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ABSTRACT To assess the renal functional adapta-
tion to reduced excretory capacity, we studied whole
kidney and single nephron function in anesthetized
volume-replete rabbits after unilateral (left kidney)
nephrectomy (UNX), ureteral obstruction (UO), or
ureteroperitoneostomy (UP). At 24 h, despite the ab-
sence of measurable hypertrophy of the contralateral
(right) kidney, these procedures significantly increased
p-aminohippurate clearance (45-54%) and inulin
clearance (Cjy) (64-110%) compared with sham-op-
erated control animals. In each group, whole kidney
sodium reabsorption increased in proportion to the rise
in C[N.

To determine whether the intrinsic transport ca-
pacity of proximal tubule segments is altered by these
maneuvers, we measured fluid volume reabsorption
rate (Jv) in isolated superficial proximal straight tubule
(PST) segments perfused in vitro, comparing each con-
trol tubule (obtained by biopsy of the left kidney im-
mediately before an experimental maneuver) with a
corresponding tubule segment obtained 24 h or 7 d
later from the contralateral kidney. Control tubule Jv
in sham-24 h animals averaged 0.48+0.04 nl/(min-
mm). Jv did not change significantly at 24 h or 7 d
after sham maneuvers but increased significantly at 24
h after UNX [AJv = 0.1320.03 nl/(min-mm)], UO
[AJv =0.10£0.04 nl/(min-mm)], and UP [A]v
= 0.18+0.04 nl/(min - mm)]. Jv remained increased by
similar amounts at 7 d after UNX and UO. To evaluate
whether an increase in glomerular filtration rate (GFR)
might be the stimulus to this augmentation in Jv val-
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ues, methylprednisolone (MP) (15 mg/kg per d) was
administered daily to sham-operated animals, a ma-
neuver which induced a 73% rise in Ciy by day 5. This
procedure also produced a significant increase in Jv
in PST at 5d [AJv = 0.16£0.05 nl/(min - mm)]. The
increase in Jv evident in each group at 5 or 7 d was
paralleled by an equivalent change in tubule cell vol-
ume and apparent tubule luminal surface area in
UNX-7d and MP-5d; no such increments in these in-
dices, or in apparent tubule serosal surface area were
evident at 24 h in any group.

Thus, a 50% reduction in renal excetory function in
the rabbit provokes adjustments in renal plasma flow
rate and GFR in the contralateral kidney, which are
evident by 24 h. The concurrent change in Jv in PST
is closely related to Ciy or some associated hemody-
namic process, but does not appear to require an in-
crease in tubule cell volume or apparent surface area.
The ability to detect these small in vivo changes in Jv
may derive from the enhanced sensitivity of paired-
kidney experiments using tubule segments obtained
by renal biopsy.

INTRODUCTION

Reduction of renal mass is usually followed by adap-
tive increases in the size and function of the remnant
kidney that serve to mitigate the disturbances of salt
and water balance that would otherwise be likely to
ensue (1). Although the chronic adjustments in neph-
ron size (2, 3), glomerular filtration rate (GFR)' (3-7),

! Abbreviations used in this paper: AL, apparent tubule
luminal surface area; As, apparent tubule serosal surface
area; BW, body weight; C, control tubule; Ciy, inulin clear-
ance; Cpan, PAH clearance; EXP, experimental tubule;
FEy,, fractional sodium excretion; GFR, glomerular filtra-
tion rate; ID, tubule inner diameter; Jv, net fluid volume
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and tubule sodium and water reabsorption (7-12) that
result have been well studied, less attention has been
paid to the early alterations in renal function and
morphology that follow loss of functional renal tissue.
Recent studies indicate that within several hours after
unilateral nephrectomy (UNX) in volume-replete an-
imals, the remaining kidney exhibits a significant rise
in GFR and filtered load of sodium (13, 14). Because
only a small fraction of the increment in filtered so-
dium is excreted in the urine, it may be deduced that
whole kidney sodium reabsorption (Tx,) rises during
this acute period. A variety of hemodynamic and hor-
monal alterations contribute to this phenomenon, but
an increase in the intrinsic fluid reabsorptive capacity
of tubule segments may also be an important factor.
Such increases have been demonstrated by in vitro
perfusion of isolated proximal straight tubule (PST)
and proximal convoluted tubule (PCT) segments ob-
tained from rabbits weeks to months after reduction
in nephron mass (15, 16). Since increases in tubule
weight and luminal surface area were also observed
in the PCT segments (16), tubule hypertrophy was sug-
gested to be the mechanism underlying these chronic
adaptations in tubule sodium reabsorption.

To assess the relationship between the early func-
tional and hypertrophic responses, we performed
clearance and in vitro tubule perfusion studies in rab-
bits 24 h and 7 d after elimination of unilateral renal
excretory function. Regardless of the technique used
to abolish unilateral excretory function—UNX, uni-
lateral ureteral ligation (UO), or unilateral uretero-
peritoneostomy (UP)—GFR and Ty, were increased.
The rise in Tn, that resulted from these maneuvers,
or from administration of methylprednisolone (MP),
was accompanied by an increase in the in vitro fluid
reabsorption rate (Jv) of PST segments. Although tu-
bule hypertrophy may account for the augmented Jv
values seen 7 d after loss of contralateral renal func-
tion, this mechanism does not appear to explain the
early increases in Jv which were demonstrated
at 24 h.

