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Cell rubidium uptake: A method for studying functional
heterogeneity in the nephron

Franz X. BEck, ADOLF DORGE, ERNST BLUMNER, GERHARD GIEBISCH, and KLAuUs THURAU

Department of Physiology, University of Munich, Munich, Staticon, Planegg/Munich, Federal Republic of Germany and Department of
Physiology, Yale University, School of Medicine, New Haven, USA

Cell rubidium uptake: A method for studying functional heterogeneity
in the nephron. Rubidium uptake into individual tubule cells of rat renal
cortex as measured by energy-dispersive X-ray microanalysis on freeze
dried cryosections was used as an index of potassium transport. Over a
30 second period following intravenous infusion of rubidium (0.5
mmol/kg body wt) rubidium content increased in all cells. After 30
seconds, rubidium contents were (in mmol/kg dry wt): 225 = 8 in distal
convoluted tubule cells, 156 + 7 in connecting tubule cells, 110 £ 7 in
principal cells, 86 + 4 in proximal tubule cells and 24 *+ 2 in intercalated
cells (mean * seM). When distal sodium and potassium transport were
stimulated by hypertonic saline loading, rubidium uptake was selec-
tively increased into distal convoluted tubule cells by 38%, into
connecting tubule cells by 36%, and into principal cells by 52%.
However, rubidium uptake into proximal tubule and into intercalated
cells remained unchanged. The preferential uptake of rubidium into
distal convoluted tubule cells, connecting tubule cells, and principal
cells correlates well with the known transport functions of sodium and
potassium, whereas intercalated cells are distinguished by low sodium
and potassium transport activity.

Experimental evidence supports the view that tubule seg-
ments beyond the macula densa play a key role in regulating
renal sodium and potassium excretion. Although progress has
been made in understanding the functions of these distal neph-
ron segments, a direct assessment of ion transport in the
individual cell types lining the distal tubule has been difficult. A
major obstacle to the analysis of the cell mechanisms is the
striking heterogeneity of this epithelium. The surface distal
tubule comprises three, morphologically distinguishable seg-
ments: (1) the distal convoluted tubule, a segment composed
exclusively of distal convoluted tubule cells; (2) the connecting
tubule lined by connecting tubule and intercalated cells; and (3)
the beginning portion of the cortical collecting duct, made up of
principal and intercalated cells [1, 2]. The intermingling of
different cell types within one tubular segment complicates the
interpretation of studies of the transport properties of these
nephron segments and of the different cell populations in-
volved. There is now substantial evidence that principal cells
mediate sodium absorption and potassium secretion [3]. Inter-
calated cells, however, are thought to be responsible for proton
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and/or bicarbonate secretion and possibly for potassium ab-
sorption [3, 4].

Electron microprobe analysis of thin, freeze-dried cryosec-
tions with energy-dispersive X-ray detecting systems circum-
vents some of these difficulties, since this method allows for the
simultaneous, quantitative determination of several electrolytes
in individual, morphologically well-defined cells [5. 6]. Closely
related by its physicochemical relationship to potassium, rubi-
dium has often been used as marker for potassium, because
rubidium often substitutes on K transport pathways [7-11]. In
the present study we have employed a novel approach to
monitor, by electron microprobe techniques, the time-depen-
dent uptake of rubidium into individual cells of renal cortical
tubules.

Thus, the determination of rubidium uptake into individual
cells lining the distal convolution! as a function of time should
provide information about cellular transport activitics shared by
rubidium with potassium. Furthermore, since potassium uptake
in these cells is coupled to sodium exit via the Nat-K*-ATPase,
changes in transcellular sodium movement should also be
accompanied by alterations of rubidium transport. Therefore,
rubidium uptake into renal tubule cells was measured in hydro-
penic control conditions and after an acute elevation of distal
sodium delivery—a maneuver known to stimulate sodium ab-
sorption and potassium secretion along the surface distal tubule
{12, 13]. Significant differences of rubidium movement were
observed between the cells along this nephron, particularly that
of principal and intercalated cells.

Methods

Preparation of animals and experimental protocol

The experiments were performed in two stages: First, renal
clearance experiments were carried out to characterize overall

"The term ‘‘distal convolution™ is used to denote the following
tubule segments: the distal convoluted tubule (distal convoluted tubule
cells); the connecting tubule (connecting tubule and intercalated cells);
and the beginning portion of the cortical collecting duct (principal and
intercalated cells). The latter segment has also been termed the ‘‘initial
collecting tubule.”” The “‘early distal tubule’ in micropuncture termi-
nology comprises the distal convoluted tubule, the *‘late distal tubule™
both connecting tubule and beginning portion of the cortical collecting
duct [14, 15].
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renal function. Secondly, rubidium was infused during well-
defined periods after which the kidneys were excised for
electron microprobe analysis.

