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ABsTRACT Volume, osmolality, and concentrations for Na, Cl, and raffinose
have been measured as a function of time in standing droplets within rat
intermediate and late proximal tubules. Standing droplet reabsorption proceeds
without the development of a measurable osmotic difference across the epithe-
lium. After 140 s of tubular exposure, droplet-to-plasma concentration differ-
ences are observed for raffinose, Na, and Cl with the observed Na concentration
difference, usually referred to as limiting gradient, being ~9 mM. It is possible
that a smaller or even no limiting difference would be attained with longer
exposure times. Previous values measured for the limiting Na concentration in
the rat proximal tubule were determined before the attainment of constant
concentrations. Assuming that the Na concentration we measured is the limiting
value, we estimate that active NaCl transport accounts for a very small fraction,
<6%, of the volume reabsorption; using an alternative approach of fitting a
theoretical model to our experimental data, active NaCl transport is again
estimated to account for only 6% of the total reabsorbate. The previous
interpretation that a limiting Na concentration gradient constitutes the most
direct evidence for active Na transport may be in error; the gradient we measure
can be modeled without incorporating active NaCl transport.

INTRODUCTION

It is generally accepted that in the proximal tubule a large fraction of the
filtered load is actively reabsorbed and that active Na transport is the major
driving force for fluid reabsorption. These two ideas, however, can be ques-
tioned. One of the principal and most direct arguments for demonstrating
active transepithelial Na transport in the proximal tubule (5, 8, 15, 23, 63-65)
is the observation of a “limiting Na concentration gradient”* in standing
droplets containing a poorly permeant solute (9, 11, 14, 20, 22, 24, 32, 35, 39,
62). The measurement of this gradient has even been used to calculate the
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apparent electromotive force of the active Na pump (16). Nevertheless, the
interpretation that the limiting Na concentration gradient provides direct
evidence for an active transepithelial Na pump is questionable, as is the very
existence of a limiting Na concentration gradient (59, 60). Previous investi-
gations of a limiting Na concentration gradient using high-molecular weight
solutes, in which the partial molar solute volume is large, have not addressed
problems of non-ideal solutions and have not applied a volume correction for
water content (11, 59). Previous investigations using more permeant solutes
such as raffinose may have measured droplet concentrations before the
attainment of constant values (59, 60); limiting droplet concentrations were
initially reported to be attained by 60 s (24), but there is no evidence that
demonstrates the achievement of an invariant Na concentration by this time.
Similarly, using a so-called “equilibrium solution” (Na concentration identical
to Na “limiting concentration value”) as a tubular perfusate, net entry of Na
has nevertheless been observed (38, 52), which suggests that measured standing
droplet Na concentrations were not true “limiting” values.

If a steady state limiting Na concentration gradient does exist, it may not
necessarily indicate the presence of an active Na transport pump (60). Poorly
permeant solutes diffuse from the droplet, which complicates any intuitive
understanding of droplet behavior (46, 60). The assumption that a limiting
concentration gradient for an ion is due to the presence of an active pump
neglects the effect of osmotic pressure of the poorly permeant solute, Donnan
distributions, and electrical forces. Recent theoretical work on standing drop-
lets from our laboratory (60), incorporating the osmotic force of solute
asymmetry and the permeability of the poorly permeant solute, indicates that
a limiting gradient could be obtained in the absence of active reabsorption.

The direct contribution of active transepithelial sodium transport in the
proximal tubule to volume reabsorption may be minor. A substantial fraction
of volume reabsorption may be due to the passive movement of salt, as has
recently been suggested (11, 41, 42, 44, 57).

The present article describes experiments and theoretical analyses on the
behavior of standing droplets containing raffinose in the rat intermediate and
late proximal tubule. We have investigated the existence of a limiting Na
concentration gradient and we have estimated the fraction of the volume
reabsorption that is due to an active NaCl component. Droplet concentrations
were measured using electron probe microanalysis, which permitted simulta-
neous analysis for Na, Cl, and raffinose in single very small droplet volumes
at times up to 140 s. We found that a limiting Na concentration is not reached
by 60 s. If a limiting Na concentration gradient is attained, this gradient is
small and could be explained entirely by passive forces. Assuming the existence
of a limiting concentration gradient, we calculate that active Na transepithe-
lial transport cannot account for >6% of the reabsorbate. Using a different
approach of fitting a theoretical model to our experimental data, active
transepithelial NaCl transport was again estimated to account for ~6% of the
volume reabsorption. The major fraction of volume flow is due to the passive
forces of solute asymmetry and solvent drag.
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METHODS

Preparation of Animals

Charles River female Wistar rats, 176-254 g, were fasted overnight and given Inactin
at 148 mg/kg body wt. Animals were prepared for micropuncture as previously
described (27). Isotonic saline was infused via the jugular vein at 5.8 ml/h; tempera-
ture was maintained between 37 and 38°C; blood was sampled from the femoral
artery. The left kidney was mounted and immobilized in a cup, and the surface was
bathed with paraffin oil warmed to 38°C. The kidney capsule was left intact.

Experiments were conducted on 63 rats. Investigations using an isotonic raffinose
solution were conducted on 23 rats. Investigations using an equilibrium solution were
conducted on 29 rats. Investigations using a nutrient solution were conducted on five
rats. Osmolality measurements were performed on six rats.

Standing Droplet Technique

Single-barrelled sharpened glass micropipettes with tip diameters of 5-8 pm were used
for droplet injection and collection. The micropipettes were siliconized with SC 87
(now Surfasil, Pierce Chemical Co., Rockford, Ill.) and prefilled with two 198-pl
droplets of the appropriate test solution; the droplets were isolated from each other
and from exposure to air by water-saturated unstained paraffin oil. Small volumes
(198 pl) were used in order to maintain visual control of the droplets. Occasionally
droplet volumes of 500 pl were used to obtain volumes large enough to be manipulated
after long exposure times when using the equilibrium or nutrient solutions. The
pipettes were stored in a water-saturated atmosphere until subsequent use that day.