METHODS

General. Since animal-to-animal variations in net trans-
tubular fluid transport in PST contribute to the variability

reabsorption rate; MP, methylprednisolone; Pa, mean arte-
rial blood pressure; PAH, p-aminohippurate; PCT, proximal
convoluted tubule; PD, transepithelial electrical potential
difference; Py,, plasma sodi{im concentration; PST, proximal
straight tubule; RtKW, right kidney wet weight; Ty,, whole
kidney sodium reabsorption rate; Uy,V, urinary sodium ex-
cretion rate; UNX, unilateral nephrectomy; UO, unilateral
ureteral ligation; UP, unilateral ureteroperitoneostomy; VOL,
tubule cell volume.
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in measured Jv values, we developed a technique that per-
mits paired comparison of results from the same animal be-
fore and after experimental manipulations. In each animal,
the initial control tubule (C) was dissected from tissue ob-
tained by open left renal biopsy immediately before the ex-
perimental maneuver; the experimental tubule (EXP) was
obtained 24 h, 5 d, or 7 d later from the right kidney. Clear-
ance studies were performed on an unpaired basis 1 or 5 d
after the experimental manipulation; animal preparation,
including open biopsy, was in all respects the same as for
in vitro tubule perfusion.

Animal preparation. Female New Zealand white rabbits
weighing 1.25-2.27 kg were housed in temperature-con-
trolled quarters and were fed standard rabbit chow (Charles
River Formula, Agway-Country Foods, Agway Inc., Wav-
erly, NY). Animals were anesthetized with pentobarbital so-
dium (Nembutal, Abbott Laboratories, North Chicago, IL),
20-25 mg/kg body wt i.v., and the left kidney was exposed
retroperitoneally via a flank incision. A small longitudinal
wedge biopsy specimen (10-15-mm long by 1.5-2.0-mm
wide by 7-mm deep) was obtained from the midline of the
kidney surface by making parallel incisions with a scalpel
blade, and cutting the medullary pole of the specimen with
a pair of right-angle forceps introduced into the incisions.
The specimen was used for in vitro perfusion experiments
(C) or discarded if clearance studies were subsequently per-
formed. Hemostasis was established within 1-2 min by pack-
ing the biopsy site with an absorbable gelatin sponge (Gel-
foam, Upjohn Co., Kalamazoo, MI); specific experimental
manipulations were then performed (see below). The ani-
mals regained consciousness within 2-3 h and were given
free access to food and water.

Experimental manipulations that followed immediately
after left renal biopsy included (a) sham: the ipsilateral renal
pedicle was manipulated and the flank incision was then
closed with 2-0 silk sutures (26 rabbits); (b) UNX: ipsilateral
nephrectomy was performed before closure of the flank in-
cision (26 rabbits); (¢) UO: the ipsilateral ureter was occluded
by a ligature placed just below the renal pelvis and the in-
cision was then closed (26 rabbits); (d) UP: a 3-cm length
of silicone elastomer tubing, 1.2 mm o.d. (Retract-O-Tape,
Med-Pro Division, Quest Medical Inc., Carrolton, TX), was
inserted into the ipsilateral ureter 1-2 cm below the renal
pelvis. The distal end of the catheter was inserted into the
peritoneum, thereby creating a UP, after which the flank
incision was closed (18 rabbits). Eight additional rabbits in
this group were subsequently found to have peritonitis or
catheter obstruction within 24 h and were discarded; (e)
normal: these unoperated animals served as additional con-
trols in clearance experiments only (six rabbits); (f) MP: after
closure of the flank incision, MP sodium succinate, (Solu-
Medrol, Upjohn Co.) was administered intramuscularly in
0.9% saline in a dose of 15 mg/kg per d for 4 consecutive
d (15 rabbits); (g) MP-control: animals were prepared as for
MP, but received daily injections of 0.9% NaCl instead of
MP for 4 consecutive d (five rabbits).

Evaluation of the right kidney by clearance study or in
vitro tubule perfusion was performed at 24 h in sham-24 h,
UO-24 h, and UP-24 h groups. In vitro perfusion of PST
segments from the right kidney was also performed at 7 d
in sham-7 d, UNX-7 d, and UO-7 d groups. UP animals were
not studied at 7 d. Right kidney clearance and in vitro tubule
perfusion studies were performed in MP-5 d and MP-control-
5 d groups at 5 d, an interval known to be sufficient for MP
to induce significant increases in GFR in the rat (17).

At the time of the right kidney studies, animals were
weighed and again anesthetized with pentobarbital. For in



vitro perfusion studies (experimental tubule), the right kid-
ney was immediately removed, and several 1-2-mm-thick
transverse midline slices were obtained and dissected as de-
scribed below. For clearance studies, the right kidney was
left in place and the animal was prepared as described below.

