (V,,, niV, lumen with respect 
to bath) were measured as described previously (29, 31, 
33) with glass 0.9% NaC1/4% agar electrodes placed in 
both perfusing and bathing solutions. The electrodes 
were connected via Tygon tubing filled with 3 M KC1 to 
calomel half-cells. Observed voltages were corrected for 
liquid junction potentials with a form of the Henderson 
equation (21) modified in terms of ionic activities (1). 
The mobility of isethionate was obtained from Caldwell 
(5). As reported-previously (31), the liquid junction po- 
tential corrections for asymmetrical solutions, e.g., a 
Cl-KR* perfusate and an HC03-KR* bath, amounted to 
40-60% of the observed Ve. Since the length constant for 
the pars recta is approximately lOa cm (20), Ve meas- 
urements in the present paper provide direct informa- 
tion only about electrical events within, at best, 0.02 cm 
from the inner perfusion pipette. 

The chloride concentrations in perfusing and collected 
fluids were measured as described previously (29) with a 
microtitration method (25). In experiments in which the 
Cl- concentration of collected fluid was determined, 
samples for Jv measurements were alternated with sam- 
ples-for Cl- measurements. The latter were stored in 
glass micropipettes between oil columns until the day 
&er the experiment. All samples of collected fluid were 
compared to standard solutions having varying NaCl 
concentrations but the same concentrations of all the 
other constituents as the perfusing solutions. For the 
sake of uniformity, samples of perfusing solutions were 
treated in the same manner and also analyzed for Cl- 
concentrations with the ultramicro method. Duplicate 
ultramicro and large-sample determinations (with an 
Amico-Cotlove chloride titrator, American Instrument 
Co., Silver Springs, Md.) of chloride concentrations 
agreed within 2%. 

Computer programs were written in Basic Language 
and were run on a remote terminal of an IBM model 370. 
155 computer system at the Division of Biophysical Sci- 
ences, University of Alabama in Birmingham, Birming- 
ham, Ala. Reagents, isotope counting techniques, and 
chemical determinations were as described previously 
(29, 31, 33). 
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Measurements in a given tubule were used to com- 
pute a mean value for that tubule. Generally there were 
three or four measurements per tubule for a given set of 
experimental conditions. The mean values for individ- 
ual tubules were then used to calculate a mean value t 
standard error of the mean (SE) for the indicated num- 
ber of tubules. The experimental results were expressed 
in this manner. When control and experimental obser- 
vations were made within the same tubule, P values for 
mean paired differences were computed with the Stu- 
dent t test by comparing the differences to zero. 

RESULTS 

Consideration of Prior Data 

Our earlier analysis (31) of fluid absorption coupled to 
passive salt flows depended heavily on the range of 
values chosen for the parameter CY (cf. below), and on 
the apparent magnitude of the Cl-/HCO,- selectivity 
ratio in these tubules. Because these issues have partic- 
ular relevance to the present studies, the arguments 
and data will be considered in some detail. 

Parameter cy. The transepithelial electrical resistance 
of these tubules, measured by Lutz et al. (20) when the 
perfusate and bath contained serum ultrafiltrate and 
rabbit serum, respectively, is approximately 5 %cm2. 
And a layer of Krebs-Ringer buffer having a thickness 
of 7.5 x 10e4 cm, i.e., the thickness of the epithelium, 
has a computed resistance of 0.045 fl cm2 (31). Since 
passive ion permeation in these tubules may involve an 
extracellular route (33), we defined a dimensionless pa- 
rameter cy, which expresses the ionic diffision resist- 
ance of the epithelium with respect to that of an equiva- 
lent thickness of free Krebs-Ringer buffer. For the val- 
ues cited above, we have (31) 

where the limiting values for the parameter a! assign all 
of the resistance to passive transepithelial ion permea- 
tion either to junctional complexes, for CY = 1, or to 
intercellular spaces, for cy = 110. The transepithelial 
ionic permeability coefficient measured at zero volume 
flow (Pi, cm s-l, for the i-th ion) may be related to the 
parameter a according to the expression (31) 

1 1 CYL 
q=pii+ Q (2) 

where Pt (cm s-l) is the permeability coefficient of the 
i-th ion across junctional complexes, Di (cm2 s-l) is the 
free diffusion coefficient of the i-th ion, and L is the 
measured thickness of the epithelium, 7.5 x 10m4 cm 
(33). The values of Pi’ computed for varying values of cw 
are shown in Table 2. It is evident from these data that 
for Na+, HCO 3-, and isethionate, virtually all of the 
resistance to transepithelial passive ion permeation is 
referable to junctional complexes. For the more permea- 
ble Cl- species, intercellular spaces make a relatively 
small contribution to the total resistance to Cl- permea- 
tion when a! exceeds 25. 

As indicated above, a solution (31) of the flow-diffu- 
sion equations for lateral intercellular spaces of tubules 

TABLE 2. Relationship between a! and Pij 

a 

1 0.23 0.73 0.04 0.023 
25 0.23 0.78 0.04 0.023 
50 0.24 0.84 0.04 0.023 
75 0.25 0.91 0.04 0.023 

100 0.26 1.00 0.04 0.023 

The values for PjJ at ac = 1 are the previously reported (31, 33) 
transepithelial ionic permeability coefficients for these tubules; 
measured at zerb volume flow. The values of PiJ for cy > 1 were 
computed f?om equation 1 as described previously (31); L was taken 
to be 7.5 x 10v4 cm (31, 33). 

perfused and bathed at 21°C with Cl-KR and HCO,-KR 
solutions, respectively, indicated that for 1 5 Q! 5 100: 
the Na+, Cl-, and HC03- concentrations in intercellular 
spaces were uniform as a function of channel length and 
very nearly in equilibrium with the bathing solutions; 
and because the intercellular spaces were isosmotic 
with the external solutions, fluid absorption linked to 
passive ion absorption could be rationalized entirely in 
terms of an extracellular rather than a transcellular 
route. 

Two other results particularly germane to the present 
paper emerged from the above-mentioned analysis (31). 
First, dissipative ion transport (Jip 9 cm s-l cmm2) across 
junctional complexes of these tubules may be expressed 
as (16, 17, 31, 35) 

Jip = -Pi’ (AC? + g* Cj AV’) + PJy (1 - ai’) Cij (3) 

where ACi’ and Avj are, respectively, the concentration 
difference for the i-th ion and the voltage across junc- 
tional complexes; Pij is the permeability coefficient of 
the i-th ion across junctional complexes, as defined in 
Table 2; p is the fraction of net fluid absorption travers- 
ing junctional complexes (as indicated above, p is unity 
for the case of isotonic fluid absorption linked to passive 
salt absorption); ~ij is the reflection coefficient of the i-th 
ion across junctional complexes; Ci’ is the mean of the 
i-th ion concentrations on either side of the junctional 
complexes; q is the valence of the i-th ion; and R, T, and 
F have their usual meaning. With measured Jip, Jv, and 
Ve values, the measured and computed Pi’ values listed 
in Table 2, and the values computed for AC), Q, and 
AV from the integrated flow-diffision equations (cf. 
above), it was possible (31) to compute c$, the ionic 
reflection coefficient for the i-th ion across junctional 
complexes. Likewise, because fluid absorption linked to 
passive salt flows .may have involved an extracellular 
route (3l), Pj (cm s-l), the osmotic water permeability of 
the junctional complexes, was computed from the 
expression 

3 

J = 
V PJ VW z uij ACij (4) . 