For visibility, micropuncture was performed exclusively in the midregion of long
surface segments of proximal tubules. It is unlikely that micropuncture occurred
within the first 1 mm of the proximal tubule. After micropuncture, a small amount
of oil was injected into the proximal tubular lumen to determine the direction of flow.
In general, proximal tubules were selected for experimentation when the micropipette
had entered the tubule with the orifice directed upstream. A large block of oil was
then injected, followed by the first droplet. This droplet served to rinse the tubular
lumen, minimizing contamination of the subsequent droplet with tubular fluid not
displaced by the oil (31) and minimizing possible contamination incurred while
puncturing the tubule. The first droplet was discarded by further oil injection. The
second droplet of test solution was injected and isolated upstream from the injection
site with additional oil. Position was maintained with further oil injection as required.
After the appropriate tubular exposure time, the droplet was withdrawn into the same
micropipette and isolated with oil from the tubular lumen. After collection, the
droplet was immediately prepared for electron probe analysis. Approximately 10
droplets were obtained from each rat. Plasma was collected at the middle and end of
the experiment.

Measurement of Droplet Volume and Ion Concentrations

Plasma ultrafiltrates and droplets were processed immediately after collection to avoid
concentrating effects. The droplet volume was measured using calibrated volumetric
micropipettes (29). Concentrations for Na, K, Ca, Mg, Cl, PO4 (measured as P), and
SO4 (measured as S) were simultaneously determined in aliquots (usually 20-40 pl)
of both ultrafiltrates and proximal tubular droplets by electron probe microanalysis
using the liquid droplet technique (28, 29). All samples were analyzed in triplicate
whenever possible, standards were run in quintuplicate. Analysis was performed with
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an automated (37) Cameca MS46 microprobe (Cameca Inc., Stamford, Conn.)
operated at 11 kV .and 200 nA sample current (measured on Be); the beam diameter
was usually 60-80 um. Na and Mg were analyzed with a potassium acid phthalate
crystal. K, Ca, Cl, P, and S were analyzed with a pentaerythritol crystal. Data were
reduced using a Hewlett-Packard 2100 minicomputer (Hewlett-Packard Co., Palo
Alto, Calif)) (37).

Measurement of Raffinose Concentration

Droplet raffinose concentrations were determined by electron probe microanalysis.
Raffinose concentrations were measured in the same samples as the other seven
physiological elements, using a lead stearate crystal to measure characteristic carbon
x-rays. This procedure is justified because raffinose is the predominant carbon-
containing substance present in the standing droplet, and would probably contain
more carbon than any organic acid that could be secreted even at equal osmolarity.
The carbon x-ray counts of the unknown were compared with the carbon x-ray counts
of the standards, made of raffinose solutions of known concentration. Over the
raffinose concentration range used, 0-300 mM, the carbon x-ray counts were linearly
related to the raffinose concentration (Fig. 1). Standards, samples, and background
were counted for identical times to compensate for carbon contamination in the
electron probe.

Test Solutions

Three separate test solutions were used. They were prepared anew in general after 2
wk and did not contain dyes. The raffinose solution was an isotonic solution of
raffinose (Eastman Organic Chemicals, Eastman Kodak Co., Rochester, N. Y.) with
an average osmolality of 300 + 7 mosmol/kg (r = 5). The equilibrium solution
composition was selected to resemble the so-called “equilibrium” concentrations

RAFFINOSE STANDARD CURVE
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Ficure 1. Correlation between raffinose concentration and carbon K x-ray
counts. Correlation coefficient is 0.9999. Droplet volume was 32 pl. Each point
is the mean count from five aliquots. Error bars are standard deviations.
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previously obtained in standing droplet experiments for Na, Cl, K, and Ca (9, 11, 20,
22, 24, 25, 32, 33, 35, 39, 52, 56), and plasma ultrafiltrate values for Mg, POy, and
SO, (1). The average osmolality was 295 * 4 mosmol/kg (n = 6). The nutrient
solution was similar to the equilibrium solution except that NaHCOj3, glucose, and
alanine replaced a fraction of the NaCl and raffinose. Composition of the test solution
was measured in droplets from prefilled micropipettes selected at random, one before
and one after the micropuncture experiment. Results for the three test solutions are
reported in Table 1.

Measurement of Osmolality

In six separate experiments using the isotonic raffinose solution, osmolality of the
collected droplets and whole plasma was measured using freezing point depression
according to the procedure of Ramsay and Brown (43). A collected droplet or
standard was placed under oil, an aliquot was obtained with a volumetric micropi-

TABLE 1
COMPOSITION OF TEST SOLUTIONS
Raffinose , Equilibrium Nutrient
solution solution solution
mM mM mM
Na 0.38+0.98 129+2.3 12140.97
Cl —(0.48£1.16 13243.0 9514.1
K 0.11£0.06 4.07£0.15 3.21%0.13
Ca 0.25+0.06 1.49+0.08 1.05+0.17
Mg —0.09+0.06 1.26+0.07 1.53%0.14
PO, 0.68+0.11 2.08+0.08 1.29+0.09
SO4 0.070.11 1.51£0.14 20*
HCO; — — 5.0
Acetate — 5.0*% 54%2.0
Raffinose 300* 59.244.0% 5.0*
Glucose — — 5.0*
Alanine — —_ n=735
n=22 n=129

* Not measured.
fn=10

pette, and this aliquot was taken up in a micropuncture micropipette. The aliquot
volume varied between 58 and 78 pl, but was constant during an experiment. The
temperature endpoint, taken when the last crystal of ice disappeared, was measured
directly from a thermometer (Brooklyn Thermometer Co., New York; +1 to —9°C).
Droplet osmolality was measured immediately after collection from a proximal tubule.
Standards of known osmolality were measured at the beginning and end of each series
of measurements. Standards used were 0, 100, 290, and 500 mosmol/kg (Wescor Inc.,
Logan, Utah).