Clearance studies. After induction of anesthesia, a tra-
cheostomy was performed, the left femoral artery and vein
were catheterized with PE 50 tubing (Becton, Dickinson and
Co., Parsippany, NJ) and the venous hematocrit was deter-
mined. A small suprapubic incision was made and a silastic
catheter was inserted into the distal right ureter for collec-
tion of urine. A sample of urine was aspirated from the
bladder for sodium determination. Rabbit serum (M.A. Bio-
products, Walkersville, MD) was infused via femoral vein
at a rate of 33 ml/h for 10-14 min until a total of 0.4% body
wt had been delivered. Thereafter, a maintenance infusion
of plasma was given at the rate of 3.1 ml/h for the duration
of the experiment. A solution containing 14 mg/ml p-ami-
nohippurate (PAH, Merck, Sharp and Dohme, Division of
Merck and Co., Inc., West Point, PA) and 70 mg/ml inulin
(Arnar-Stone Lab., Inc., Mt. Prospect, IL) in 0.9% NaCl was
also infused by femoral vein throughout the experiment
maintaining plasma PAH concentration below 4 mg/100 ml.
Mean arterial blood pressure (Pa) was measured in the fem-
oral artery via a pressure transducer (Statham Model P23Db,
Gould Statham Instruments Co., Hato-Ray, Puerto Rico) and
recorded on a strip-chart recorder (Gould Brush 2200, Gould
Inc., Cleveland, OH). In most experiments, Pa fell by 10-20
mmHg during the first 30-60 min after blood pressure re-
cording was begun and then became stable. Rabbits in which
Pa fell by 30 mmHg or more, or in which mean Pa was
<70 mmHg, were discarded. After a 90-120-min equilibra-
tion period, three or four timed urine collections (10 min
each) were obtained in plastic tubes and urine volume was
determined by weighing. At the midpoint of each urine col-
lection period, blood samples were collected from the fem-
oral artery for measurement of hematocrit and PAH, inulin,
and sodium concentrations. At the end of the experiment the
kidney was removed, decapsulated, squeezed to remove
blood and urine, and weighed.

Analysis. Sodium concentrations in urine and plasma
were measured by flame photometry (Instrumentation Lab-
oratory, Inc., Lexington, MA). PAH was measured by the
method of Bratton and Marshall (18), and inulin by the
macroanthrone method of Fiihr et al. (19).

Preparation of perfusate and bath solutions. In the
sham-24 h, UNX-24 h, UO-24 h, and UP-24 h groups, ar-
tificial perfusate and bath solutions were used in perfusion
experiments involving both control and experimental tu-
bules. The composition of perfusate solution (in millimoles
per liter) was: NaCl, 114; NaHCO;, 25; MgSO,, 1.2;
K;HPO,, 2.5; Naj citrate, 1.0; sodium lactate, 4.0; CaCl,,
2.0; glucose, 5.5; l-alanine, 6.0. The composition of the bath
solution was identical, except that it contained 6.0 g/100 ml
defatted bovine serum albumin (Sigma Chemical Co., St.
Louis, MO), 3 mmol/liter CaCl,, and sufficient 1 M NaCl
to match the final osmolality of the perfusate (mean, 295
mosmol). Both solutions were bubbled with 95% O,/5% CO,
for 25-30 min before use, and pH was adjusted to 7.40. For
any given pair of C and EXP perfusion experiments, the
same batches of bath and perfusion solutions were employed,
and the solutions were stored at 4°C during the 24-h period
between observations.

In later experiments involving sham-7 d, UNX-7 d, UO-
7 d, MP-5d, and MP-control-5 d groups, normal rabbit serum
(M.A. Bioproducts) was used as bath solution instead of ar-
tificial bath, because available supplies of defatted albumin

Fluid Transport in Rabbit Proximal Straight Tubules

resulted in tubule cell vacuolization and degeneration, with
unstable and near-zero values for Jv. In these experiments,
tubules were perfused with serum ultrafiltrate, prepared by
the use of Amicon CF 25 ultrafiltration membrane cones
(Amicon Corp., Lexington, MA), with serum centrifuged at
the rate of 1,500 rpm for 15 min at 4°C. After bubbling, the
pH was adjusted to 7.4 and osmolality to 300 mosmol. The
same batches of serum and ultrafiltrate were used for any
given pair of control and experimental observations. Solu-
tions were stored at minus 20°C during the 5- or 7-d period
between study of C and EXP, and the osmolality was re-
checked after thawing.

In vitro tubule perfusion. For tubule dissection, the renal
biopsy or tissue slice was transferred to a bath of chilled
artificial perfusion solution bubbled with 95% 0,/5% CO,.
To ensure that all tubules were obtained from the same an-
atomic region of the kidneys, i.e., the intersection of the
longitudinal and transverse axes, PST were dissected from
the midportion of biopsy or tissue slice specimens. Tubule
bundles were grasped at the corticomedullary junction with
fine forceps, and pulled in the direction of the outer cortex;
individual PST were teased free from these bundles. Only
superficial PST that joined PCT in the outermost 0.5 mm of
cortex were used in these studies. When possible, the length
of the experimental tubule was adjusted by trimming the
distal end of the tubule, so as to match the length of its
paired control tubule. Tubule lengths ranged from 1.15 to
3.5 mm.