1= 1 

where_J, (cm3 s-l cmm2) is the rate of net volume absorp- 
tion, VW is the partial molar volume (cm3 mol-I) of 
water, and the summation term refers to Na+, Cl-, and 
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HCO,. Table 3 and Fig. 1 present the V&ES of 0,’ and 
Pi, respectively, which were calculat&l in this manner 
for varying values of a. 

Finally, the data in Fig. 1 permit a more explicit 
evaluation of the range of values for the parameter ti. 
An uncertainty arises if the upper limit of CY is defined 
solely in terms of transepithelial resistance data, i.e., 
according to equation I. For example, the partial con- 
ductance (gi, c--l CIYP) of the i-th ion across a mem- 
brane may be expressed as 

gi= g Zi’P$CJ (5) 

where [CJ is the aqueous phase concentration (eq cme3) 
of the i-th ion. With the values of PNa and Pet computed 
in this laboratory (33) for these tubules (Table 2), equa- 
tion 5 yields (gNa + &cT) = 0.042 W1 l cmd2, or a transepi- 
thelial resistance, due solely to (Na+ + Cl-), of 23.8 
fi l cm2. 

We have no certain explanation for the discrepancy 
between the electrical resistances measured directly for 
these tubules by Lutz et al. (20), and the greater resist- 
ance value computed from (P,, Pcl> according to equct- 
tiim 5. In principle, at least three factors, alone or in 
combination, could account for the phenomenon. First, 
the resistance measurements of Lutz et al. (20) may 
have been erroneously low because of an artifact& 
shunt conductance. But the diameter of the tubule lu- 
men computed electrically by Lutz et al. (20) coincided 
nearly exactly with the optically measured luminal di- 
ameter. In the autoperfused dog kidney, Boulpaep and 

TABLE 3. Derived values of aJ’ in terms of a! 

a da 4-l dl MI 

1 0.9 0.78 - 0.97 
25 0.95 0.83 0.97 
50 0.96 0.88 0.97 
75 1.0 0.95 0.97 

The derived values for cqJ in terms of a are fkom Ref. 31, and were 
computed ~EI described in the text according to equution 3. 

300( 

I I 1 1 c 
20 40 60 80 loo 

d 

FIG. 1. Relationship between predicted value of P( and a. From 
Table 11 in Ref. 31. 
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Seely (3) also measured a proximal tubular electrical 
re&tance of 5.6 a l cm*, with a close agreement between 
optical and electrical methods of measuring luminal 
diameter. Second, our isotopic measurements (33) of PNa 
and PC1 may have been z&factually low. But Kawa- 
mura et al, (15) have obtained nearly the same PNa 
value and a slightly lower PC1 value for isolated rabbit 
superficial proximal straight tubules; and the PNa/PC1 
ratio measured isotopically concides almost exactly with 
that measured by electrical transference methods (15, 
33). Third, an unidentified ion, present in rabbit serum 
and serum ultrafiltrate but not in artiscial mediums, 
may have contributed to the electrical resistance mea- 
sured by Lutz et al. (20). In the present context, it is 
important to note that since equation 5, together with 
(PNa + Pcl>, yields a higher electrical resistance than 
measured by Lutz et al. (20), it is evident that our upper 
limit for a! needs assessment by an alternate method. 

In this regard, Welling (L. W. Welling, unpublished 
observations)’ has measured Pp, the transepithelial wa- 
ter permeability coefficient of rabbit superficial proxi- 
mal straight tubules, from net water fluxes produced by 
hydrostatic pressure gradients, and has obtained a 
value of 0.2535 -+ 0.027 cm s-l (SE; 12 tubules). Figure 1 
indicates that only values of a! s 65 predict Pt values s 
0.2535 cm s-l; indeed, for CY > 65, PI becomes infinite, 
and cannot be used for computation. In short, only the 
restricted range of 

1~~~~65 (6) 

is con&tint simultaneously with the observed rates of 
fluid absorption coupled to passive salt flows (31), mea- 
sured transepithelial electrical resistances (20), mea- 
sured ionic permeability coefficients (33), a measured 
Pf of 0.2535 cm s-l, and any finite value of Pt. 

Value of PNCo3. To our knowledge, three sets of work- 
ers, W&nook and Burg (37), Kawamura et al. (l5), and 
our laboratory (31, 33), have assessed the relative ionic 
permeability properties of isolated superficial proximal 
straight tubules. The isotopic values of PNa and PC1 
determined in this laboratory (33) and by Kawamura et 
al. (15) are in close accord with each other, and with the 
PNa/PCl ratios estimated from electrical transference 
methods. 

In the case of HC03-, in which permeability coeffi- 
cients have been deduced solely from electrical transfer- 
ence methods, there is a seeming divergence of results. 
Table 4 indicates that while both Warnock and Burg 
(37) and our laboratory (31) have measured lumen-posi- 

TABLE 4. Comparison of electrically computed 
Cl-/HC03- selectivity ratios 

Perfwite Bath 

[CI], mM [Hgyp U-J IHC&l. 
Bi-ionic Volt- pH,,pC, PHCQ, pm 

age, mV set-’ 
Ref . 

150 0 125 25 2.1 0.35 0.2 37 

113.6 3.8 136.4 26 3.7 0.06 0.04 31 

The PHco,/Pc, ratios and the values for PHc03 were computed from 
the bi-ionic voltage (lumen with respect to bath) and isotopic PNa and 
PC1 data as described in the indicated reference. 
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tive bi-ionic voltages indicating PHcoI/PcI ratios less 
than unity, the computed PHcos values from the two 
laboratories differ; a PHco3 /PC1 value of approximately 
0.45 may also be computed from the bi-ionic voltage data 
reported by Kawamura et al. (15). 

These differing results may be reconciled in part by 
noting the steep variation of PHcO:, with slight changes 
in bi-ionic voltages. For example, the b&ionic voltage 
may be expressed according to the Goldman-Hodgkin- 
Katz equation 

V 
RT ln P,,[Nal b + PaWNz + PHCOs [HC031z , = -. e 
F &JNN + P,,ICllb + PHco3 [HCOalb 

(7) 

where the superscripts b and 1 refer to ionic concentra- 
tions in the bath and lumen, respectively. For a Cl-KR* 
perfusate, an HCOa-KR* bath, and Pus and PC1 values of 
0.23 x 10B4 cm s-l and 0.73 x 10m4 cm s-l, respectively 
(Ref. 33 and Table 2), the absolute value of PHcoJ .varies 
strikingly with small changes in Ve. A similar result 
obtains if one carries out these calculations using the 
Nernst-Planck equation rather than equation 7. 

Thus, there is qualitative agreement among the re- 
sults of Kawamura et al. (151, Warnock and’ Burg (37), 
and this laboratory (31) that PHco3/PcI is less than unity. 
But because PHco3 has not been measured by an inde- 
pendent method, caution should be exercised in assign- 
ing an exact value to this coefficient. Accordingly, in the 
data analyses presented in this paper, we carry out 
parallel calculations using both of the PHCo3 values 
listed in Table 4. 

Experimental 

Earlier observations (31) on JY and Ve in superficial 
proximal straight tubules exposed to asymmetrical solu- 
tions were obtained with Cl-KR perfusates and HCO,- 
KR bathing mediums, both of which contained acetate 
(Table 1). Since acetate is actively absorbed from lu- 
minal solutions by an as yet unknown mechanism (29), 
the present experiments assessed the transport charac- 
teristics of these tubules in acetate-free asymmetrical 
solutions. 