Plasma Ultrafiltration

Plasma was ultrafiltered under oil using single Amicon hollow dialysis fibers (P.M.
30; Amicon Corp., Lexington, Mass.). These fibers have an inner diameter of 0.2 mm
and a molecular weight cutoff of 30,000. Before use they were rinsed and soaked in
distilled water for 24 h, followed by 24 h of drying at 85°C. Plasma was drawn up the
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hollow core of these fibers and the fibers were folded in half and placed within pulled,
sealed, oil-filled capillary tubes. By centrifugation, plasma was filtered out of the fiber
and collected at the bottom of the pulled capillary.

Droplet Conservation

Because of the small volumes used in these experiments, any loss of water to the
surrounding oil could introduce systematic errors in the determination of droplet
concentrations. To test this possibility, microliter droplets containing 100 mM NaCl
were placed on a concavity slide under water-saturated oil; no detectable concentra-
tion changes occur in droplets this size over a period of several hours (30). From this
source droplet, 198-pl aliquots were taken and placed on the surface of the same
concavity slide; these droplets were immediately picked up individually in micropi-
pettes, isolated by oil, and stored in a water-saturated atmosphere. At timed intervals,
several of the stored droplets were expelled under oil and three aliquots of each were
taken for microanalysis using the liquid droplet technique (28, 29). The composition
of the stored droplets was compared with the composition of aliquots obtained directly
from the source droplet (Fig. 2).

DROPLET CONSERVATION
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Ficure 2. Na concentration from 198-pl aliquots of a 100-mM NaCl solution
([Na]s) stored in micropipettes, compared as a function of time with the Na
concentration of the same solution from a large volume kept under oil ([Nal.).
Each point represents a single droplet; determinations are from four separate
experiments.

Statistics

All values reported are means with their standard errors, except as noted. A value of
P = 0.05, determined using an unpaired ¢ test, was the criterion for a statistically
significant difference betweens means.

Theoretical Models

A theoretical expression for the magnitude of a limiting concentration gradient was
derived from equations describing the movement of salt and raffinose in standing
droplets (Appendix A). These equations include the major reabsorptive forces. The
maximum contribution of active NaCl transport to volume reabsorption was evalu-
ated from this expression for the limiting concentration gradient.

The contribution of active NaCl transport to volume reabsorption was also evalu-
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ated by theoretically modeling the standing droplet experiment, solving the differen-
tial equations in closed form (Appendix B), and comparing the solution with our
experimental data. By adjusting the contribution of active NaCl reabsorption in the
theoretical model until a good fit was obtained with the experimental data, the
fraction of total droplet reabsorption due to active NaCl reabsorption was estimated.

RESULTS

Glomerular Filtration Rate (GFR)

As a control of whole kidney function, GFR was measured in six rats and
averaged 1.04 + 0.07 ml/min.

Plasma Ultrafiltrate Concentrations

In animals studied by using the isotonic raffinose solution, average plasma
ultrafiltrate concentrations were 147 = 1 mM for Na and 112 = 3 mM for Cl
(n = 23). In animals studied by using the equilibrium solution, average plasma
ultrafiltrate concentrations were 145 = 1 mM for Na and 116 * 3 mM for Cl
(n=29).

DROPLET VOLUME
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Ficure 3. Droplet volume (V) as a function of tubular exposure time for the -
isotonic raffinose and equilibrium solutions. Vo is the initial droplet volume (198
pl). Each point represents a single droplet.
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Droplet Volume

The change in droplet volume with time is shown in Fig. 3. With the isotonic
raffinose solution (Fig. 3a) the droplet first increases in volume before net
reabsorption occurs. Droplet volume increases to a maximum of ~2.5 times
the initial volume at times near 30 s.

With the equilibrium solution (Fig. 36), droplet volume appears to decrease
continuously, being relatively slow for ~10 s and somewhat more rapid
thereafter.

Droplet Na and Cl Concentrations

The change in droplet Na and CI concentrations with time are shown in Figs.
4 and 5 for the isotonic raffinose and equilibrium solutions, respectively. Na
concentrations are at all times approximately identical to the Cl concentra-
tions. With isotonic raffinose, Na and CI rapidly enter the droplets (Fig. 4).
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Ficure 4. Droplet Na and Cl concentrations as a function of tubular exposure
time using the isotonic raffinose solution. Each point represents a single droplet.
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During droplet volume decrease (after 40 s; Fig. 3a), Na and Cl concentrations
continue to increase at a slow rate (Table II). Between 50 and 70 s, the average
Na concentration is 124 = 3 mM and the average Cl concentration is 125 +
2 mM (n = 19). Between 100 and 140 s, the average Na concentration is 135
+ 3 mM and the average Cl concentration is 134 £ 4 mM (n = 17). These
latter values are significantly higher than those at the earlier time points

(Table II).
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Ficure 5. Droplet Na and Cl concentrations as a function of tubular exposure
time using the equilibrium solution (closed circles) and the nutrient solution
(open circles). Each point represents a single droplet.

With the equilibrium solution (Fig. 5), Na and Cl concentrations slowly
increase with time during droplet volume decrease (cf. Fig. 35). Between 10
and 25 s the average Na concentration is 123 = 2 mM and the average Cl
concentration is 125 £ 2 mM (n = 34). Between 100 and 141 s the average Na
concentration is 137 + 3 mM and the average Cl concentrations is 137 + 3
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mM (r = 19). These latter values are significantly higher than the earlier time
points (Table II).