Each tubule was transferred to a 38°C thermostatically
controlled bath containing 1.4 ml of artificial bath solution
or rabbit serum that was bubbled continuously with 95% O,/
5% CO; to maintain pH 7.40. Tubules were perfused with
concentric glass pipets by the method of Burg et al. (20, 21),
with outermost pipets containing Sylgard 184 dielectric
(Dow Corning Corp., Midland, MI). C-Carboxy inulin
(New England Nuclear, Boston, MA) was added to the per-
fusate (25 uCi/ml) as a volume marker and FD-C No. 3 dye
(Aniline and Chemical Co., Chicago, IL) was also added (0.2
mg/ml) to detect leaks or damaged cells. If more than five
cells were stained with dye, the tubule was discarded. In all
experiments, perfusion rate was maintained within the range
of 7 to 12 nl/min by altering the height of the perfusate
reservoir. After a 25-30-min period of equilibration, four
to five consecutive collections of tubule fluid were made
under mineral oil into a constriction pipette that was cali-
brated before the experiment. Samples of collected fluid
were transferred into scintillation vials containing 3 ml 0.1
M acetic acid and 7 ml Aquasol liquid scintillation fluid (New
England Nuclear), and were counted in a Tri-Carb liquid
scintillation spectrometer (Packard Instrument Co., Inc.,
Downers Grove, IL) to determine '*C activity. Jv was cal-
culated as follows (21): Jv = [(C¢/Cs) — 1]Vi/l, where C;
and Cg are '*C activities in the collected and perfused fluids,
respectively, V; is the rate of tubule fluid collection, and [
is the tubule length. Bath solution was collected at the end
of each tubule fluid collection period and the !*C-inulin con-
centration determined. If the calculated leakage rate ex-
ceeded 0.5% of the perfusion rate, the experiment was dis-
carded. Tubule lengths were measured at the end of exper-
iments with a calibrated reticle in the eyepiece of the
microsope. Outer and inner tubule diameters (OD and ID,
respectively) were measured from a photograph taken at a
magnification of X400; measurements were made every 0.05
mm along the central portion of the tubule and mean values
calculated. The inner diameter was measured as the distance
between the tops of the opposing brush border membranes.
Tubule cell volume (VOL) and apparent tubule serosal and
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luminal surface areas (As and A, respectively) were cal-
culated with standard formulas for a simple thick-walled
tube.

The perfusion pipette, which served as the luminal elec-
trode, was connected to a calomel half-cell through a 0.16
M NaCl-4% agar bridge. The half-cell was connected to the
input of a dual electrometer (model F-233 A, W-P Instru-
ments Inc., New Haven, CT). From the bath, the circuit was
completed with a similar agar bridge connected to a ref-
erence calomel half-cell grounded through a precision mil-
livolt reference source (model 101, W-P Instruments Inc.),
which was used to calibrate the electrometer. Transepithelial
electrical potential difference (PD) was nulled on the elec-
trometer before attaching the tubule and was monitored
continuously throughout each tubule perfusion experiment.

Statistics. Results are presented as mean=+SE. Statistical
significance was accepted at P < 0.05. Results for clearance
studies for sham-24 h, normal, UNX-24 h, UO-24 h, and UP-
24 h groups were compared by one-way analysis of variance
(22). When significant differences were identified, Bonfer-
roni’s test (23), a version of the t test appropriate for multiple
comparisons, was used to identify significant differences be-
tween sham-24 h and each of the other groups. Clearance
data from MP-5 and MP-control-5 d groups were compared
by the unpaired ¢t test (22). In perfused tubule experiments,
each EXP was compared with the C from the same animal,
permitting calculation of paired differences (A) for each
parameter within each group. These paired differences were
then compared, by one-way analysis of variance and Bon-
ferroni’s test as described above, among sham-24 h, UNX-
24 h, UO-24 h, and UP-24 h groups, and among sham-7 d,
UNX-7 d, and UO-7 d groups. Since no control group was
available for comparison with MP-5 d, EXP and C data for
this group were compared directly by the paired ¢ test (22).
Data organization and statistical calculations were per-
formed on CLINFO data management and analysis system
of the General Clinical Research Center, Brigham and
Women’s Hospital.

RESULTS

Clearance studies. The results obtained in clear-
ance studies in sham-24 h, normal, UNX-24 h, UO-24
h, and UP-24 h rabbits are summarized in Table I.
There were no significant differences in body weight
(BW), right kidney wet weight (RtKW), Pa, or plasma
sodium concentration (Py,) among these groups. Sham-
24 h and normal did not differ significantly in values
for inulin clearance (Civ), PAH clearance (Cpan),
plasma sodium concentration (Pn,) X Cin, urinary so-
dium excretion rate (Uy,V), whole kidney sodium
reabsorption rate (T,), and fractional sodium excre-
tion (FEy,), although these measures of renal function
tended to be lower in sham-24 h animals. There were
also no significant differences between sham-24 h and
normal in values for hematocrit (36.2+1.4 vs. 39.5+1.3)
or urinary sodium concentration (97.9%16.6 vs.
53.4+13.7 meq/liter) measured at the start of clear-
ance studies. These data indicate that the surgical
preparation of the animals (i.e., flank incision and renal
biopsy) did not significantly alter contralateral renal
function and sodium metabolism when studied 24 h
later.