Effect of acetate omission on J,.. Table 5 illustrates the 
effects of acetate omission and cooling on J\-. In all 
instances, J, measurements were carried out on the 
same tubule under three randomly varied experimental 
conditions: at 37”C, when the perfusate and bath con- 

TABLE 5. Effects of acetate omission and 
cooling on fluid absorption 

Perfusate Bath T, “C 4 AJ, 
nl min-’ mm’ 

Cl-KR HCO,-KR 37 0.41 f  0.04 
0.01 I!z 0.01 
(P > 0.05) 

Cl-KR* HCO,-KR* 37 0.39 f: 0.03 
0.23 + 0.03 
(P c 0.02) 

Cl-KR* HCOS-KR” 21 0.16 + 0.01 

Jr was measured under the indicated conditions in each of 6 
tubules. The order in which J,. measurements were made varied 
randomlv among the individual tubules. 

tamed, respectively, Cl-KR and HCO,KR buffer; and 
at either 21’ or 37”C, when the perfusate and bath 
contained, respectively, Cl-KR* and HCOa-KR” 
buffers. At 37”C, JY was not significantly tie&d when 
acetate in both the perfusing and bathing mediums was 
replaced by isethionate. And in acetate-free mediums, 
cooling from 37’ to 21°C resulted in approximately a 60% 
reduction in J\-. In earlier studies with a Cl-KR per&- 
sate and an HCO,-KR bath, either ouabain or cooling 
reduced JY by 52.60% (31); thus, the rate of fluid absorp- 
tion linked to the dissipative salt transport which occurs 
when these tubules are exposed to asymmetrical salt 
solutions was nearly the same, with or without acetate. 
(As noted previously [31], J\- at 21°C in the presence of 
asymmetrical solutions, e.g., Table 5, is referable to 
oppositely directed Cl- and HCO,- concentration gra- 
dients, and not to oppositely directed concentration gra- 
dients for urea and alanine plus glucose.) 

Effect of varying temperature on Ve. With a Cl-KR 
perfusate and an HCO,-KR bath, Ve is lumen-positive 
at 37OC in the range +2.8-3.2 mV, and rises approxi- 
mately 0.4-0.7 mV when active transport is inhibited 
either by cooling to 21°C or by *addition of 10e4 M oua- 
bain to the bath (31). Because Ve evidently contributes 
to the electrochemical gradient for transepithelial Na+ 
and Cl- transport, it was relevant to assess Ve at 37OC in 
acetate-free asymmetrical solutions and the effect of 
cooling on Ve. Figure 2 and Table 6 illustrate that when 
the tubules were perfused and bathed with, respec- 
tively, Cl-KR* and HCO,-KR* buffers, Ve was approxi- 
mately +3.7 mV lumen positive at 21OC. Warming to 
37OC resulted in approximately a 1.0 mV decrement in 
Ve, which was reversed by cooling again to 21OC. We 

4.t 

s 
-5 3.c 

9 

2.c 

I  I  1 

21 37 21 
Temperature (“C) 

PIG. 2. Effect of cooling on Ve. Perfusate contained Cl-KR* and 
bath contained HC03-KR*. In each tubule, Vc was measured first at 
21”, then at 37", and lastly at 21°C. Lines connect measurements on 
same tubule. 
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conclude that for these conditions, institution of active 
Na+ absorption was accompanied by a clearly discerni- 
ble fall in Ve. 

Net Cl- absorption at 37OC. In the case of fluid absorp- 
tion from superficial proximal straight tubules exposed 
to symmetrical HCO,-KR solutions at 37”C, Cl- is the 
counterion for approximately 25% of absorbed Na+ (29, 
33). In the case of passive salt absorption from acetate- 
containing asymmetrical solutions (a Cl-KR perfusate 
and an HCOa-KR bath), Cl- is the sole anion in an 
isotonic fluid absorbate (31). Table 7 presents an assess- 
ment of net Cl- absorption from acetate-free asymmetri- 
cal solutions at 37OC. 

The perfusate and bath contained, respectively, Cl- 
KR* and HCOB-KR*, and the system was maintained at 
37OC. Net Cl- flux was computed from chemical bal- 
ances. Since net lumen-to-bath Na+ flux accounts quan- 
titatively for isotonic fluid transport in these tubules, 
either at 37’ or at 21°C (29, 31, 33), the predicted net 
cation absorption rate (Jcation) in Table 7 was computed 
from Jv for the case of an isotonic salt absorbate. Table 7 
illustrates clearly that the Cl- concentration of collected 
fluid was virtually indistinguishable (P > 0.2) from that 
of the perfusate, and that Cl- was the counterion for 
approximately 85% of cation, i.e., Na+, absorption. 

symmetrical HCO,-KR solutions, and fluid absorption 
is linked to active plus passive net Na+ flux (29,33), and 
when the perfusate and bath contain, respectively, Cl- 
KR and HC03-KR buffers, and fluid absorption is 
linked to dissipative Na+ flux (31). Likewise, Na+ ab- 
sorption is an isotonic process in isolated proximal con- 
voluted tubules (4, 18). 

Alternatively, Sackin and Boulpaep (26) have re- 
cently proposed that in proximal convolutions of Nectu- 
rus absorbed fluid may be slightly (e.g., approximately 
2 mM) hypertonic to luminal fluids. Clearly, such a 
degree of hypertonicity could not be detected in isolated 
perfused tubules given currently available methodol- 
ogy. Moreover, these workers (26) also considered the 
possibility of osmotic equilibration of tubular fluid with 
interstitial fluid, followed by final fluid transport into 
peritubular capillaries. The experimental data in the 
present paper do not permit such an evaluation. 

Analytical 

We now consider a model for evaluating fluid absorp- 
tion linked to active plus passive ion transport processes 
when these tubules were exposed to asymmetrical ace- 
tate-free KR solutions. In these tubules, net Na+ ab- 
sorption accounts quantitatively for isotonic fluid trans- 
port when the tubules are perfused and bathed with 

TABLE 6. Effect of cooling on transepithelial voltage 

T, “C V,, mV AV,, mV 

21 3.8 t 0.2 
1.1 iI 0.2 

(P < 0.001) 
37 2.7 + 0.2 

0.9 AI 0.1 
(P < 0.001) 

21 3.6 t 0.1 

This table presents the mean values t SE for the data shown in 
Fig. 3. n, 10. 

The present analysis will, therefore, consider the case 
of isotonic fluid absorption from these tubules when the 
per&sate and bath contain, respectively, Cl-KR* and 
HCOS-KR* buffers, both at 37OC. The aqueous phases 
are taken as containing three ions: Na+ = 1; Cl- = 2; 
and HCO,- = 3. The experimental data to be analyzed 
are Jv, J,, JZ, J3, and Ve, and these values, obtained 
from Tables 5-7, are summarized in Table 8. 

Model. The analytical model, illustrated schemati- 
cally in Fig. 3, includes a component identical to that 
presented previously (31), and also considers terms for 
active ion transport. An unstirred channel lacking fixed 
charges and having an unspecified geometry separates 
the luminal and bathing solutions, and is bounded lat- 
erally by a cellular compartment; 1 cm2 of luminal 
membrane contains n channels. Each channel is sepa- 
rated from the lumen by a membrane (the junctional 
complex) at x = 0, and from the bath by a membrane 
(the peritubular basement membrane) at x = L. The 
concentrations (eq cmm3) of the i-th ion in lumen, cell, 
channel, and bath are designated as, respectively, ql, 
CIc, CIx, and qb. All ion and volume flows are taken as 
positive in the direction of increasing x. 