Male Wistar rats (SAVO-Ivanovas, Kisslegg, FRG) were
maintained on a standard rat diet (Altromin, Lage, FRG) and
tap water until the day of study. Animals were anaesthetized by
i.p. injection of inactin (Byk-Gulden, Konstanz, FRG; 100 to
120 mg/kg of body wt) and placed on a thermoregulated
operating table to maintain body temperature at 37°C. After
tracheotomy, catheters were inserted: (1) into the right jugular
vein (infusion of isotonic saline, 5 ml/hr/kg body wt, and
polyfructosan, 5 g/100 ml [Inutest, Laevosan-Gesellschaft, Linz,
Austrial), (2) into the left femoral vein (injection of rubidium)
and, (3) into the left femoral artery (to monitor blood pressure).
The left kidney was exposed through a subcostal flank incision,
freed of adherent fat and connective tissue and placed in a
plastic cup. The exposed kidney was kept under a layer of
paraffin oil, warmed to 38°C, to prevent cooling and dessication.
To allow timed urine collections, the renal pelvis was can-
nulated from the ureter with a polyethylene catheter. Blood
samples were taken at the endpoints of each 25-minute collec-
tion period to determine plasma inulin concentrations.

At the end of the clearance periods the exposed kidney was
rinsed several times with warm (38°C) Ringer’s solution and
rubidium chloride, either 0.33 (20 sec infusion) or 0.50 (30 sec
infusion) mmol/kg body weight, administered as a continuous
i.v. infusion. The kidney was removed from the animals after
carefully timed intervals.

In a first set of experiments the following groups of animals
were studied:

Group 1 (N = 3). Infusion of rubidium chloride over 20
seconds, removal of the kidney immediately at the end of the
infusion period.

Group lla (N = 4). Infusion of of rubidium chloride over 30
seconds, removal of the kidney immediately at the end of the
infusion.

Group IIb (N = 3). Duration of rubidium administration as in
group Ila, but removal of the kidney 30 seconds after the end of
the rubidium infusion.

Group Il¢c (N = 3). Duration of rubidium administration as in
group lla, but removal of the kidney seven minutes after the
end of the rubidium infusion.

In an additional series of experiments (N = 3) rubidium
chloride was given at a lower dose (0.13 mmol/kg body wt) over
30 seconds. Analyses of cell rubidium contents were done at
only one time point, immediately foilowing cessation of infu-
sion.

Arterial blood for the determination of plasma rubidium
concentration was obtained from the femoral artery during a 20
second period, the withdrawal being started 10 seconds before
and terminated 10 seconds after excising the kidney. For
shock-freezing, the whole kidney was plunged into a 1:3
(vol:vol) isopentane:propane mixture cooled to the temper-
ature of liquid nitrogen.

In a second series of experiments an infusion solution con-
taining 280 mM sodium chloride, 10 mM potassium chloride and
1 g/100 ml polyfructosan was administered at a rate of 25
ml/hr/kg body wt. The rational of this experimental protocol
was to increase distal sodium delivery and sodium absorption
and potassium secretion along the surface distal tubule [12, 13].
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In this series of experiments kidneys were obtained only at one
time interval, immediately after terminating the 30-second
rubidium infusion.

In some hydropenic animals (N = 5) FD+C green (100 ul of
a 1% solution) was injected via the femoral vein. The time
which elapsed between the injection of the dye and its appear-
ance in the capillary network of the renal cortex was 3.9 + 0.1
seconds.

Tissue preparation for electron microprobe analysis and
determination of cell rubidium and potassium contents

Small pieces of cortical tissue from the shock-frozen kidneys
were mounted in a precooled ultracryomicrotome (modified
Ultrotome V, LKB, Bromma, Sweden) and | um thick cryosec-
tions cut at temperatures between —80 and —100°C. Sections
were mounted between two thin films (formvar and collodion)
and subsequently freeze-dried at —80°C and 10™¢ torr. X-ray
microanalysis of the freeze-dried cryosections was performed
in a scanning electron microscope (S 150, Cambridge Instru-
ment Ltd., Cambridge, UK) equipped with an energy-disper-
sive X-ray detecting system (Link Systems, High Wycombe,
UK). The acceleration voltage was 20 kV and the probe current
0.3 nA. Small areas (1 to 2 um?’) within the cells were scanned
for 100 seconds and the emitted X-rays analyzed in the energy
range between 0.2 and 20.0 keV. Further details about the
preparation of freeze-dried cryosections for X-ray microanaly-
sis have been described earlier [16].

The morphologic appearance of proximal tubule, distal con-
voluted tubule, principal and intercalated cells has also been
described previously [6]. Proximal tubule cells were identified
by a prominent brush border. The distal convoluted tubule
could be recognized by its uniform cell type (the distal convo-
luted tubule cell) which, like proximal tubule cells, exhibited a
comparatively dense cytoplasm, but no brush border. The
cortical collecting duct showed two different cell types, light
and dark appearing cells, that is, principal and intercalated
cells. Cell height of both of them was somewhat less than in
distal convoluted tubule cells. Cells of distal tubule origin with
cytoplasmic electron density between that of distal convoluted
tubule and principal cells and with similar cell height as distal
convoluted tubule cells were designated as connecting tubule
cells. Connecting tubule cells were observed only—as was the
case for the principal cells—in tubular segments containing also
intercalated cells.