In contrast, inulin clearance increased significantly
in UNX-24 h, UO-24 h, and UP-24 h, when compared
with sham-24 h, on average by 110, 69, and 64%, re-
spectively. PAH clearance also increased significantly,
on average by 54 and 45% in UNX-24 h and UO-24
h groups, respectively, compared with sham-24 h. The
40% increase in Cpay observed in UP-24 h did not

TABLE I
Summary of Results Obtained in Right Kidney Clearance Studies 24 h after Left Kidney Manipulation

No. of
Study animals BW RtKW Pa Cin Cran® P, Pne X Cin UnV ™ Fen, X 100
kg g mmHg ml/min ml/min meq/liter peq/min ueq/min peq/min %

Sham-24 h 7 1.70 6.31 88.1 2.45 14.4 139.7 342 1.90 340 0.56
+0.07 +0.38 +3.6 +0.19 +0.9 *1.2 +24 +0.63 +24 +0.20

Normal 6 1.81 6.20 88.2 3.20 15.1 141.4 454 3.15 450 0.67
+0.13 +0.30 *1.3 +0.24 *0.7 2.7 +39 +1.06 +38 +0.23

UNX-24 h 7 1.75 6.67 92.3 5.141 22.2¢ 138.8 712% 4.87 707% 0.72
+0.13 +0.40 *2.9 *0.50 *+2.9 +0.7 +68 +0.62 +68 +0.10

UO-24 h 9 1.88 7.44 90.1 4.14% 20.9§ 138.4 5861 4.68 581% 0.84
+0.11 +0.39 +3.5 +0.43 *1.5 *1.0 +60 +1.32 +66 +0.22

UP-24 h 8 1.75 6.55 93.9 4.02§ 20.3 139.0 557§ 3.01 554§ 0.54
+0.12 +0.30 *2.9 +0.25 *13 *1.1 +33 +0.94 +33 +0.18

All data+SE.

° For Cpai: UNX-24 h, n = 6; UO-24 h, n = 8; UP-24 h, n = 6. For Uy,V: UO-24 h, n = 8.

{1 P < 0.01 vs. sham-24 h.
§ P < 0.05 vs. sham-24 h.
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TABLE 11
Summary of Results Obtained in Right Kidney Clearance Studies After MP-5 d

No. of
animals BW RtKW Pa Cin Cran Pna Pna X Cin UnV Tre FEx. X 100
kg 8 mmHg mil/min ml/min meq/liter ueq/min peq/min pueq/min %
MP-5d 5 1.77 8.20 95.4° 5.03 22.7% 144.1 725% 6.28° 719 0.84°
+0.11 +055 +45 +0.47 +1.5 *29 *70 +1.80 +69 +0.21
MP-control-5 d 5 1.74 6.90 81.2 2.91 13.9 138.1 401 0.56 401 0.14
+0.13 043 *14 +0.27 *1.1 +2.0 +36 +0.16 +36 +0.04

All data+SE.
* P < 0.05 vs. MP-control-5 d by unpaired ¢ test.
t P < 0.01 vs. MP-control-5 d by unpaired ¢ test.

achieve statistical significance (P = 0.08). The in-
creases in Cp,y Were proportionately less than the con-
comitant increase in Cy, indicating a general ten-
dency for whole kidney filtration fraction to rise in
each group. This increase achieved statistical signifi-
cance in UNX-24 h.

Because GFR rose in UNX-24 h, UO-24 h, and UP-
24 h animals without a change in Py,, the filtered load
of sodium (Py, X C\n) was significantly higher in these
groups than in sham-24 h animals (Table I). No sig-
nificant differences in FEy, or Uy,V were seen at 24
h. Hence, Ty, rose significantly in UNX-24 h, UO-24
h, and UP-24 h groups, averaging 107, 70, and 62%
above values for sham-24 h animals (Table I).

Comparison of MP-5 d and MP-control-5 d groups
(Table II) showed no significant differences in BW or
RtKW. Values for Pa were significantly higher in MP-
5d than in MP-control-5d (95.4+4.5 vs. 81.2+1.4
mmHg), and Civ and Cpan were also significantly in-
creased, averaging 73 and 63%, respectively, above
MP-control-5 d values (Table II). In MP-5 d rabbits,
values for Py, were not different from those in MP-
control-5 d animals, whereas values for filtered load

of sodium, U\,V, FEy,, and Ty, were significantly
higher (Table II).

Perfusion studies. To minimize animal-to-animal
variations in Jv values in PST segments, we assessed
the effect of each experimental maneuver by compar-
ing the Jv value obtained in each EXP with results
from the paired C derived from the same animal. The
validity of this approach was corfirmed statistically by
demonstrating a significant (P < 0.05) correlation (by
linear regression analysis) between C and EXP values
for Jv within every group. Similarly, in sham-24 h,
significant correlations were established between EXP
and C for tubule length, perfusion rate, OD, ID, and
PD. These correlations indicate that pairing for these
variables is both reasonable and necessary on statistical
grounds to account appropriately for an important
portion of the variance in the data (23). Because other
tubule parameters used in this study were derived
from these primary data (i.e., cell volume, cell surface
area), they were also evaluated by paired comparisons.