Volume flow may enter the k-th channel either 
through an extracellular route (jve) or through a cellular 
route (jvc>, and all of the transported fluid, designated 
jvL, leaves the channel at. x = L. Ions may enter the 
channel through an extracellular route (jie> or through a 

1* 
TABLE 7. Chloride absorption at 37OC with acetate-free meaturns 

Tubule, 
mm 

3.69 
2.85 
3.5 
3.45 
3.4 
3.2 

Perfueate Collected Fluid 
J,, nl mine1 mm-’ J Cl J catkm 

JCI/Jcatton 9 6 

[Cl-l, mM Rate, nl min-’ [Cl-], mM Rate, nl mind* eq min-l mm-’ x 10” 

. 139.9 12.32 139.4 10.88 0.40 5.74 6.23 92.0 
138.8 11.97 139.8 10.94 0.36 4.66 5.61 83.0 
138.8 11.18 137.6 9.93 0.36 5.30 5.61 94.0 
138.8 10.10 137.8 9.00 0.39 4.32 6.08 71.0 
137.9 9.18 137.8 7.66 0.45 6.20 7.01 88..0 
137.9 11.28 139.3 9.73 0.48 6.25 7.48 84.0 

Mean 138.7 138.6 0.41 5.41 6.39 85.3 
2SE to.3 20.3 20.05 kO.33 20.32 23.4 

The perfusate and bath contained, respectively, Cl-KR* and HCO,-KR* buffer. Jcl, the net rate of Cl- absorption, was computed from the 
Cl- concentration in the perfusate and collected fluid, and the perfusing and collection rates. JV was measured as described in METHODS. Jcation 
was computed from J, for the case of isotonic fluid absorption (29, 31, 33). 
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TABLE 8. Experimental data for analysis 

Data source 

4 = 9.76 x low6 cm3 s-l cms2 Table 7 
J, = 1.52 x lo+ eq s-l cms2 Table 7 
J2 = 1.29 x 10BQ eq s-l cmm2 Table 7 
J3 = 0.23 x low9 eq s+ cmv2 (J, - J,) 
ve = +2.7 mV Table 6 

lumen 
C’ i 

cellular route (AC); all of the ion flux, designated jiL, 
leaves the channel at x = L. 

ve 

metric and frictional constraints to diffusion and con- 
vection, the loci of active ion transport, and the rate of 
active ion transport, are the same within all channels 
(31). Thus, Ji, the net flux of the i-th ion for 1 cm2 of 
membrane area, is 

Assumptions. Following our previous analysis (31), 
we set the following assumptions. 

I) The channels are considered uniform, i.e., the geo- 

n 

J i= hL (8 ) a 
k=l 

and Jv, the net volume flow for 1 cm2 of membrane area, 
is 

n 

J V = 2 jvL VW 
k=l 

to a layer of free solution having the same thickness as 

served values (Fig. 1 and Ref. 31), and not by electrical 

2) The dimensionless parameter cy (31), within the 
range defined in equation 6, is considered as providing 

the epithelium. We emphasize again in this regard that 

an estimate of the diffusion resistance of intercellular 

resistance measurements. 

the upper limit of 65 for a! has been set using hydraulic 

spaces, exclusive of junctional complexes, with respect 

conductivity comparisons between computed and ob- 

3) Passive ion permeation in these tubules may in- 
volve an extracellular route, so it is likely that junc- 
tional complexes are appreciably more permeable to 
ions than lateral or basilar membranes (31, 33). Thus, 
as in the standing gradient model (9), we consider the 
membranes separating the cellular and channel com- 

values for PHCo3 will be used: PHCo3 = 0.04 X 10B4 cm s-l, 
as obtained in this laboratory (31) (Table 4); and PHcoJ = 
0.2 x 10B4 cm s-l , as obtained by Warnock and Burg (37) 
(Table 4). 

6) The cells are considered to be in osmotic equilib- 
rium with the external solutions. Since a unity reflec- 
tion coefficient has been assigned for Na+, Cl-, and 
HCO,- across the membranes separating cellular and 
channel compartments, the total cellular ion content is 
taken to be twice the cation content of the external 
solutions. , 

Flow-diffusion equations. For uniform channels, the 
flux of the i-th ion through a plane at x normal to the 
direction of solute transport is, for 1 cm2 of luminal 
surface area (31) 

FIG. 3. Schematic diagram of model for evaluating fluid absorp- 
tion linked to active plus passive ion flows. 

J i 

C 

where Jvx is the net volume flux crossing x for 1 cm2 of 

1 

1 

+ Jvx Cix 

luminal surface area, and Vx is the voltage at x. The 

x = c,” + csx 

(9) 

Equations 9 and 10 may be solved 

electroneutrality condition is 

yield 
d C x 
---&- =i{($ +g) (JvxCIX--J,x 

. /a d I w  _. 

(10) 
simultaneously to 

+ - - - (J,,~ Cp - J2x) 
\ D 2 d 3 

partments to have unity reflection coefficients for Na+, 
Cl-, and HC03- (31). 

2 =;{(gl -;) (JvxC,” - J,‘)$ 4) Welling et al. (39) have noted that peritubular 
basement membranes of superficial proximal straight 
tubules are very permeable to water, particularly with 
respect to luminal surfaces, and moderately permeable 
to albumin. Accordingly, we assume a zero reflection 
coefficient for Na+, Cl-, and HCO,- at x = L, i.e., we 
assume that CL = Cib (31). Since the hydraulic conduc- 
tivity of peritubular capillary basement membranes in 
these tubules exceeds 4 x 10e2 Cm s-l atm-l (39), one 
requires a negligible pressure gradient, e.g., 0.1-0.2 
cmH,O, to account for volume flow between intercellu- 
lar spaces and bath. Consequently, hydrostatic pressure 
terms will not be considered in the present analysis. 

(12) 

+ [g- (E-g) $1 (J,“CI - J2x)} ’ ’ 

and 

dV x 
dx 

1 d Cx J,x a ---- -- 
C,x dx D, Cx 1 (13) 

Equations 9-13 are identical to those presented else- 
where (31) for fluid absorption linked to passive ion 
flows which occur in these tubules. 

5) The dissipative permeability characteristics of 
junctional complexes, listed in Tables 2 and 3 for vary- 

We now consider the expressions for the gradient of 
volume flow and the gradient of ion flow. As defined 

ing values of cy, will be utilized. As indicated above, two previously (31)) the gradient of volume flow is 
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dJ 
-2 = Pr”’ VW 

V 

dx 

where Pi”’ (s-l), the osmotic water permeability coeffi- 
cient per unit channel length for the membrane separat- 
ing cellular and space compartments, is 

pr” 
pfc’ = L (15) 

where Pt is the osmotic water permeability coeffkient 
(cm s- ‘*) of the membrane between cells and channel. 
Clearly, Pt is not known directly. But since all volume 
flow is considered to enter the channels through either a 
cellular or a paracellular route, and since all volume 
flow is considered to exit the channels at x = L, we may 
express Pfc as 

Pr” = Pro - P) (16) 

where Pro is the observed transepithelial water conduct 
awe (cf. above; PI0 = 0.2535 t 6.027 cm s-I). By substi- 
tuting this value for PF in equation 16, and substituting 
the latter in equation 15, we have 

PfC’ = 0.2535 - Pr’ 
L (17) 

where L = 7.5 x 10e4 cm (31, 33) and P), fm varying 
values of cy, may be obtained from Fig. 1. We emphasize 
again in this regard that the values of Pi in Fig. 1 were 
obtained (cf. Ref. 31) for the case of fluid absorption 
traversing an extracellular route. 