To test whether the droplet concentrations were affected by the omission of
glucose, alanine, and HCO; from the initial droplet solution, experiments
were repeated using the nutrient solution (Fig. 5). The mean droplet concen-
tration between 100 and 140 is 133 £ 4 mM for Na and 128 + 5 mM for Cl
(n = 10); these values are not statistically different from those obtained with
the equilibrium solution (P = 0.9 and P = 0.1, respectively). Therefore, the
presence or absence of glucose, alanine, and HCOj3 appears to have no effect
on droplet Na and Cl concentrations at long exposure times, and consequently
the values from these two solutions have been pooled (between 100 and 140
s, Na= 136 £ 2 mM, Cl = 135 = 3 mM; n = 29).

Droplet Raffinose Concentration

Fig. 6 shows the change in droplet raffinose concentration with time for the
isotonic raffinose and equilibrium solutions. Using the isotonic raffinose
solution (Fig. 6a), the raffinose concentration rapidly decreases because of
dilution during the droplet volume increase (cf. Fig. 34), and because of

TABLE 11
STANDING DROPLET CONCENTRATIONS
Isotonic raffinose solution 50-70s 100-140 s P
mM mM
Na 124+3 (19)* 13513 (17) <0.01
Cl 125+2 (19) 13424 (17) <0.05
Raffinose 4122 () 332 (8) <0.05
Equilibrium solution 10-25's 100-141s P
Na 12342 (34) 13743 (19) <0.01
Cl 12522 (34) 1373 (19) <0.01
Raffinose 4214 (13) 3344 (19) NSt

* Number of observations.
 Not statistically significant at P <0.05

diffusion out of the droplet. During droplet volume decrease (cf. Fig. 3a), the
raffinose concentration slowly decreases. Raffinose concentrations obtained
between 100 and 140 s are lower than those obtained between 50 and 70 s
(Table II). Using the equilibrium solution (Fig. 6b), the raffinose concentration
slowly decreases with time as the droplet volume decreases (cf. Fig. 3b); the
concentration obtained between 0-10 s is significantly higher than that
obtained between 100-140 s (P = 0.02), although the difference between the
10-25-s and 100-140-s intervals is not statistically significant because of the
scatter of the data (Table II).

Maximum Limiting Concentration Gradients

If droplet Na and Cl concentrations measured between 100 and 140 s of
tubular exposure represent reasonable lower bounds for the droplet limiting
concentrations, then maximum limiting concentration gradients can be esti-
mated. With the isotonic raffinose solution, the lower-limit Na concentration
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Figure 6. Droplet raffinose concentration as a function of tubular exposure
time for the isotonic raffinose and equilibrium solutions. Each point represents
a single droplet. Determinations were made in 11 rats with the isotonic raffinose
solution and 16 rats with the equilibrium (and nutrient) solution.

of 135 mM * 3 mM is significantly less than the plasma value (P = 0.01)
with a maximum limiting Na concentration gradient of 12 + 3 mM (n = 17).
With the equilibrium solution, the lower-limit Na concentration of 136 % 2
mM is signficantly less than the plasma value (P = 0.02) with a maximum
limiting concentration gradient of 9 £ 2 mM (n = 29). With both solutions
the droplet chloride concentration is significantly greater than the plasma
chloride value (P = 0.01).

Droplet Osmolality

Freezing point depression measurements of standing droplet osmolality using
the isotonic raffinose solution are shown in Fig. 7. The osmolality was invariant
with time; the fitted least-square line had a correlation coefficient of 0.028, a
slope (—0.0085 *x 0.0057) not statistically different from zero, and a mean
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osmolality of 298 + mosmol (n = 54). This mean value is not statistically
different from the plasma osmolality of 302 * 4.4 mosmol (n = 16 rats, P =
0.4).

DISCUSSION

Because only the midregions of long surface segments were micropunctured,
the first 1 mm of the proximal tubule was likely to be excluded from these
experiments. Consequently, our observations do not apply to this early region,
which is morphologically and functionally distinct from the remaining inter-
mediate and late proximal tubule (10, 12, 21, 36, 51).

If a good seal around the glass micropipette was not obtained, the droplet
volume decreased extremely rapidly, which could even be observed during
droplet ejection into the tubule. Contamination of droplet fluid by the

STANDING DROPLET OSMOLALITY

50 100 150 200
seconds

Figure 7. Droplet osmolality from freezing point depression measurements
using the isotonic raffinose solution. Each point represents an individual droplet.
The regression line was fitted by linear least squares; y = —0.0085x + 297(r
= 0.028).

interstitium, adjacent tubules, or by leakage around the oil block was rare
and readily detected by an abnormally large droplet volume with abnormal
concentrations—in particular, an exceedingly low droplet raffinose concentra-
tion. The presence of cellular contamination was more frequently observed,
with high values being obtained for droplet K and POy concentrations. All
questionable droplet collections were discarded; these constituted <15% of all
micropunctures.

Droplet Volume

The standing droplet volume has previously been measured using photo-
graphic methods (13) or labeled (radioactive) non-reabsorbable markers (51).
The latter procedure involves the inclusion of an additional poorly permeant
solute in a droplet and would have introduced an additional complexity in
these experiments. Our procedure of directly measuring the volume avoids
some problems of the photographic technique (18, 19, 40) but introduces
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other difficulties. The scatter in the droplet volume (Fig. 3) is probably due to
errors involved in summed replicate measurements using one calibrated
micropipette as well as difficulties in achieving complete droplet collection at
long exposure times. With long exposure times the droplets often could not be
prevented from moving downstream past the tip of the pipette, whereas
reaspiration preferentially withdrew upstream contents. In spite of the differ-
ent techniques used for volume measurement, the results with the isotonic
raffinose solution are similar to previous measurements (13).