Extra- and intracellular compartments in renal tubule cells
are often intimately interdigitated (that is, basolateral infold-
ings, brush border). Hence, analyses of cytoplasmic areas
completely free of extracellular spaces are difficult to obtain.
Previous investigations, however, have clearly shown, firstly,
that X-ray spectra obtained in the cell nuclei and in the
cytoplasm adjacent to the nuclei reflect true cellular electrolyte
concentrations not being modified by contributions originating
from extracellular compartments and, secondly, that potassium
concentrations are virtually identical in nucleus and cytoplasm
[5, 6]. Consequently cellular measurements were in general
confined to the nuclei. To confirm that the distribution of
rubidium across the nuclear membrane is similar to that of
potassium in the present experiments, additional electron probe
analyses were also performed in both nucleus and perinuclear
cytoplasm of selected tubule cells.



644

Table 1. Mean body weights, plasma electrolyte and clearance data

Hypertonic
sodium
Control chloride
Body weight ¢ 180 = 8 213 = 20
Plasma potassium® mmollliter 3.9+ 0.1 3.7+0.2
Plasma sodium mmol/liter 142.5 + 0.8 150.3 £ 0.9°
Urine flow rate wl/min/100 g 1.8 £ 0.2 27.2 = 0.5*
body wt
Glomerular filtration rate ml/min/ 0.52 = 0.02 0.53 = 0.04
100 g body wt
Urine potassium mmol/liter 292 + 29 43 =7
Fractional potassium excretion 25.0 £ 2.7 59.8 = 9.52
%
Urine sodium mmol/liter 85 £ 20 273 = 227
Fractional sodium excretion % 0.2 £0.1 9.2 £ 0.7*
No. of animals 13 3

Values are means * SEM

2 Significantly different from the corresponding control value

® Plasma potassium concentrations obtained prior to rubidium injec-
tion

The separation of the X-ray continuum from the element-
characteristic radiations was performed by a special computer
program [17]. The cellular element concentrations were calcu-
lated in mmol/kg dry weight from the peak-continuum ratios,
according to Hall [18].

Chemical analyses

The plasma and urine sodium and potassium concentrations
were measured by flame photometry (Flame Photometer 543,
IL, Lexington, Massachusetts, USA) and the plasma rubidium
concentration by atomic absorption spectrophotometry (SP 9,
Pye Unicam, Cambridge, UK). Urine osmolality was deter-
mined by the method of depression of vapor pressure (5100B,
Wescor, Logan, Utah, USA). Inulin in plasma and urine was
measured by the anthrone method of Fiihr, Kaczmarczyk and
Krittgen [19]. Standard formulae were used to calculate glo-
merular filtration rate and urinary excretion of sodium and
potassium.

Presentation of data and statistical analysis

If not otherwise stated, the data are presented as means *
sEM with the number of measurements (N) in parentheses.
Some of the differences between the means were tested for
statistical significance using Student’s t-test for unpaired data
with P values less than 0.05 indicating significance. In addition,
two-way analysis of variance was used to detect differences in
rubidium contents between cell types in each group and differ-
ences in rubidium contents between different experimental
groups for one cell type. The significance of differences be-
tween individual groups was further tested by r-test using
appropriately adjusted significance levels [20]. Linear regres-
ston analysis was employed to assess initial uptake rates.

Results

Table 1 summarizes body weights, plasma electrolyte and
clearance data under control conditions and following the
administration of hypertonic sodium chloride. Plasma potas-
sium concentrations and glomerular filtration rates were similar
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Fig. 1. Time course of arterial plasma rubidium concentration after a
30 second rubidium injection. Each point represents the mean of at least
3 single values. The ordinate is scaled logarithmically.

under both conditions. Infusing hypertonic saline led to a
modest increase in the plasma sodium concentration and to a
sharp rise in urine flow rate and sodium concentration, and in
fractional sodium and potassium excretion. Urine potassium
concentration, however, was markedly depressed in animals
infused with hypertonic saline when compared with controls.

Figure 1 depicts the decline in plasma rubidium concentration
after the injection of rubidium chloride over a time period of 30
seconds. Mean plasma rubidium was 4.48 mmol/liter at the end
of the infusion period (group Ila) and had fallen to 1.07
mmol/liter 30 seconds after terminating rubidium administration
(group IIb). The respective mean plasma potassium values were
4.8 *0.2(N = 4)and 44 = 0.1 (N = 3) mmol/liter. After 420
seconds the plasma potassium concentration was 4.2 = 0.1 (N
= 3) mmol/liter. The rapid initial decrease in plasma rubidium
levels was followed by a slower decline so that after 120, 300
and 420 seconds, concentrations of 0.34, 0.14 and 0.10 mmol/
liter were obtained. A similar time course of the rate of
disappearance from plasma of rubidium [21] and potassium [22]
has been observed using radioactive tracer techniques’.

Following a rubidium injection lasting only 20 seconds (group
I), plasma rubidium concentration was initially 4.72 mmol/liter,
a value very similar to that observed in group Ila animals.
These data show that during a well-defined, relatively short
time period the present infusion protocol results in plasma
rubidium concentrations comparable to those of normal plasma
potassium levels.