To evaluate the gradient for ion flow, we note that for 
combined active plus passive ion flows Jix may be ex- 
pressed as 

Ji” = Ji” + Ti *cNi - W) (18) 

where Jtp is the passive component of the i-th ion flux 
crossing x in 1 cm2 of luminal surface area (Jip is as- 
sumed to enter the channels at x = 0 via an extracellu- 
lar route), ri is the rate of active transport (eq/s. cm of 
channel length) of the i-th ion in 1 cm2 of luminal 
surface area, and w  and Nr are, respectively, the begin- 
ning and end of the sites along the channel length for 
active transport of the i-th ion in the x direction. Accord- 
ingly we have 

and the gradient of ion flux is 

Tl=, we may define Jia (eq s+ cme2), the net rate of 
active ion absorption, as 

dJ ix - = 71 
dx 

Jia = pi (N, - Mr) (21) 

An approximation solution for the model. It is clear 
fkom equations 20 and 21 that computation of the solute 
concentration profiles in intercellular spaces requires 
an assessment of Jia. To our knowledge, there exists no 
explicit method for evaluating this term. But it mav be 

possible to obtain a reasonable estimate of Jr*, the rate 
of net passive ion absorption, and then to obtain Jia as 
the difference between Ji and Jip by expressing equation 
3 in terms of transepithelial driving forces 

Jip = (22) 

+ J,(l -c&(‘~’ ;““) 

i.e., where Pt (Table 2, and for PHc4 also Table 4) andm$ 
(Table 3) are for a = 1. 

The use of equation 22 to approximate Jip in these 
tubules may be&tified, at least as a reasonable choice, 
by a number of considerations. There are at least three 
~IIS&IK~S in which equation 22 has described ade- 
quately the measured rates of net passive ion transport 
in these tubules. These include net passive Cl- absorp- 
tion from tubules perfused and bathed with symmetrical 
HCO&R solutions at 37”C, i.e., during combined ac- 
tive and passive net ion transport (29); and net passive 
Na+ and Cl- absorption from tubules perfused and 
bathed at 21°C with, respectively, Cl-KR and HCOa-KR 
solutions, i.e., during fluid absorption coupled to pas- 
sive ion transport (31). 

In all of the above situations, difksion has comprised 
7tLMO% of net passive ion flux (29,31), in accordwith 
the fact that the ~2 values listed in TabIe 3 are close‘ to 
unity. And Table 2 indicates that for the range 1 s ,a 5 
65 (cd’. equation - 6), juxdional complexes constitute 
either the major (for Cl-) or sole (for Na* and HCOa-) 
resistance for transepithelial ionic diffusion. So it may 
be that the intercellukr m are very nearly in dif&- 
sion equilibrium with the bathing solutions. Indeed, the 
latter description applies to the case of fluid absorption 
linked to passive NaCl flux in these tubules (31). 

Based on these empirical and theoretical observa- 
tions, we argue that for these tubules equation 22 pro- 
vides a reasonable method for assessing J1”. St&ed in 
another way, we assume that q, the concentration of 
the i-th ion at x = 0, is virtually the same as Cib, the 
concentration of the i&h ion in the bath; and that Ve, the 
transepithelial voltage, is virtually the same as the 
voltage across junctional complexes. It is important to 
note in this conterxt that the use of equation 22 does not 
imply that the actual value of at is unity, but rather that 
because the values of Pi’ (Table 2) and alJ (Table 3) vary 
only slightly for 1 5 cx zs 65, the use of equation 22 
provides a reasonable way of approximating the magni- 
tude of passive ion transport. 

The argument may have a more general applicability 
to passive ion traInsport in mammalian proximal renal 
tubules. Sauer (27) has deduced fiom thermodynamic 
considerations that an expression formally identical to 
equation 22 may be used to assess passive ion transport 
in renal tubules. And Ftimter et al. (lo), Ullrich (35), 
and Neumann and Rector (23) have used the equivalent 
of equation 22 to describe the passive components of 
ionic fluxes measured during in vivom icropuncture of 
rat proximal convolutions. - 

Table 9 lists the values of Jip, and the diffisiun and 
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TABLE 9. Contributions of active and passive 
transport processes to net ion absorption 

Ion 4 
Total J,” Diffhsion Solvent Drag 

eq set-’ cm-* X 1W Jla 

Na+ 1.52 0.51 0.36 0.15 1.01 
Cl- 1.28 1.20 0.93 0.27 

Using PHcos = 0.04 X 10m4 cm s-l 
HCO,- 0.24 -0.103 -0.11 0.008 0.34 

Using PHcos = 0.20 x 10m4 cm s-l 
HCOB- 0.24 -0.582 -0.59 0.008 0.82 

The values of Ji are from Table 8. Jip, the net passive flux of the 
i-th ion, and the diffusional and entrained components of this flux, 
were computed according to equation 22 Tom Ji. For Na+ and Cl-, Pi 
and qJ were taken from Tables 2 and 3, respectively; u&co3 was taken 
from Table 3; the two indicated values of PHco3 were used. A negative 
sign denotes bath-to-lumen flux. 

solvent drag components of Jip, which were computed 
according to equation 22; and the values of Jia, com- 
puted as the difference between Ji and Jip. Table 9 
indicates that 34% of net Na+ absorption could be ac- 
counted for in terms of passive transport processes, in 
close accord with the experimental observation that for 
these conditions 41% of net fluid absorption was insensi- 
tive to cooling (Table 5). Approximately 70% of passive 
Na+ transport was diffisional. Net Cl- transport in 
these tubules (29), as in the proximal convoluted tubule 
of the rat (10, 35), is passive. Table 9 shows that within 
experimental error equation 22 accounted for net Cl- 
absorption. Finally, Table 9 illustrates that, depending 
on the value of PHcoI chosen, JkcOa varied. The net effect 
of assigning the higher value of 0.2 x 10B4 cm s-l to 
P Hco3 was to increase the diffusional backleak of HCO,- 
inte the lumen, and, hence, Jtco3. For these conditions, 
the calculated net rate of active HCO,- transport was 
approximately 80% of the net rate of active Na+ trans- 
port* 

Solution of flow-dij@sion equations. We may also use 
numerical integration of the flow-diffusion equations to 
evaluate the applicability of equation 22. Equations ll- 

.14 and 20 may be ‘integrated numerically (31, 34), sub- 
ject to the boundary conditions defined in equations 3, 
4, andlO. The required inputs are: ql, Cb, and Dt; Pi’ in 
terms of the variable parameter ~1 (Table 2 and, in the 
case of HC03-, also Table 4); Ji, Jv, and Ve (Table 8); PC’, 
in terms of the varying parameter a! (equations 15-I 7 
and Fig. 1); and Ti, in terms of the varying parameters 
Ni and lh!& (equations 18,19, and21 and Table 9). The 
varying parameters are cy, as defined in equation 6, and 
(Ni - w), as defined in equation 21. 