It is instructive to compare droplet volume (Fig. 3a) with droplet osmolality
(Figs. 7a and 8) for the isotonic raffinose solution. During net reabsorption
(after 40 s, cf. Fig. 34), droplet osmolality appears to be equal to that of
plasma, and reabsorption is consequently isotonic (58). However, at earlier
times during net volume influx the droplet osmolality also appears to be equal
to that of plasma, and net secretion appears to be isotonic. It is difficult to
reconcile both isotonic reabsorption and secretion in the same tubular region
with intermediate compartment or standing gradient models of isotonic flow

6, 7).
Droplet Limiting Concentration Gradients

Reported values for the Na limiting concentration gradient have decreased
over the years, as shown in Table III, which suggests that the original
measurements of droplet Na concentration were too low. Our values for the
maximum limiting Na concentration gradient, 12 mM with the isotonic
raffinose solution and 9 mM with the equilibrium solution, are the smallest
that have been reported in mammalian proximal tubules. Furthermore,
constant values may not have been attained during our measurements, and
the true limiting concentration gradient could be even smaller or nonexistent.

The difference between our values for the limiting gradient and previous
reports could be explained by water extraction from our droplets into oil
occurring during the manipulation of these small fluid volumes. Indeed, even
volumes of nanoliter size will concentrate at room temperature, in spite of
being kept under presumably water-saturated oil (30). Therefore, extreme
care was taken to use oil freshly saturated with water, to keep the filled
micropipettes in a water-saturated atmosphere, to keep fluid droplets exposed
to a minimum amount of oil, and to process each sample immediately after
collection. As shown in Fig. 2, conservation experiments demonstrate that over
a period of several hours there is no significant increase in concentration for
198-pl droplets stored under our conditions; however, there does appear to be
a slight initial increase in concentration. This concentrating effect probably
occurs during transfer of droplets between volumetric and micropuncture
mlcroplpettcs when exposure to a large volume of oil was unavoidable. This
increase in concentration is small: 4.4 * 0.3% (4 experiments, 62 droplets).
Because these control experiments involved twice the number of droplet
transfers and twice the exposure to a large volume of oil as encountered with
standing droplets, the correction should be only ~2%. Such a small correction
could not explain the discrepancy with previous reports and has not been
applied to the experimental data.
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The discrepancy between our observations of higher limiting Na concentra-
tions (or smaller limiting concentration gradients) and previous reports can be
explained by the longer exposure times that were used in our studies. Other
standing droplet studies have used tubular exposure times of ~60 s or less (22,
24, 25, 32, 35, 39, 62); some studies with solutions resembling our equilibrium
solution have used a tubular exposure time of only ~15 s (11, 20). The average
values that we obtain with our isotonic raffinose solution evaluated at tubular
exposure times between 50 and 70 s (Table II) are 124 + 3 mM for Na and
125 £ 2 mM for Cl (n = 19); the average value that we obtain for sodium
with our equilibrium solution evaluated at tubular exposure time between 10
and 25 s (Table II) is 123 £ 2 mM (n = 34). These values agree well with
recently reported limiting concentrations (11, 20, 35, 39). Because our Na
concentration values agree with previous determinations when compared over

TABLE Il

PREVIOUS DETERMINATIONS OF STANDING DROPLET AND PLASMA Na
CONCENTRATIONS AND THE LIMITING CONCENTRATION GRADIENT

Year Investigator Droplet Plasma AC
mM mM
1963 Kashgarian et al. (24) 109 155 46
1964 Giebisch et al. (14) 95 144 49
1965 Frick et al. (9) 110 145 35
1965 Hierholzer et al. (22) 109 139 30
1966 Malnic et al. (32) 114 145 31
1968 Wiederholt and Wiederholt (62) 109 142 33
1970 Maude (35) 122 140 18
1970 Morgan et al. (39) 118 142 24
1973 Fromter et al. (11) 136 155 19
1976 Gyory and Lingard (20) 124 146 22

equivalent exposure times, our finding that the Na concentration at longer
times is significantly higher (Table II) implies that previous measurements
were made before the attainment of constant values.

Because of the scatter in the data of Fig. 4-6, it is not clear whether an
invariant Na concentration has been reached by 140 s, particularly in view of
the significant concentration increases detailed in Table II. It is possible that
no limiting gradient would have been found if longer exposure times could
have been used. Establishing the existence of a gradient by the use of longer

Ficure 8. (opposite) Theoretical curves for the isotonic raffinose solution; (a)
droplet volume obtained from Eq. A11; (b) salt concentration obtained from the
quotient of Egs. A9 and All; (¢) raffinose concentration obtained from the
quotient of Egs. A10 and All. The equations assume an attained limiting
concentration of 136 mM. Experimental data for droplet volume (Fig. 3a), salt
(Fig. 4a), and raffinose concentration (Fig. 64) are superimposed for comparison.
In a, the four curves in descending order correspond to values for P of 1.4, 1.6,
1.8, and 2.0 X 107 cm/s. Vy is the initial droplet volume. In 4 and ¢ the four
curves are nearly identical and are not resolved.
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exposure times is limited by the continuing droplet reabsorption, leading to
ultrasmall volumes, and by difficulties in maintaining droplets in place for
long periods of time. Problems in statistically distinguishing small differences
in concentration between plasma and droplet would contribute to the diffi-
culty. Alternatively, the use of an ideal impermeant solute is not feasible;
solutes that can be considered impermeant have very large molecular weights,
and the inability to accurately determine droplet water content from measured
droplet volume compromises accurate measurement of salt concentrations (11,
49). Experimentally we can only conclude that if a limiting gradient does
exist, its magnitude is small, with a maximum value of ~10 mM.

Active Transport Contribution to Volume Reabsorption

If we assume that a limiting gradient is obtained and that the droplet Na
concentration that we measured after 100 s represents this limiting value, then
we can use the derivation in Appendix A (Eq. A6) to evaluate the active
transport rate (K;). As discussed above, the limiting Na concentration (or
limiting salt concentration) may be higher than our measured value. Conse-
quently, as seen from Eq. A5, K, calculated from our Na concentration
measurements will be a maximum value; if a higher limiting Na concentration
were chosen, K would be smaller, all other parameters being constant. To
evaluate K, from Eq. A6, the following constants were obtained from the
literature:

2Pna P -
Salt permeability P, = SNl o 152%x 1070 cm/s (26)
Pna + Pa
(Pna = 164, P = 14.1 X 107° cm/s [11, 55]).*
Salt reflection coefficient os = 0.69 (54, 55).