Table 2 summarizes data on rubidium and potassium contents

2The rapidly changing plasma rubidium concentrations following the
bolus injection reflect several processes, such as distribution into the
extracellular fluid space, cell uptake and renal excretion. If rubidium
were initially equally distributed in the extracellular fluid (about 25% of
body weight), plasma rubidium concentrations should be between 2 and
3 mmol/liter. The observed values in excess of this (about 4.5
mmol/liter) indiciate initially unequal distribution in the extracellular
fluid. Later, further cell uptake and renal extraction and excretion
reduce plasma rubidium concentrations to low levels.
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Table 2. Rubidium and potassium contents obtained in nucleus and cytoplasm of proximal tubule cells

Rb K K

Group N mmollkg dry wit Rb

1 (20/0) Nucleus 2 50.9 = 7.1 599.3 = 16.4 11.77
Cytoplasm 31.9 = 2.6 408.0 = 14.9 12.79

11a (30/0) Nucleus 82.6 = 6.2 546.1 = 20.4 6.61
Cytoplasm 13 59.5 + 5.7 404.0 = 232 6.79

11b (30/30) Nucleus P 117.3 = 3.0 484.9 = 12.2 4.13
Cytoplasm 88.8 £ 4.5 383.8 = 13.0 4.32

IIc (30/420) Nucleus 21 77.4 £ 2.6 503.1 = 17.5 6.50
Cytoplasm 64.4 + 2.4 376.0 = 15.5 5.84

Values are means * seM; N indicates number of cells. All cytosolic rubidium and potassium contents are significantly lower than the
corresponding values in the nucleus. For corrections due to differences in dry weight between nucleus and cytoplasm see text. The duration of the
rubidium infusion and the time interval between terminating the infusion and shock-freezing the kidney are given in parentheses (in sec). K/Rb is
the ratio of potassium to rubidium content for either nucleus or cytoplasm

measured in the nucleus of proximal tubule cells. These are
compared with similar values in cytoplasmic regions of the
same cells. It is apparent that within each group of animals the
ratios of rubidium to potassium for nucleus and cytoplasm were
similar. This observation supports the view that in both cell
compartments rubidium is freely exchanging with potassium.
Similar observations were also obtained in distal convoluted
tubule cells of group I and group Ila animals, experimental
conditions in which the time to rubidium exposure was very
brief. The potassium to rubidium ratio was 3.6 and 4.2 for
nucleus and cytoplasm in group I (N = 8), and 2.2 and 2.5,
respectively, in group lla (N = 7). Hence, the distribution of
rubidium between nucleus and cytoplasm in these cells is also
not markedly different from that of potassium. Inspection of
Table 2 also shows that the contents of potassium and rubidium
(expressed as mmol/kg dry weight) in proximal convoluted
tubule cells were consistently higher in the nucleus than in the
cytoplasm. However, since previous studies have shown that
the dry weight of the cytoplasmic region is higher than that of
the nucleus [5, 6], the present data are consistent with the
conclusion that the concentrations of potassium and rubidium
are similar in the nucleus and cytoplasm®.

Figure 2 shows energy-dispersive X-ray spectra in interca-
lated and distal convoluted tubule cells, either not exposed to
rubidium or subjected to a 30 second rubidium exposure. It is
evident that rubidium is taken up much faster by distal convo-
luted tubule cells than by intercalated cells. The uptake of
rubidium into distal convoluted tubule cells is paralleled by a
marked decline in the intensity of the potassium signal.

Table 3 summarizes data on rubidium and potassium contents
in individual tubule cells after either a 20 or 30 second rubidium
injection (group I and Ila animals), or after a longer exposure
time, of 30 or 420 seconds, respectively, following rubidium
administration for 30 seconds (group IIb and lic animals).
Several points deserve comment. Infusing rubidium intrave-
nously for 30 seconds leads to an increase in rubidium content
of all tubule cell types analyzed when compared to the rubidium
uptake following a 20 second infusion. If the rise in cell

* The mean dry weight of the nucleus is 23 g%, that of the cytoplasm
32g% (5, 6]. Accordingly, the derived concentrations of both potassium
and rubidium in nucleus and cytoplasm are almost identical.
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Fig. 2. Energy-dispersive X-ray spectra obtained in intercalated and
distal convoluted tubule cells. Spectra were taken in cells not exposed
to rubidium, and immediately after a 30 sec rubidium injection (group
[1a).

rubidium content is assumed to be linear during a 30 second
infusion period, as depicted in Figure 3A, the intersections of
the individual regression lines with the abscissa scatter around
a mean value of 6 seconds (minimum 2 sec: principal cells;
maximum 9 sec: intercalated cells). This time interval is in
reasonable agreement with the transit time (4 sec) obtained for
the passage of FD+C green between left femoral vein and renal
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Table 3. Rubidium and potassium contents of renal tubule cells exposed for different time intervals to rubidium