The solution of equations 11-l 4 and 20 yields: Go, the 
concentration of the i-th ion at x = 0, u:, and Av1. Since 
equation 22 equates Cib and Ve with, respectively, Ci” 
and Av in equation 3, the solution of equations 11-14 
and 20 provides a way of evaluating the validity of this 
assumption. And yet another means for testing the 
applicability of equation 22 obtains by comparing the c$ 
values used in equation 22 (i.e., those listed in Table 3) 
with those obtained from the solution of equations 11-14 
and 20. 

Figure 4 illustrates the values of (Co - Cb) for 1~ a 

5 60, which were computed from numerical integration 
of equations 11-14 and 20. The values of Jia were ob- 
tained from Table 9 with the value of PHC& = 0.04 X 10e4 
cm s-l. When the value of PHco3 = 0.2 x 10m4 cm s-l WEU 

used, Ci” for Na+, Cl-, and HCOa- varied by less than 
0.01 mM from the Co values shown in Fig. 4. In short, 
virtually identical values for Cto were obtained with the 
higher and lower values for PHco3. 

It is evident from Fig. 4 that C$a, C&, and aco3 were’ 
virtually the same as, respectively, Qa, C$, and C&ol. 
Further, although the results are not shown in Fig. 4, 
the concentration of each of the three ions was invariant 
with x in the interval 0 5 x 5 7.5 x 10B4 cm. Nearly 
identical results were obtained when the Jia values in 
Table 9 were used, but for both Na+ and HC03-, the 
interval I& to Ni in equation 21 was taken to be from 
zero to 0.2 x 10m4 cm, i.e., when the active transport 
sites were localized to the apical ends of intercellular 
spaces. 

Thus, for these combinations the intercellular spaces 
were in virtual equilibrium with the bathing solutions, 
=d varying PHCOl between 0.04 x 10m4 cm s-l and 0.2 x 
10m4 cm s-l had essentially no effect on Co. Evidently, 
these results are entirely consistent with the use of 
equation 22 as a valid approximation for estimating Jip. 
It also follows directly that, since the intercellular 
spaces were isosmotic with the external solutions, net 
fluid absorption involved an extracellular rather than a 
transcellular route. 

Finally, Table-10 lists the values of u{ and AVj which 
were computed from numerical integration of equations 
U-14 and 20 for the conditions listed in Fig. 3, and for 
the case in which PHcoJ was taken to be 0.2 X 10B4 cm 
s-l. The computed values of Avj were virtually identical 
to the experimentally measured transepithelial volt- 
ages (Table 8), and the values of ai’ computed from the 
present analysis were virtually the same with the two 
different values of PHcoIe The U* values in Table 10 were 
similar to those computed in our earlier studies (Table 
3); but, importantly, the computed magnitude of (c&c03 

+1x 

iiF 

g 

n.- 0 
0 
I 

0 
ti- 

-1.0 

Ni - Mi = 7.5 x 10B4cm 

1 20 40 60 

ol 

FIG. 4. Values of the differences between solute concentrations at 
the closed ends of lateral spaces and in 1 bathing solution (C$O - Cb) 
in terms of parameter CY, computed from numerical integration of 
equations 11-14, and17. Values of Ji and Jia were taken from Table 9. 
Ni - Mi in equation 21 was taken to be 7.5 x lOA cm, the lateral 
space length. 
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TABLE 10. Values of a{ and AVi corresponding to Cij remarkably high hydraulic conductivity of peritubular - - 
basement membranes measured for these -tubules by 

a da 4 UHCO¶ AVj, mV Wellirig and Grantham (39), e.g., in excess of 4 x lOa2 
Using PHcoJ = 0.04 x lo+ cm s-l cm s-l atm-l, and the assumption that those mem- 

1 .91 .65 36 2.70 branes have a zero reflection coefficient for Na+, Cl-, 
20 .92 .70 .97 2.72 and HCO,- (cf. assumption 4 of the analytical model), a 
40 .97 .75 .97 2.76 
60 .98 36 .98 2.80 

negligible hydrostatic pressure gradient is required -to 
account for the transport of solutes and water from 
intercellular spaces to *bath. 

1 

Using PHCOJ = 0.20 x 10m4 cm s-l 
.91 .65 .95 2.69 

20 .92 .70 .98 2.69 
40 .94 .75 .99 2.69 
60 .97 .85 1.02 2.70 

The values of qJ and Ve were computed for the conditions listed in 
Fig. 3, with each of the indicated values of PHcoJ and the correspond- 
ing transport rates for HCO,- from Table 9. 

- aJ&> for a given value of a was greater at 37' (Table 10) 
than at 21°C (Table 3). 

In short, given the measured hydraulic conductivity 
of these tubules, one can account for isotonic fluid ab- 
sorption from asymmetrical solutions (i.e., a Cl-KR* 
perfusate and an HC03-KR* bath) on the basis of un- 
equal reflection coefficients for Cl- and HC03-, whether 
a lower (0.04 x 10m4 cm s-l) or higher (0.2 x lo4 cm s-l) 
P Hc03 is chosen. Moreover, when the interval M to Ni 
was taken to be from zero to 0.2 x 10B4 cm for both Na+ 
and HC03-, solution of the flow-diffusion equations 
yielded nonreal values for o-&OS. Thus, in terms of the 
present model, localization of the active transport sites 
for Na+ and HCO,- to the apical ends of intercellular 
spaces is an unlikely possibility. 

DISCUSSION 

The experiments reported in this paper were intended 
to evaluate ion transport processes and coupled fluid 
transport in superficial proximal straight tubules ex- 
posed to asymmetrical, acetate-free solutions similar in 
composition to those which might be seen in this neph- 
ron segment in vivo. When the tubules were perfused 
and bathed with, respectively, Cl-KR and HCO,-KR 
solutions, omission of acetate from both the perfusing 
and bathing solutions had no significant effect on the 
rate of fluid absorption (Table 5). When the tubules 
were perfused and bathed with, respectively, Cl-KR* 
and HC03-KR* solutions there was a 69% reduction in 
net fluid absorption when active Na+ transport was 
inhibited by cooling (Table 5), and the, transepithelial 
voltage, 2.7 mV, lumen positive at 37”C, rose approxi- 
mately 1.0 mV when the system was cooled (Fig. 2 and 
Table 6). These results are very similar to those mea- 
sured previously (31) when the tubules were exposed to 

Ion Transport: Passive and Active Components 

The results in Table 2 indicate that junctional com- 
plexes rather than intercellular spaces constitute most 
or all of the transepithelial resistance to ionic diffusion. 
Accordingly, equation 22 described passive ion trans- 
port across junctional complexes in terms of bulk phase 
driving forces. In empirical terms, there was reasonable 
agreement between the values for Jip predicted from 
equation 22 and the experimental data. The net passive 
Na+ flux predicted from equation 22 amounted to 34% of 
total Na+ flux (Table 9), in close accord with the fact 
that 41% of fluid absorption from these tubules de- 
pended on passive transport processes (Table 5). Cl- 
transport in these tubules is passive (29), and the net 
Cl- flux predicted from equation 22 was the same, 
within experimental error, as the measured rate of net 
Cl- absorption (Tables 7 and 9). In the case of HCOB-, 
the Cl-KR* perfusate and an HC03-KR* bath produced 
an electrochemical gradient for passive HC03- backflux 
from bath to lumen. The magnitude of the computed 
backflux varied depending on the value of PHCor chosen, 
as did the rate of-active-HCO,- transport required to 
account for net HCO,- absorption. At PHcoS = 0.2 x 10B4 
cm s-l the rate of active HCO,- transport-was approxi- 
mately 80% of the rate of active Na+ tr-ansport (Table 9). 