Plasma salt concentration Ci = (ChaCt)"? = 127 mM (45, 60)
(Cha = 145 mM, C& = 112 mM [cf. Results]).

Systemic plasma values were used for peritubular Na and Cl concentrations.
Recent reports have observed differences between peritubular and systemic
Cl concentrations, with Cl being 4-7 mM lower in the peritubular plasma (3,
61). The use of a lower peritubular Cl concentration would augment the
passive reabsorption force; we have instead chosen to use the more conservative
systemic values, thus minimizing the passive movement of salt.

The remaining two constants to be evaluated for Eq. A6, the raffinose
permeability (P;) and raffinose reflection coefficient (6‘2 are not well known.
Values for P of 1.0 X 107 cm/s (13) and 1.07 X 107 cm/s (4) have been
reported; however, they have been calculated using the standing droplet
technique according to a procedure which we have shown potentially under-
estimates true values (59). We have shown in an example of a nonelectrolyte

* These apparent permeabilities probably include the effect of an electrical potential; because
they were measured using a solution similar to our equilibrium solution and the isotonic
raffinose solution (after the initial 30 s}, their use is appropriate here.
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(polyethylene glycol) permeability determination using the standing droplet
technique that the true permeability determination would be underestimated
by 43% (Fig. 7 of ref. 59). Assuming a similar error in the previous raffinose
determinations (4, 13), the corrected (average) raffinose permeability is 1.48
X 107° cm/s. For the remaining parameter of Eq. A6, o, we will simply
assume a value of 0.9. We will show that the value we obtain for K is little
affected by our choice for o;.

Using the above constants and our measured value for the droplet limiting
salt concentration of 136 mM, the maximum value for the active transport
rate (Ks) is calculated from Eq. A6 to be 0.085 X 10~° cm/s. Total droplet
volume flow (Jv) after the attainment of limiting gradients is given by Eq.
A4. Comparing volume flow due to K, with total J, (in equivalent units),
active transport accounts for only 5.5% of the volume reabsorption (with o,
= 0.80, this value becomes 8.9%; with o, = 1.0, the value is 2.1%).

The active transport rate has also been evaluated by fitting the experimental
data to a theoretical model of the standing droplet solved in closed form
(Appendix B). To obtain a closed form solution it was necessary to use an
equation that approximates droplet volume. The equation we have chosen
(Eq. A8) was obtained by equating the effective osmotic pressure of standing
droplet and plasma (Eq. A7). Although effective osmotic pressure equilibrium
may not be attained in the proximal tubule, deviations from true equilibrium
should be small due to the high hydraulic conductivity of this tissue (2, 55).
Similarly, Eq. A7 does not formally apply to our droplet at ¢t = 0, but again
because of the high hydraulic conductivity of the proximal tubule the osmotic
adjustments will probably be rapid and the equation should apply to our
experimental points obtained after a few seconds. This is supported by our
observations (shown in Fig. 7 and mentioned in Results) that the ideal osmotic
pressures of droplet and plasma are already equivalent within experimental
error in the earliest samples, and that droplet osmolality does not change with
time. Under these conditions the true initial droplet volume will be greater
than the injected 200 pl.

In addition to using an approximation for droplet volume, the solution to
the equations of Appendix B is itself an approximation in that C; and C; are
treated as constant terms in order to obtain a closed form solution. Values for
these constants were calculated using the arithmetic mean (26) of the measured
plasma and limiting droplet concentration values. This approximation of
constant average concentrations will overestimate volume (and salt) influx at
early times with droplets of the raffinose solution. Our resulting estimate of
the active transport rate will again be a maximum value, since larger
theoretical active transport rates will be required to fit the experimental data
at later time points.

The theoretical curves represented by Egs. A9-All of Appendix B
were evaluated using the previously chosen parameter values for Ps, C5, Ci™,
and o;. The proximal tubular radius was assumed to be 15 um (55). Using
our measured limiting concentrations and plasma values (Results), C; = 131
mM and C; = 16 mM. We have assumed o, = 0.90. Using our measured
limiting concentrations and the above reflection coefficients, the effective
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osmotic pressure (C.) calculated from the right side of Eq. 7 is 213 mM. The
two constants that remain to be determined, P and K, are not independent
but are linked by Eq. A12. We have varied P; between the previouslg measured
value of 1.0 X 107° cm/s and twice this measured value, 2.0 X 107 cm/s. We
do not believe the previous measurements could be in error by more than this
amount. For each value of P; the corresponding value for K; was calculated
from Eq. A12. K, was found to be negative for P, <1.4 X 107° cm/s. A
negative value for K, would indicate active salt transport into the droplet,
contrary to all observations, and consequently we have considered only values
for P, between 1.4 and 2.0 X 107% cm/s. Using these values we have evaluated
the theoretical Eqs. A9-11 and compared these equations with the experi-
mental data. This comparison is shown in Figs. 8 and 9 for P; values of 1.4,
1.6, 1.8, and 2.0 X 10™° cm/s.

Each single theoretical line shown in Figs. 86 and ¢ and 96 and ¢ is a
juxtaposition of four lines corresponding to the variation of P; over its allowed
range (P = 1.4, 1.6, 1.8, and 2.0 X 10™® cm/s). For the isotonic raffinose
solution these values for P; correspond to active NaCl transport rates (K;) of
0.03, 0.18, 0.32, and 0.47 X 107° cm/s, respectively (Eq. A12). Variation of
the coupled values of P; and K over this range has no effect on the graphs,
and all curves fit the experimental data for solute concentration. An equivalent
fit to the concentration data can be obtained in the absence of an active salt
pump (Ks = 0). Consequently, the experimentally observed limiting Na
concentration gradient does not necessarily indicate the presence of an active
pump since it can be obtained using only passive forces.