Rb
K
Group N mmollkg dry weight
Proximal tubule cells 1 (20/0) 38 50.1 = 3.0 571.3 £9.2
IIa (30/0) 36 86.0 = 4.4 564.6 = 13.3
L1b (30/30) 35 118.0 = 3.2 472.2 = 10.4
¢ (30/420) 27 80.4 = 2.4 524.1 = 16.9
Distal convoluted tubule cells I (20/0) 48 132.5 = 6.3 478.3 = 14.4
11a (30/0) 53 2249 + 8.4 436.6 = 12.4
11b (30/30) 47 190.0 = 4.0 433.0 = 10.6
IIc (30/420) 51 51.7 = 1.1 565.1 = 13.5
Connecting tubule cells 1 (20/0) 33 85.5 = 3.6 5994 + 133
I1a (30/0) 42 156.1 = 6.7 535.5 = 16.1
IIb (30/30) 26 168.2 = 6.4 477.0 = 17.7
11¢ (30/420) 26 56.1 = 1.7 613.2 = 20.5
Principal cells 1 (20/0) 38 712 £ 4.4 647.7 = 13.6
11a (30/0) 36 109.7 = 6.9 630.9 + 15.7
IIb (30/30) 33 141.3 = 5.7 5528 £ 11.0
Ilc (30/420) 34 53.0+ 1.5 671.1 = 15.9
Intercalated cells I (20/0) 37 12509 591.8 = 15.8
I1a (30/0) 42 23.7 = 1.6 627.6 = 16.5
1Ib (30/30) 35 26.4 = 0.9 565.3 + 15.2
1ic (30/420) 34 417+ 1.9 5949 + 17.7

Values are means + SEM; N indicates number of cells. The duration of the rubidium infusion and the time interval between tgrminating the
infusion and shock-freezing the kidney are given in parentheses (in sec). Statistic evaluation of differences by two-way analysis of variance
indicates differences between individual cells for each time interval as well as differences in one specific cell type at different time intervals. For

specific information see Table 4.
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Fig. 3. Rubidium contents in tubule cells observed immediately at the end of either a 20 (group 1) or 30 second (group Ha) rubidium infusion. The
data are given as mean * 2 seM. A. Data of individual experimental groups were used to calculate linear regression lines. B. Linear regression
lines of individual experimental groups calculated with the assumption of a 4 sec appearance time of rubidium in the renal cortex. Analysis of
variance of regression coefficients indicates significant difference between the slopes of the regression lines (P < 0.0001). Symbols are: (#) distal
convoluted tubule cell; (A) connecting tubule cell; (M) principal cell; (@) proximal tubule cell; and (¥) intercalated cell.

capillary network. Hence, it is reasonable to conclude that after
the time at which rubidium has reached the renal cortex (4 sec
after the begin of infusion) rubidium uptake is linear for another
26 seconds. This indicates that during this time cell rubidium
contents are not significantly affected by rubidium efflux from
cell to extracellular spaces, and that the rubidium uptake data
obtained immediately after either a 20 or 30 second rubidium
injection represent an estimate of unidirectional rubidium influx
from extracellular fluid into the cytoplasm.

Inspection of Figure 3 B shows that rubidium uptake was
fastest in distal convoluted tubule cells and slowest in interca-

lated cells. In proximal tubule cells rubidium uptake was less
rapid than in either connecting tubule or principal cells. In this
graph initial uptake rates of rubidium were estimated by linear
regression analysis assuming that the injected rubidium reaches
the renal cortex after 4 seconds. The following uptake rates
were calculated (mmol/kg dry wt/sec): distal convoluted tubule
cells: 8.6, connecting tubule celils: 5.9, principal cells: 4.3,
proximal tubule cells: 3.3, and intercalated celis: 0.9.

Table 4 summarizes differences of rubidium uptake after two
time intervals following 30 second injections (groups Ila and
1Ic). In the upper right hand section of the Table, the differences
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Table 4. Summary of statistical data of rubidium uptake

Proximal Distal convoluted Connecting
tubule cells tubule cells tubule cells Principal cells Intercalated cells
Proximal tubule cells — P < 0.001 P < 0.001 P < 0.05 P < 0.001
Distal convoluted tubule cells P < 0.001 — P < 0.001 P < 0.001 P < 0.001
Connecting tubule cells P < 0.001 P = NS — P < 0.001 P < 0.001
Principal cells P < 0.001 P = NS P = NS — P < 0.001
Intercalated cells P < 0.001 P < 0.001 P < 0.001 P < 0.001 —

Upper right section compares data of group Ila, lower left section data of group llc. The comparison was performed by t-tests using Bonferroni’s

correction of significance levels.

Fig. 4. Rubidium contents in tubule cells
obtained immediately at the end of a 30
second rubidium administration in controls
(clear bars) and following infusion of

hypertonic saline (striped bars). The data are
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of rubidium contents between individual tubule cells of group
Ila are summarized. The differences of rubidium contents
between all cell types are statistically significant. As pointed out
above, these data support the view of heterogeneity of uptake
mechanisms in different tubule cells.