In order to evaluate these data further, the active and 
passi .ve ion transport rates computed from equation 22 
were used as variable input parameters into the formal 
solution of the flow-diffision equations, which yielded 
CO i 9 af j, and AVj. We emphasize again in this regard 
that the upper limit of 65 for the parameter a depended 
on hydraulic conductivity considerations. Our earlier 
analysis of fluid absorption coupled to dissipative salt 
flows yielded an indeterminate P( value when a! ex- 
ceeded 65 (Fig. 1 and Ref. 31); likewise, only values of a! 
5 65 were consistent with the transepithelial hydraulic 
conductivity of 0.2535 cm s -? Further, because of uncer- 
tainty concerning the exact value of PHco3, the computa- 
tions were carried out with two different PHcos values, 
0.04 x 10B4 cm s-l and 0.2 x 10e4 cm s-l (cf. Table 4). 

There was also a convergence of the results obtained 
acetate-containing asymmetrical solutions, i.e., a Cl- from equation 22 with those predicted from the flow- 
KR perfusate and an HCO,-KR bath. Finally, net Cl- diffiion equations. When the Ji, Jip, and Jia values in 
absorption accounted for 85% of net cation absorption at Table 9 (which were obtained from the experimental 
37 ‘“C with acetate-free asymmetrical solutions (Table 7). data and equation 22) were used with the-integrated 

The analytical model (Fig. 3) was designed to assess forms of equations 11-l '4, and .20, the computed concen- 
the mechanisms of ion and fluid absorption from tubules trations of Na+, Cl-, and HCO,- in intercellular spaces 
exposed to asymmetrical, acetate-free solutions at 37"C, (Fig. 3) were virtually identical to those in the bathing 
with particular regard to the use of equation 22 in a solutions. The predicted values for (T~J (Table 10) were 
quantitative assessment of passive ion transport and very similar to those used in equation 22 (Table 3), and 
the driving forces for net fluid absorption. Given the the predicted AVJ (Table 10) was virtually the same as 
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the measured Ve (Table 6). Moreover, the values of Co, 
CriJ, and Av predicted from the flow-diffusion equations 
were essentially the same for PHcoI = 0.04 x 10e4 cm s-l 
anil e-lCOD = ‘0.20 x 1o-4 cm s-l. 

Taken together, these observations are consistent 
with the possibility that equation 22 and the results 
listed in Table 9 provided a reasonable estimate of the 
magnitudes of active and passive ion transport in these 
tubules, at least for the case of a Cl-KR* perfusate and 
an HC03-KR* bath. It is relevant to note in this regard 
that Ftimter et al. (lo), Ullrich (35), and Neumann and 
Rector (23) utilized a form of equation 22 to assess both 
the amount of passive ion transport and the relative 
magnitudes of ion diffusion and ion entrainment with 
solvent flow occurring during fluid absorption in the in 
vivo rat proximal convoluted tubule. These workers 
assumed implicitly that all volume flow traversed junc- 
tional complexes, and that ionic concentrations in inter- 
cellular spaces could be equated with those in the ‘inter- 
stitium. Likewise, our previous analysis (31) showed 
that equation 22 described dissipative ion transport in 
these tubules when active ion transport was inhibited. 

Driving Force for Fluid Absorption 

Our present calculations, as well as our earlier analy- 
sis of fluid absorption coupled to passive ion transport 
(31), apply to a particular set of circumstances, i.e., fluid 
absorption from proximal straight tubules exposed to 
asymmetrical solutions. Both in our earlier analysis 
and in the present model the computed Na+ concentra- 
tions (and hence the osmolalities) of lateral intercellular 
spaces were either the same or slightly less than the 
external solution osmolalities (Fig. 4); and fluid absorp- 
tion could be rationalized in terms of the oppositely 
directed Cl- and HC03- concentration gradients be- 
tween lumen and bath, and the fact that junctional 
complexes were more permeable to Cl- than HC03-. 

Some additional insight into the present model may 
be obtained from the following considerations. Figure 4 
indicates that during fluid absorption at 37”C, the com- 
puted Na+ concentration in intercellular spaces was 
very nearly equal to the Na+ concentrations in the 
perfusate and bath. Likewise, during fluid absorption at 
21°C (i.e., fluid absorption coupled to passive ion flows, 
Table 5), our earlier calculations (31) indicated that the 
Na+ concentrations in intercellular spaces were practi- 
cally the same as those shown in Fig. 4. Taking these 
factors into account, the effective osmotic gradient driv- 
ing fluid absorption across junctional complexes, either 
at 21’ or at 37”C, may be approximated by expressing 
equation 4 as 

where P) (Fig. l), C$ (Table 10 for 37”C, and Table 3 for 
Zl”C), and Cio (Fig. 4 for 37°C; Fig. 5 in Ref. 31 for 21°C) 
are functions of (Y. Using the Jv values in Table 5 and 
the PJ values in Fig. 1, the effective osmolality gra- 
dients driving fluid absorption are: at 37”C, from 11.6 
mosmol liter-l, at a = 1, to 3.0 mosmol liter-l, at cy = 60; 
and at 21°C, from 4.6 mosmol liter? at a! = 1, to 1.2 

mosmol liter-l, at a! = 60. Put another way, the differ- 
ences between the effective osmolality gradients driving 
fluid absorption at 37O and at 21°C range from 7 mosmol 
liter-l at a! 7 1, to 1.8 mosmol liter-‘, at a! = 60. 

Evaluation of the analytical results in this paper and 
in our previous paper (31) in terms of equation 23 indi- 
cates that at least two factors contribute to the lower 
effective osmotic gradient driving fluid absorption at 21° 
compared to 37OC. First, a comparison of Tables 3 and 10 
shows that the computed magnitude of (dcos - ajcl), for 
a given value of a! was greater at 37O than at 2l”C, 
because ajcl was slightly lower at 37O than at 21OC. So it 
may be that ionic reflection coefficients are slightly 
different at 37’ than at 21”C, although we have no 
explanation for the physical basis for such changes, if 
they occur. Second, the anion concentrations at x = 0 
may vary at 21’ and at 37OC. Figure 4 shows that at 
37”C, both the concentrations of Cl- and HCO,- at x = 0 
were very slightly less than in the bathing solutions. In 
contrast, our earlier analysis (31) of fluid absorption 
coupled to passive ion flows at 21°C yield& computed 
values of Cl- and HC03- at x = 0 which were, respec- 
tively, higher and lower than in the bathing solutions. 
Therefore, in terms of equation 23, there is a proportion- 
ate reduction in the driving force for fluid absorption at 
21’ compared to 37OC. 

Finally, d-K03 values listed in Table 10 were computed 
by assuming that the active transport sites for Na+ and 
HCO,- were uniformly distributed along lateral inter- 
cellular spaces. As indicated above, these o&os values 
accounted for the measured rates of fluid absorption. 
But when the active transport sites were localized to the 
first 0.2 mm of channel length, nonreal values for dco3 
were obtained (cf. RESULTS). These results are at least 
consistent with the recent observations of Kyte (19) who 
found, by immunohistologic techniques, that (Na+ + 
K+)-dependent ATPase activity was uniformly distrib- 
uted along the intercellular spaces of canine cortical 
proximal convoluted tubules. 