As shown in Figs. 8a and 9a, the droplet volume is affected by the choice of
the raffinose permeability (and hence active transport rate), and a clear
separation of the curves is obtained. The value of P, = 1.5 X 107° cm/s gives
the best nonlinear (nonweighted) least-squares fit to the experimental data of
Fig. 8a (fitting performed for ¢t = 60 s; not shown). As can be estimated from
Fig. 8a, the curve for P, = 1.5 X 10~ cm/s would overestimate the experi-
mentally observed volume maximum (as expected due to the use of constant
values for (s and ;) but predicts well the time at which the volume maximum
is obtained. For the equilibrium solution (Fig. 94) the model predicts the
initial slow volume decrease observed from the experimental data. Although
with the equilibrium solution (Fig. 9a) the raffinose permeability of 1.5 X
10™° em/s would appear to overestimate the volume, it is likely that the true
volume has been experimentally underestimated (31, 52) as previously dis-
cussed.

From Eq. A12, P, = 1.5 X 107® cm/s corresponds to an active salt transport
rate of 0.10 X 10™° cm/s, equivalent to a J, of only 0.06 nl/mm-min

Ficure 9.  (opposite) As described in Fig. 8, theoretical curves for the equilibrium
solution for droplet volume (a), salt concentration (§), and raffinose concentra-
tion (¢) with time. Experimental data for droplet volume (Fig. 3b), salt (Na, Fig.
54) and raffinose concentration (Fig. 6b) are superimposed for comparison. As
described in Fig. 8, each graph contains four theoretical curves corresponding to

P.=14,16,18,and 2.0 X 10™° cm/s.
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(calculated as 4 X K, where 4 is the nephron area exposed to the droplet).
From Eq. All, the limiting value for total /, is 0.89 nl/min-min, and active
salt transport accounts for 6.4% of the volume reabsorption. Again due to our
choice of values for C; and C;, this contribution of active NaCl transport to.
volume reabsorption is an overestimation.

It could be argued that the value for total J, that we are modeling, 0.89 nl/
mm -min in the above example, is much reduced from the commonly observed
value of 3 nl/mm-min for volume flow in the rat proximal tubule (13),
indicating that raffinose has in some manner shut down the Na pump. We
would then not be expected to observe a contribution of active Na transport
to transepithelial volume flow. Although we cannot disprove this possibility,
we would argue against this interpretation for two reasons: (a) the ability of
a simple molecule-like raffinose to interfere with the Na pump would be novel
and we feel highly unlikely; and () the decrease in volume flow observed in
standing droplets can be readily explained by the effect of raffinose on passive
forces. As discussed previously (60), under free-flow conditions volume reab-
sorption due to the passive of solute asymmetry is the result of both salt
moving out of the droplet down the chloride gradient and the difference in
effective osmotic pressure between droplet and plasma. In the standing
droplet, not only is the chloride gradient reduced, but the osmotic pressure of
the poorly permeant solute (~30 mM raffinose, Table II) diminishes the
difference in effective osmotic pressure between droplet and plasma. This dual
change in the passive reabsorptive forces could explain the 70% reduction in
volume flow observed in standing droplets.

There is little direct evidence for an important role of an active Na pump
in transepithelial fluid movement in the convoluted proximal tubule. The
available evidence is largely indirect and subject to additional interpretations;
for instance, the recent observation in the colon (53) that an increase in the
intracellular Na concentration can diminish the Na conductance of the
luminal membrane, if generally applicable, provides an alternative interpre-
tation to the effect of ouabain (34, 50) or low temperature (47) on transcellular
Na transport in the proximal tubule. Similarly, the observation that fluid
reabsorption occurs in the presence of an osmotic agent such as mannitol (14,
63) (in which the luminal Na concentration is less than that of plasma), need
not indicate active Na reabsorption but could be explained by the passive
movement of CL

The comparison of our experimental measurements with the two different
theoretical developments of Appendices A and B indicates that the contribu-
tion of active salt transport to volume flow in standing droplets is small: ~6%.
Our results do not address the existence of active transport for other solutes
that could contribute directly or indirectly to volume reabsorption. Obviously
the development of solute asymmetry under free-flow conditions depends on
active transport processes. These active epithelial transport processes occur in
the early proximal tubule and involve the efflux of solutes other than Na,
such as HCOj, glucose, and amino acids. In the intermediate and late
proximal tubule, there is no dissipation of the concentration gradients of these
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solutes either because the permeabilities of these solutes are zero, which is
unlikely, or because the influx of these solutes down their concentration
gradient is constantly opposed by active reabsorption processes. Although the
cycle of passive influx and active reabsorption of these solutes would probably
not directly contribute to volume reabsorption, indirectly it would maintain
the solute asymmetry responsible for passive salt and volume reabsorption
from the droplet.

As an alternative to our second theoretical development involving the use
of Eq. A8, we have also solved Egs. Al and A2 in closed form using an
equation for droplet volume obtained by equating the ideal osmotic pressure
of droplet and plasma (equations and derivation not shown). This latter
approximation for droplet volume has been justified experimentally (Results,
Fig. 7, and references 17 and 58). Comparison of the theoretical curves with
the experimental data yields results similar to Figs. 8 and 9. The best fit to the
experimental isotonic raffinose data gave a value of P, = 1.7 X 10~% cm/s
corresponding to K, = 0.19 X 10~° cm/s. Under these conditions K accounts
for 11% of the droplet reabsorptive rate.