Attention should be focused on the observation that after
terminating the rubidium infusion, plasma rubidium concentra-
tions exhibited a fast decline (Fig. 1). A parallel reduction in
cellular rubidium could be observed only in distal convoluted
tubule cells, where the rubidium content had decreased signif-
icantly during the 30 seconds following the rubidium injection.
In contrast, in connecting tubule and intercalated cells, rubidi-
um content remained stable, it even further increased in prox-
imal tubule and principal cells.

In group llc animals (420 sec after the injection period)
rubidium content in distal convoluted tubule, connecting tu-
bule, principal and intercalated cells were of comparable mag-
nitude, while that of proximal tubule cells was clearly highest at
this time. This observation indicates that during the rapid fall in
plasma rubidium concentrations rubidium efflux from cell to the
extracellular compartment is slower in proximal tubule cells
than in distal convoluted tubule, connecting tubule and princi-
pal cells. The same may be true for intercalated cells, where
despite the sharp fall in extracellular rubidium concentration
over the 420 second period, even a modest rise in cell rubidium
content was observed.

given as mean *= 2 SEM.

In Table 4 (lower left section) are also included statistical
analyses of the differences of rubidium contents between indi-
vidual cells after 420 seconds (group Il¢). While proximal tubule
cells had higher rubidium contents than all other cells, rubidium
content of intercalated cells was significantly lower than that of
all other cells investigated.

Hypertonic sodium chloride was infused at a rate known to
increase both sodium concentration and flow rate of distal
tubule fluid, to study the effect of an increase in sodium
absorption and potassium secretion along the distal tubule on
cell rubidium uptake. The data obtained at the end of a 30
second rubidium injection are depicted in Figure 4. Compared
with controls, rubidium content was higher by 86.4, 56.4 and
57.1 mmol/kg dry wt, in distal convoluted tubule, connecting
tubule and principal cells, respectively. No major alterations in
cell rubidium levels, however, were observed in proximal
tubule and intercalated cells. Hence, the increase in distal
sodium delivery was accompanied by a sharp rise in rubidium
uptake of only those cells known to be activated, and to mediate
and sustain enhanced levels of transepithelial sodium and
potassium transport.

Discussion

Critique of the method

In the present study we have used rubidium as a probe for
studying the transport pathways of potassium in individual
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renal tubule cells. Due to the close physicochemical relation-
ship of the two group I alkali metal ions, rubidium has often
been used as a physiological marker ion for potassium. Exper-
imental evidence supporting the validity of this use of rubidium
has been obtained, firstly, from renal clearance experiments
showing that under a variety of experimental conditions rubi-
dium and potassium are handled similarly by the kidney [8, 10]
and, secondly, from the results of perfusion experiments in
isolated tubule segments in vitro, demonstrating comparable
transepithelial tracer fluxes of both rubidium and potassium
[23], as well as similar responses of potassium and rubidium
fluxes to well defined modulators of potassium transport [11,
24]. Despite these observations, differences between the trans-
port patterns of potassium and rubidium should also be noted
[10, 25].

In preliminary experiments we injected a bolus of rubidium
chloride into the abdominal aorta above the renal arteries to
achieve high rubidium concentrations in the plasma entering the
renal artery, and to minimize the time delay between the start of
the injection and the time of arrival of rubidium at renal tubule
cells. Although in these experiments we observed marked
differences in rubidium uptake between various tubule cell
types, these data showed a wide scatter. This was probably due
to the effects of high, local plasma rubidium concentrations on
renal hemodynamics, as evidenced by blanching of surface
patches of the renal cortex. Infusing rubidium intravenously via
the femoral vein circumvented this difficulty. This approach,
however, leads to prolongation of the time lag between onset of
injection and appearance of rubidium in the renal circulation.
However, we have chosen the intravenous route of rubidium
administration because of the satisfactory reproducibility of cell
uptake data and because of the absence of adverse renal
hemodynamic effects.

Both methods of administering rubidium in vivo preclude
attainment of stable plasma rubidium concentrations for longer
time intervals so that constant extracellular conditions for
rubidium uptake by tubule cells are not provided. In addition,
the analytical constraints of the method prevent the use of
rubidium in tracer doses so that competition between rubidium
and potassium on cell transport pathways cannot be avoided.
Such competition could account for the reduction in cell potas-
sium content observed during rubidium administration. It
should be noted that following the administration of smaller
doses of rubidium (0.13 mmol/kg body wt) a similar pattern of
differential rubidium uptake was observed. The following
rubidium contents were obtained (mmol/kg dry wt): proximal
convoluted tubule cell (N = 29), 33.2 = 1.3; distal convoluted
tubule cell (N = 33), 64.4 = 4.7; connecting tubule cell (N =
20), 46.5 = 3.0; principal cell (N = 29), 38.1 = 2.1, and
intercalated cell (N = 30), 10.3 = 0.8. However, in most of the
present experiments a higher dose of rubidium was chosen to
assure accurate distinction of differential cell uptake into indi-
vidual tubule cells as well as adequate monitoring of the time
course of rubidium levels in tubule cells and plasma.