Comparison with Standing Gradient Model 

The standing-gradient model for fluid absorption pro- 
posed by Diamond and Bossert (9) considered the case of 
fluid transport across epithelia exposed to symmetrical 
salt solutions, while the present model is restricted to 
the case of fluid transport across proximal straight tu- 
bules exposed to asymmetrical salt solutions. As indi- 
cated above, the asymmetry of anion concentrations in 
the perfusing and bathing solutions, coupled to the fact 
that junctional complexes of these tubules are more 
permeable to Cl-’ than to HC03-, provides a driving 
force for fluid absorption which was not considered in 
the standing-gradient model of Diamond and Bossert 
(9). In addition to this difference, there are some major 
differences in the choice of transport parameters uti- 
lized in the present model and by Diamond and Bossert 
(9) in the stand inggradient model. A consideration of 
some of these differences may be useful in understand- 
ing why our computations predict isotonicity rather 
than hypertonicity of intercellular spaces. 

First, the effective osmotic gradient driving fluid 
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transport is substantially greater in the standing-gra- 
dient model than in the present model. Diamond and 
Bossert (9) chose solute transport rates of 0.5-1.5 x lo* 
osmol s-l cmB2 of apparent epithelial surface area and 
an external solution osmolality of 0.3 osmol liter-l, 
yielding J, values of 1.66-5 x 10B5 cm3 s-l crnB2 of 
epithelial surface area. The Jv at 37OC in the present 
experiments (Table 8) was 9.76 x 10B6 cm3 s-l cmB2, 
which is 1.7-5.1 times less than in the standing-gradient 
model. The transepithelial Pr values utilized by Dia- 
mond and Bossert (9) were in the range 0.55-27.5 x 10D4 
cm s-l; the Pfj values used in the present calculations 
ranged from 466 x 10e4 cm s-l, for a! = 1, to 2,437_ x 10m4 
cm s-l, for a! = 60 (cf. Fig. 1). Thus, J,/Pf VW, the 
effective osmotic gradient driving fluid absorption, was 
167-182 mosmol liter-l in the standing-gradient model 
and 3.0-11.6 mosmol liter-l in the present model for 
fluid absorption at 37OC. 

From the above data, it is evident that the higher 
effective osmotic gradient required by the standing- 
gradient model, with respect to the present model, de- 
pends in part on the higher Jv values utilized by the 
former, but primarily on the fact that Diamond and 
Bossert (9) chose Pf values which were 17-90 times less 
than those used in the present model, and, indeed, more 
than tenfold less than the transepithelial ADHdepend- 
ent Pf of approximately 200 x 10e4 cm s-l (23, 30) ob- 
served in electrically tight epithelia such as the cortical 
collecting tubule. In this regard, it is important to note 
that both Wright et al. (40), on the basis of experimental 
observations, and ourselves (30), on the basis of experi- 
mental and theoretical analyses, have provided evi- 
dence indicating that the Pf estimates cited by Diamond 
and Bossert (9), which derive from steady-state osmotic 
flux measurements, may have been erroneously low by 
a factor of more than 10, because of solute polarization 
phenomena referable to unstirred layer effects. - 

Second, the rates of solute transport used in the 
standing-gradient model are appreciably greater than 
those used in the present model, a choice which in- 
creases the steady-state solute influx into intercellular 
spaces 
favors 

in the former with 
the development of 

respect 
intercel 

to the latter, and 
lular space hyper- 

tonicity. As indicated above, Diamond and Bossert (9) 
chose solute transport rates of 0.5-1.5 x lo-* osmol s-l 
cme2 of apparent epithelial surface area. Table 8 indi- 
cates that at 37”C, JNa was 1.52 x 10mg eq s-l cmB2, 
giving a solute transport rate of 3.04 X 10mg osmol s-l 
cmm2, i.e., between 1.6 and 10 times less than in the 
standing-gradient model. 

In other words, in the present model , the need and/or 
development of intercellular space hypertonicity has 
been obviated because the net solute transport rates are 
appreciably lower, and the hydraulic conductance sub- -- 
stantially greater, than in the standing-gradient model. 
And because the asymmetrical solutions used in the 
present model result in a driving force for fluid trans- 
port not considered in the standing-gradient model. 

model. The standard deviation for our experimental 
data is in the range of 15%, and it is reasonable to state 
that micropuncture techniques do not, on an average, 
yield experimental results having significantly greater 
accuracy. Therefore, it is not possible by present experi- 
mental techniques - either with isolated perfused tu- 
bules or with in vivo micropuncture-to determine 
whether a fluid absorbate is isotonic or, as suggested 
(26) for the proximal convoluted tubule of Necturus, 
very slightly hypertonic. It is interesting to note in this 
context that the transepithelial electrical resistance of 
the Necturus proximal convoluted tubule is 70 fi 9 cm2 
(3). If this v a ue 1 were used as an upper limit to ar in 
equation 2, a significant fraction of the total resistance 
to transepithelial Na+ difkion would be referable to 
intercellular spaces, and for such conditions intercellu- 
lar space hypertonicity might obtain. But. as indicated 
in connection with Fig. 1, only an upper lim& of Q! = 65, 
computed for the case of fluid transport via an extracel- 
lular route (Fig. l), is consistent simultaneously with 
electrical resistance measurements, isotopic permeabil- 
ity coefficients, and either predicted or measured hy- 
draulic conductivity coefficients in these tubules. There- 
fore, the present model, depicting virtual equilibrium 
between bath and intercellular spaces, provides a rea- 
sonable way of accounting for the experimental data. 

Nor is it possible to ascertain with certainty whether 
or not the luminal fluid remains absolutely isotonic to 
bathing solutions. As indicated above in connection 
with equation 23, the effective osmotic gradient re- 
quired for fluid absorption of 0.4 nl min-l mm-l in these 
tubules is in the range of 3.0-l 1.6 mosmol liter-l, de- 
pending on the value of a selected. So it may be that 
small reductions in luminal osmolality undetectable by 
present means, i.e., from a perfusate osmolality of 300 
mosmol liter-l to a luminal osmolality of, for example, 
297 mosmol liter-l, could also provide a driving force for 
net fluid transport. 

Finally, it is evident that the present model is not 
adequate to account for the rates of fluid absorption 
observed when these tubules are exposed to symmetri- 
cal solutions. For example, when the perfusate and bath 
are symmetrical HC03-KR solutions, J, at 37OC in these 
tubules is approximately 0.4 nl min+ mm-l (i.e., not 
very different from the Jv at 37OC with a Cl-KR* per- 
fksate and an HC03-KR* bath), but the collected fluid 
[Cl-] only rises to 127.6 mM, and the mean luminal 
[Cl-] to approximately 122.1 mM; carbonic anhydrase- 
mediated HCO,- absorption accounts for much, but not 
all, of the rise in the intraluminal [Cl-] (29). Put an- 
other way, during spontaneous fluid absorption from 
symmetrical HCO,-KR solutions, the driving force for 
fluid absorption generated by a rising intraluminal 
[Cl-] is smaller than that produced by using a Cl-KR* 
perfusate. Therefore, it is evident that additional driv- 
ing forces, for example, the development of luminal 
hypotonicity, exist for the case of fluid absorption from 
tubules perfused and bathed with symmetrical solu- 
tions. 

Inadequacies of the Model 

We emphasize the tentative nature of the present 
We are grateful to Dr. L. W. Welling, Veterans Administration 

Hospital, Kansas City, Missouri for providing us with the Pi0 value 
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for isolated rabbit proximal straight tubules. We thank our research 
assistants, S. L. Troutman and B. E. Richey, for able assistance in 
carrying out these experiments. 
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