APPENDIX A

The equations for the movement of salt and raffinose in standing droplets are
based on the principles of irreversible thermodynamics (26). Raffinose move-
ment is a result of simple diffusion and solvent drag:

dne  d(CV) av =
—=——s=—4PC+— (1 — 0y)C; Al
= Z ARG+ —- (1 - a)C (AD)
Salt movement contains in addition an active component:
dns  d(GsV) , dv ~
—_— == o(Cs — C's) — AKCs + — (1 —05) Cs A
T = AP(Cs — C7y) K.C, T (1 —ay)C, (A2)

In the above equations:

t =time;
n; =amount of 7 in the standing droplet, where i stands for either
salt (s) or raffinose (r);
droplet volume;
nephron area exposed to the standing droplet;
permeability of ;
= concentration of  in the droplet;
s = concentration of salt in the plasma (interstitium);
= active NaCl transport rate in cm/s;
o, = reflection coefficient of i for the proximal tubular epithelium;
_ and
C; =average concentration of i across the tubular epithelium.

QA
T

&

These equations include the major reabsorptive forces. The following
development does not use an explicitly defined volume flow; consequently, all
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forces acting on the droplet volume are implicitly included in the above
equations.

The above equations for droplet reabsorption assume that the epithelium
can be treated as a single homogeneous membrane. This is a common
approach (11, 26, 41, 46-49) that is consistent with the use of permeabilities
and reflection coefficients that have been measured using this same assump-
tion. The model also assumes that the standing droplet consists only of salt,
raffinose, and water, that the raffinose concentration is negligible in the
plasma, and that the active transport mechanism is operating well below
saturation.

It has been suggested that NaCl transport in the rat proximal tubule is
electrically neutral (35). Eq. A2 describes but is not limited to transport of a
neutral salt. Eq. A2 can also be applied to ionic fluxes for the simple system
we describe as has been theoretically demonstrated (45). Because of the
constraint of electroneutrality, for a single (dissociated) salt the net ionic fluxes
must be equal regardless of the electrical potential.

When a limiting gradient is obtained dC./dt = 0, and from Eq. Al it can
be shown (assuming the droplet to be a right circular cylinder) that

av 4PV

dt - p(l + o) (A3)

where p is the droplet radius. From Eq. A3 and the assumption that the
droplet is a right circular cylinder, volume flow or J, (defined as [dV/dt]/A
[26]) is given by the equation:

2P

Jv = 1+ o (A9

Similarly, with the attainment of a limiting gradient dCs/dt = 0, and
combining Eq. A2 with Eq. A3 it can be shown that the limiting concentration
gradient (CL™) is given by the equation:

, P.+ K. — P[(1 + 05)/(1 + a0}’
If 6, = 0, = 1, Eq. A4 reduces to that previously published for the limiting

gradient in the absence of solvent drag (60).
From Eq. A5, K; is given by

C, - Cim 1 + 0)C¥™ — (1 ~ 65)C>
Ks = PB<-——EEH—__-) + Pr[( ()1 + Or)clun B (AG)

C™ = Ci

(AD)

APPENDIX B

The equations for the movement of salt and raffinose in standing droplets are
given by Eq. Al and A2, respectively, of Appendix A. We have approximated
droplet volume by equating the effective osmotic pressure of plasma and
droplet. The condition for osmotic pressure equilibrium between plasma and
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droplet is given by
30,C} = Co = 6:Cs + 205C. (A7)

The subscript j denotes a constituent of the plasma. C. is the effective
osmotic pressure of plasma for the proximal tubule. The other symbols have
been previously defined in Appendix A. Limitations in the applicability of
this equation to our standing droplets are discussed in the text. Solving Eq.
A7 for droplet volume gives

V= (O'rnr + 2osns)/ce~ (A8)

Egs. Al, A2, and A8 can be solved in closed form if the average concentra-
tions Cs and C; of Eqgs. Al and A2 are chosen to be constant. The choice of
constant average concentrations is discussed in the text. With constant C; and
C-, the solution to Egs. Al, A2, and A8 is as follows:

ne = ae™t + peM! (A9)
n. = ce™' + deMe! (A10)
and
V = (20: + o)™’ + (20.b + 0rd)e™?’ (A11)
where

a = (Mz - 2E)ﬂs,o - Fﬂr,o b _ Fnr,o - ns,o(Ml - 2E)

Mz — M Mz — M,
.= [(M2 — 2E)ns0 — Fnro](My — 2E)
(M — M)F ’
J= (M — 2E)[Frep — nso(M — 2E)]
(M2 — M)F

where n50 and 7.9 equal the amount of salt or raffinose, respectively, in the
standing droplet at ¢ = 0, and

_ (2P.Cios = P,Co — KiCo)(Ce — 0:(1 — 0)C)
pCe(Ce = 0:(1 — 05)Ci — 204(1 — 05)Cy)
2P,Ci6:(Ce — 0:(1 — 6:)C) — 20:(1 — 65)CoP:Ce

F= pCe(Co — ) (1 — 01)C: — 205(1 — 02)C)
M =E+ G+ [(E + G)® + 4(FH — EG)]"*
My =E+ G—[(E+ G)? + 40FH - EG)]'?
_ 0l — 0.)C.F — P.C.
p(Ce — 0:(1 — 07)C.)
and
i = o(1 — 0)C.E

S (Ce—o(1—0)C)
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The remaining parameters are defined in Appendix A.

The equation for the salt limiting concentration is evaluated as before (60)
by taking the ratio of Egs. A9 and Al1l, dividing numerator and denominator
by the slower exponent, and taking the limit at large time. For the isotonic
raffinose droplet it can be shown that

c™ = Fe. . (A12)
o(M, — 2E) + 2 Fo,

In addition to the assumptions that droplets are at osmotic equilibrium
with plasma and that the average concentrations are constant, the derived
equations assume that the concentration of raffinose is negligible in the
plasma, that solutes in the plasma other than Na and Cl are effectively
impermeant (which may include the participation of active reabsorption of
these non-NaCl solutes, thus maintaining low droplet concentrations), that
the droplet can be approximated by a right circular cylinder containing only
Na, Cl, and raffinose, and that the active NaCl pump is operating well below
saturation.
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