Jv measurements. As shown in Tables III and IV,
the surgical preparation used in this protocol did not
influence Jv. In both sham-24 h and sham-7 d groups,

TaBLE III
Summary of Results Obtained in PST In Vitro Perfusion Studies (24 h)
Perfusion rate Tubule length v PD
No. of
tubule pairs c EXP [¢] EXP [¢] EXP [¢ EXP
nl/min mm nl/(min+mm) mV
Sham-24 h 13 9.71+0.25 9.94+0.19 1.72+0.09 1.97+0.18 0.48+0.04 0.44+0.04 —1.33+0.10 -—1.13+0.13
UNX-24 h 13 9.91+0.21 10.01+0.17 1.87+0.09 1.78+0.07 0.51+0.04 0.64+0.04° —1.19+0.07 —1.06+0.18
UO-24 h 11 9.53+0.23 9.55+0.25 1.84+0.11 1.90+0.14 0.56+0.05 0.66+0.07% —1.25+0.15 —0.99+0.15
UP-24 h 10 9.37+0.18 9.83+0.29 2.05+0.13 2.05+0.06 0.44+0.06 0.58+0.07° —1.45%0.17 —1.06+0.14
All data+SE.
* P < 0.01 for (EXP-C) vs. sham-24 h (EXP-C) for each parameter.
{ P < 0.05 for (EXP-C) vs. sham-24 h (EXP-C) for each parameter.
Fluid Transport in Rabbit Proximal Straight Tubules 875



TABLE IV
Summary of Results Obtained in PST In Vitro Perfusion Studies (5-7 d)

Perfusion rate Tubule length N PD
No. of
tubule pairs (o} EXP C EXP C EXP C EXP

nl/min mm nl/(min+mm) mV
Sham-7 d 6 9.40+0.29 9.54+0.15 2.22+0.17 2.28+0.18 0.46+0.05 0.42+0.04 —1.53+0.22 —1.50%0.12
UNX-7d 6 9.36+0.23 9.87+0.25 2.11+0.19 2.58+0.27 0.44+0.04 0.62+0.06° —1.40+0.13 —1.32+0.20
UO-7d 6 9.57+0.18 9.53+0.27 2.01+0.21 2.28+0.11 0.44+0.06 0.55+0.05° —1.55+0.24 —1.48+0.11
MP-5d 10 9.83+0.30 10.13+0.16 1.83+0.13 2.17+0.11 0.58+0.06 0.74+0.05f —1.26+0.13 —1.07%0.10

All data+SE.

° P < 0.01 for (EXP-C) vs. sham-7 d (EXP-C) for each parameter.

{ P < 0.01 vs. control tubule by paired ¢ test.

the paired differences for Jv between C and EXP
(AJv) did not differ significantly from zero [sham-24
h: AJv = —0.04%£0.03 nl/(min+mm); sham-7 d: AJv
—0.03+0.02 nl/(min+mm)]. In contrast, AJv ob-
served at 24 h after UNX, UO, and UP were each
significantly different from AJv in sham-24 h (Table
IIT). The absolute and percentage increases in Jv were:
UNX-24 h, 0.13+0.03 nl/(min - mm), 29+8%, P < 0.01
for each; UO-24 h, 0.10+0.04 nl/(min - mm), 19+8%,
P < 0.05; UP-24 h, 0.13+0.04 nl/(min - mm), 31+8%,
P < 0.01. Thus, by performing paired measurements
in the same animal, we were able to detect modest but
significant increases in Jv only 24 h after three dif-
ferent maneuvers that caused abolition of contralateral
renal excretory function.

The early increases in Jv seen in UNX and UO ex-
periments also persisted at 7 d (Table IV). Thus, in
UNX-7d, Jv rose by 0.18+0.04 nl/(min<mm) or
48+11% over base-line values (P < 0.01). Similarly,
in UO-7d, Jv increased by 0.11+0.04 nl/(min+mm)
or 29+11% (P < 0.01). As shown in Table IV, chronic
administration of MP (MP-5 d) also caused a signifi-
cant augmentation of fluid reabsorption rate over base-
line values, as Jv increased by 0.16+0.05 nl/(min -
mm), or 37+11% (P < 0.01 by paired ¢t test).

The changes in Jv values observed in UNX, UO, UP,
and MP groups at 24 h, 5 d, and 7 d were not attrib-
utable to differences between control and experimental
tubules in such quantities as perfusion rate, tubule
length, or potential difference (Tables III, IV) since no

TABLE V
Relationship of Jv to Indices of PST Hypertrophy (24 h)

ID oD VoL As
No. of
tubule pairs C EXP C EXP C EXP C EXP
um um X107 mm®/mm X107* mm*/mm
Sham-24 h 12 23.6+0.9 24.5+1.3 46.4+1.1 46.8+1.3 12.6+0.7 12.5+0.7 14.6+0.3 14.7+0.4
UNX-24 h 13 23.9+1.3 23.4+0.9 46.2+1.0 45.4+0.8 12.2+0.7 11.9+0.6 14.5+0.3 14.3+0.2
UO-24 h 10 23.1*+1.3 22.1+1.1 44.6*1.1 44.3*x1.4 11.4%0.7 11.6+0.8 14.0+0.3 13.9+0.4
UP-24 h 7 22.3+0.8 23.2+0.2 45.7+1.5 46.3x1.1 12.6x1.0 12.6+0.8 14.4+0.5 14.5+0.4
All data+£SE.

° P < 0.01 for (EXP-C) vs. sham-24 h (EXP-C) for each parameter.
{ P < 0.05 for (EXP-C) vs. sham-24 h (EXP-C) for each parameter.
§ P < 0.07 for (EXP-C) vs. sham-24 h (EXP-C) for each parameter.
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significant changes in these parameters were found
between control and experimental tubules in any
group. Although comparison of AJv results between
24 h and 7 d groups may not be strictly appropriate,
because different types of bath and perfusate solutions
were used, no significant differences were evident in
values for AJv between UNX-24 h and UNX-7 d, or
between UO-24 h and UO-7 d.