Routes of cell rubidium uptake

The rubidium contents of renal tubule cells obtained by
electron microprobe analysis do not allow precise discrimina-
tion between the individual flux components into and out of
tubule cells. Rather, they represent the result of net cell
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rubidium uptake. However, a reasonable estimate of unidirec-
tional rubidium influx from the extracellular fluid into the
cytoplasm is provided by measurements of cell rubidium con-
tents performed very shortly after administering this marker
ion. In the present study, a minimum of 20 seconds elapsed
between the onset of the intravenous rubidium infusion and the
removal of the kidney for analysis. Since another 4 seconds
elapsed from the beginning of the injection until rubidium ions
reached the renal tubule cells (FD+C dye transit time data in
Methods), the shortest exposure of the tubule epithelium was
some 16 seconds. Since rubidium in all cell types increased
linearly with time for a period of 30 seconds, the uptake data
obtained over either 20 or 30 seconds should provide a reason-
able estimate of unidirectional rubidium influx.

Rubidium may enter tubule cells by at least one of these
different transport modes: 1) actively via the Na*-K*-ATPase.
Experiments in several tissues have provided firm evidence that
rubidium is handled by this enzyme very similarly to potassium
[26]; 2) by secondary active transport via potassium-accepting
carriers molecules that mediate Na/2Cl/K cotransport or K/Cl
cotransport [27, 28, Dorge A., Rick R., Beck F, Thurau K.,
unpublished observations]. There is evidence suggesting that
rubidium can use both of the above mentioned cotransporters.
3) In addition, rubidium ions may be moving passively by
electrodiffusion via potassium-selective ion channels. Studies
on various epithelial tissues, however, support the notion that
some potassium-selective channels do not permit unrestricted
passage of rubidium [29, 30].

The present results on rubidium uptake into renal tubule cells
do not allow to discriminate between different transport path-
ways. However, quantitative estimates of the amounts of
rubidium that could have entered the tubule cells from the
lumen during the 20 and 30 second infusion periods indicate that
luminal rubidium cannot be a major source. This follows not
only from quantitative considerations of the amounts of rubidi-
um filtered and those accumulating in celis (proximal tubule),
but also from the rather long transit times of filtrate from the
glomerulus to the distal convolution (30 to 70 sec). Rubidium
uptake rates thus represent a means for evaluating differences
in the overall potassium transport activity of individual tubule
cells, largely those of the basolateral cell membrane.

Differences in rubidium uptake

The results obtained immediately after 20 or 30 seconds of
rubidium administration demonstrate clearly that there are
significant differences of rubidium uptake rates between the
various cell types of the distal convolution. Tubule cells thought
to be involved in sodium absorption—the distal convoluted
tubule cells—and those mediating sodium absorption and po-
tassium secretion—the connecting tubule and principal cells—
exhibit high rates of rubidium uptake. In contrast, rubidium
uptake into intercalated cells is comparatively low. Rubidium
uptake into proximal convoluted tubule cells proceeds also at a
significant rate, but is lower than in distal convoluted tubule,
connecting tubule and principal cells.

The handling of rubidium by the distal tubule and the collect-
ing duct is of interest. The marked differences between con-
necting tubule and principal cells on one hand, and intercalated
cells on the other hand, support the view that transcellular
potassium movement across the “‘late’” distal tubule (a major
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site of potassium secretion) proceeds preferentially through
connecting tubule and principal cells. These cells are charac-
terized by high contents of Na*-K*-ATPase in the basolateral
membrane and by significant sodium and potassium conduc-
tances in the apical cell membranes [31, 32]. In contrast, the
comparatively-low rubidium uptake rates in intercalated cells
are consistent with the view in that these cells do not participate
in net sodium transport and potassium secretion [33], both
processes that depend critically on basolateral Na*-K*-ATPase
activity. Intercalated cells have been found to have a very low
Na*-K*-ATPase content in the rat kidney [34] and are thought
to play a significant role in either proton or bicarbonate secre-
tion and in potassium reabsorption [3, 4], transport activities
not directly linked to basolateral Na*-K*-exchange.

It is also noteworthy that the pattern of distribution of
rubidium uptake along the nephron bears relationship to the
Na*-K*-ATPase activity in renal cortical tubules [35]. High
levels of Na*-K*-ATPase are localized in the proximal convo-
luted tubule, the thick ascending limb and the distal convoluted
tubule, smaller Na*-K*-ATPase activities have been observed
in collecting duct cells [35, 36]. The relationship between
Na*-K*-ATPase content and rubidium uptake as measured in
the present experiments is complicated by several factors:
First, tubule Na*-K*-ATPase content is usually referred to
tubule length [35], a method that does not take into account cell
thickness and protein content. In contrast, rubidium uptake in
our studies is expressed as content per cell dry weight and unit
time. For instance, protein content of proximal tubules is higher
than that of the distal convolution [37]. These differences in
protein content may account for the comparatively low rubidi-
um uptake into proximal tubule cells. Second, in the present
study rubidium uptake was measured in individual distal tubule
cells, whereas Na™-K*-ATPase is conventionally determined in
tubule segments often consisting of cells with widely differing
Na*-K*-ATPase activities [34]. Both of these factors may
explain the relatively-high rubidium uptake into principal cells
compared to that of the proximal tubule.