Relationship of Jv to tubule hypertrophy. As
shown in Tables I and II, no significant increase was
noted in RtKW at 24 h after UNX, UO, or UP, nor at
5 d in the MP-5 d group. However, the possibility
existed that more subtle hypertrophic changes could
account for observed increases in Jv. To assess whether
increases in tubule volume or surface area paralleled
the rise in fluid reabsorption rate seen after UNX, UO,
UP, and MP, we used mean ID and OD to calculate
VOL, A;, and As, on the assumption that these surfaces
could be represented by simple cylinders. Results of
these measurements and calculations are shown in
Tables V and VI. (Because photographs adequate for
measurements of ID and OD were not obtained in all
tubules in which Jv was measured, fewer tubule pairs
are included in these analyses than were used for mea-
surement of Jv).

No differences in values for control tubule OD, ID,
VOL, A_, and A were found when sham-24 h, UNX-
24 h, UO-24 h, and UP-24 h groups were compared
(Table V). Furthermore, no significant changes in these
parameters were seen in paired comparisons of control
and experimental tubules from each of these groups
(Table V). These findings indicate that tubule hyper-
trophy is not evident at this early period after loss of

contralateral renal excretory function, even though
significant increases in Jv were demonstrable concom-
itantly. To evaluate this impression further, we nor-
malized Jv for A, and As and for VOL, rather than
for tubule length, deriving values for J,/AL, Jv/As,
and Jv/VOL. As shown in Table V, significant in-
creases in fluid reabsorption rate were still apparent
in UNX-24 h, UO-24 h, and UP-24 h groups, although
A(Jv/VOIl) for UO-24 h was of borderline significance
(P < 0.07). These results support the interpretation
that the early rise in Jv observed in these groups was
independent of tubule hypertrophy, as reflected by
changes in VOL, As, or Ag.

In contrast to the results at 24 h, evidence for PST
hypertrophy was obtained in UNX and UO groups
studied at 7 d, and in the MP-5 d group as well (Table
VI). Whereas sham-24 h tubules showed no change in
ID, OD, or calculated values for VOL, As, or A, a
significant rise in OD was found in UNX-7 d, leading
to significant increases in calculated values for VOL
and Ag. In UO-7 d, small decreases in ID and increases
in OD yielded a modest but statistically insignificant
rise in VOL (Table VI). Nevertheless, although Jv rose
significantly in both UNX-7 d and UO-7 d, when Jv
was normalized for VOL the resulting changes [A(Jv/
VOL)] were no longer significantly different (P > 0.10)
from sham-7 d, indicating that in UNX-7 d and UO-
7 d, Jv and VOL rose proportionately. In contrast,
normalization of Jv for As or AL did not obviate the
rise in Jv in either group, since in both UNX-7 d and
UO-7d, A(Jv/As) and A(Jv/AL) rose significantly.
Thus, increases in Ap or As did not parallel the con-
comitant rise in Jv evident at 7 d.

TABLE V, continued.

A v

Jv/VOL

Jv/As Jv/AL

C EXP C EXP (o]

EXP C EXP C EXP

X107* mm*/mm nl/(min-mm)

X10* nl/(min-mm?)

nl/(min-mm?) nl/(min-mm?)

7.41£0.30 7.71+0.39 0.48+0.04 0.44+0.04 3.88+0.27 3.60+0.33 3.30+0.24 3.00+0.26 6.55+0.50  5.73+0.46
(n = 13)

7.51+0.36 7.35+0.28 0.51+0.04 0.64+0.04° 4.35+0.44 539+0.28! 3.53+0.29 4.47+0.28° 6.94+0.60 8.92+0.76°

7.26+0.41 6.95+0.35 0.56%£0.05 0.66+0.07% 4.89+0.44 5.71+0.56§ 3.95+0.37 4.75+0.52° 7.94+0.99 10.00+1.46°
(n=11)

7.01+0.24 7.29+0.62 0.44+0.06 0.58+0.07° 3.66+0.52 5.09+0.73° 3.17+0.47 4.35+0.60° 6.56+1.02 8.69+1.24°

(n = 10)

Fluid Transport in Rabbit Proximal Straight Tubules
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TABLE VI

Relationship of Jv to Indices

of PST Hypertrophy (5-7 d)

ID oD VOL As
No. of
tubule pairs C EXP C EXP C EXP C EXP
um um X107 mm®/mm X107* mm?*/mm
Sham-7 d 6 22.7+1.0 21.8+1.3 47.8+1.8 484*1.7 13.9%1.1 14.7+09 15.0+0.6 15.2+0.5
UNX-7d 6 22.9+1.0 25.4+1.7 48.8+2.2 54.6x2.0° 14714 18.3+1.3¢ 15.3+0.7 17.1£0.6°
UO-7d 6 24.8+1.4 21.6+1.1 48.5+1.3 49.6+1.2 13.6x+0.5 15.6+0.9 15.2+0.4 15.6+0.4
MP-5d 10 23.0+1.2 24.1+0.7 44513 47.5+1.0§ 11.4+0.7 13.2+0.5§ 14.0+0.4 14.9+0.3§

All data+SE.

° P < 0.0l for (EXP-C) vs. sham-7 d (EXP-C).
1 P < 0.05 for (EXP-C) vs. sham-7 d (EXP-C).
§ P < 0.01 vs. C by paired ¢ test.