Taken together, the correlation between rubidium uptake and
Na*-K*-ATPase activity suggests that the basolateral Na*-K™*-
ATPase activity is one of the key factors contributing to the rate
at which rubidium ions are taken up into renal tubule cells.
However, many observations in tubule cells have shown close
functional coupling between the rate of active Na*-K®-
exchange and the passive potassium permeability of the apical
[33] and basolateral cell membrane [38-40] of tubule cells.
Inasmuch as active pump rate regulates the potassium perme-
ability, both of these factors will ultimately determine the rate
of rubidium uptake. The possible participation of potassium
chloride cotransport in rubidium uptake is presently unknown.

Another functional correlation deserves comment. The cell
rubidium contents determined immediately after rubidium in-
jection decrease significantly as one proceeds from the begin-
ning of the surface distal tubule, that is, the distal convoluted
tubule (the “‘early’’ distal tubule), to the connecting tubule and
to the beginning segment of the cortical collecting duct (the
“late’” distal tubule). The finding that the highest rubidium
uptake rates were observed in distal convoluted tubule cells,
followed by the connecting tubule cells and the principal cells
shows a remarkable parallelism to the sodium load presented to
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successive segments of the distal convolution and to the rate of
sodium transport [41].

After terminating the rubidium injection, a steep decline in
plasma rubidium concentration was observed, followed with
some time delay by a more gradual fall in cell rubidium content.
These events led the cell/plasma rubidium gradient eventually
to surpass the corresponding cell/plasma gradient of potassium.
Thus, after 420 seconds the following rubidium/potassium cell/
plasma ratios were observed: proximal convoluted tubule cell,
6.5; distal convoluted tubule cell, 3.9; connecting tubule cell,
3.9; principal cell, 3.3; intercalated cell, 3.0. Values above unity
indicate that rubidium is relatively more concentrated in some
tubule cell than potassium. The maintenance of a higher intra-
to-extracellular concentration gradient for rubidium compared
to potassium has also been observed under steady-state condi-
tions by us (unpublished observations) and other investigators
[42]. The preferential cellular retention of rubidium compared
to that of potassium in our experiments could be explained by
either higher active uptake of rubidium into the cells via
primary or secondary active transport mechanisms (that is,
basolateral ATPase-mediated sodium-potassium exchange or
potassium chloride cotransport [43]), by restricted exit (low
rubidium permeability) from cell to the extracellular fluid,
and/or rapid disappearance of rubidium from the extracellular
fluid. The latter factor may be an important one, because
plasma rubidium levels rapidly declined after the bolus injec-
tion. Our data do not allow us to discriminate between these
possible factors. However, higher active uptake of rubidium
compared to potassium seems unlikely, since the potency of
rubidium for activating the Na*-K*-ATPase is only slightly less
than that of potassium [26]. On the other hand, certain potas-
sium-selective channels in epithelial cells discriminate between
potassium and rubidium allowing the passage of rubidium to
only a restricted extent [29, 30]. Functional cell heterogeneity
of rubidium retention was also observed. At equally low rubi-
dium concentrations for all cells in the extracellular fluid
proximal tubule cells retained rubidium more than those of the
distal convolution. The rubidium retention observed by us and
others [42] is consistent with active (pump-mediated) rubidium
uptake and, compared with potassium, delayed exit of rubidium
from tubule cells into the extracellular fluid.

Alterations in distal sodium and potassium transport

When large quantities of sodium chloride are administered
intravenously distal sodium delivery and, as a consequence,
active sodium reabsorption along the surface distal tubule are
markedly stimulated. Thus, the present protocol of infusing
hypertonic sodium chloride has been shown to result not only in
elevated sodium concentrations of the tubule fluid along the
total length of the surface distal tubule but also in sharply
increased rates of sodium reabsorption and potassium secretion
along the distal convolution [12, 13]. If indeed a substantial
component of rubidium influx into tubule cells is due to uptake
via the Na*-K"-ATPase pathways, alterations in distal sodium
and potassium transport would be expected to induce corre-
sponding changes of rubidium uptake into the cells involved in
these transport operations.

The present study supports this thesis and provides informa-
tion about the cell types and the cellular mechanisms responsi-
ble for the rise in sodium transport during increased distal
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sodium delivery: only distal convoluted tubule, connecting
tubule and principal cells, but not intercalated cells, showed a
marked stimulation of rubidium uptake. Rubidium uptake in
proximal tubule cells was also not significantly affected by the
administration of hypertonic sodium chloride, a finding consist-
ent with no marked changes in sodium reabsorption in these
conditions [44]. The observations of rubidium uptake into cells
of the distal convolution are in accord not only with the
observed transport studies referred to above, but also with the
recent finding that an acute increase in distal fluid sodium
chloride concentrations is accompanied by a rise in cell sodium
concentrations of all but the intercalated cells [45). Thus, it may
be concluded that increased distal fluid sodium concentrations
lead to enhanced sodium entry across the luminal membrane of
the sodium transporting cells. This causes a rise in cell sodium
concentrations and, as a consequence, a stimulation of active
sodium extrusion and potassium (rubidium) uptake via the
Na"-K*-ATPase.
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