P < 0.05 vs. C by paired t test.

A similar pattern of results was seen with MP-5 d
animals (Table VI). After chronic MP administration,
OD, VOL, and As rose significantly, but a significant
increase in Jv was still apparent in the MP group when
Jv was normalized for luminal or serosal surface area.
However, no significant increase was seen after chronic
MP administration when Jv was related to cell volume.
Thus, as seen with UNX-7 d and UO-7 d, the increase
in Jv that follows MP administration is proportional
to the rise in cell volume, but can be dissociated from
other measures of tubule hypertrophy.

DISCUSSION

It is well established that the chronic reductions in
renal mass and excretory function induced by UNX
initiate compensatory increases in the function and
size of the remaining kidney (1, 24). The time course
and magnitude of these increases remain somewhat
controversial, however. In this study, we found that
in volume-replete rabbits studied 24 h after UNX val-
ues for C;y and Cpap were 110 and 54% greater than
those of sham-24 h animals, respectively (Table I). The
magnitude of these increases is larger than previously
reported by others (13), and may, in part, reflect the
effect of surgery to reduce the value for these param-
eters in sham-24 h control group. Nevertheless, com-
parison of UNX-24 h and unoperated normal group
still shows a 47% increase in Cpayy and a 60% increase
in Ciy, indicating that the rabbit kidney displays a
striking capacity to compensate rapidly for the loss of
renal mass and excretory function by increasing renal
plasma flow rate and GFR.

Along with the increase in GFR at 24 h after UNX,
a significant increase in Tn, was also evident. The
magnitude of this change in Ty, was comparable to
the rise in Cyy, indicating a high degree of glomeru-
lotubular balance at this early stage after loss of renal
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mass. Others have shown that the rise in Tn, after
chronic subtotal ablation of renal mass is accompanied
by an increase in the intrinsic transport capacity of
PCT and PST segments of the remaining nephrons
(15, 16). We reasoned that the early and large increase
in Ty resulting from UNX might be paralleled by a
similar early increase in Jv values in PST. Our results
show that such a rise in Jv in PST is demonstrable as
early as 24 h after UNX, and is sustained for at least
7 d. These data are in contrast to those of others, who
did not identify a statistically significant rise in Jv in
PST segments 1-4 mo after a slightly lesser degree of
reduction in renal mass (15). A greater degree of renal
ablation, on the other hand, induced a large (70%)
increase in Jv in PST. Similarly, in PCT, the increase
in Jv after uninephrectomy is not consistently signif-
icant (16, 25) whereas a significant rise is seen after
chronic subtotal ablation (16). These results suggest
that either the small difference in the degree of abla-
tion or the greater sensitivity of our paired-tubule
analysis accounts for the apparent discrepancy be-
tween those data and ours.

In view of the foregoing evidence that both whole
kidney and local PST functions respond quickly to re-
moval of the contralateral kidney, we next investigated
whether these changes were a consequence either of
the loss of metabolically active renal tissue or of a
reduction in renal excretory function. To assess this
question, we utilized UO and UP, maneuvers which
halved renal excretory function without removing
renal mass. We found that at 24 h, UO and UP pro-
duced significant increases in contralateral kidney
Cpan, Cin, and Ty, compared with sham-24 h, al-
though the magnitude of these increases was smaller
than those seen with UNX-24 h. Although other in-
terpretations are possible, these data are consistent
with the view that retention of one or more urinary
solutes, through some direct or indirect effects, pro-
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TABLE VI, continued.

AL N

Jv/vOL

Jv/As Jv/AL

(o] EXP C EXP C

EXP C EXP C EXP

X107* mm?*/mm nl/(min-mm)

7.14+031 6.84+0.42 0.46+0.05 0.42+0.04 3.38+0.39
7.18+0.32 7.99+0.54 0.44+0.04 0.62+0.06° 3.13+0.41
7.78+0.44 6.78+0.35 0.44+0.06 0.55+0.05° 3.24+0.40
7.21+0.38 7.57+0.24 0.58+0.06 0.74+0.05§ 5.11+0.43

X10* nl/(min - mm?)

nl/(min-mm?) nl/(min-mm?*)

2.98+0.42 3.06+0.31 2.82+0.32 6.45+0.65 6.30*+0.68

3.47+£0.43 2.88+0.29 3.62+0.34°  6.12+0.55 7.79+0.65{
3.54+0.34 291+0.39 3.52+0.32° 5.80+0.89 8.14*+0.72°
567+0.36 4.14+040 4.97+0.29" 8.32+1.06 9.82+0.56"

duces the observed changes in renal function (26). The
relatively greater increases in Cpay and Cyy in the UNX
group compared with the UO and UP groups might
be accounted for by an early and rapid accumulation
of unexcreted solutes in plasma after UNX, in contrast
to the UO and UP groups, in which urine may continue
to accumulate in the obstructed urinary collecting sys-
tem or in the peritoneal space for some minutes to
hours before being reabsorbed into the plasma. The
greater stimulatory effect of UNX on Cpay and Cin
may reflect an independent influence of a reduced
renal mass per se on contralateral renal function (27).

The consequences of halving renal excretory func-
tion without loss of renal mass were also manifest in
isolated nephron segments as well. As was found after
UNX, UO and UP led to significant increases in Jv in
PST at 24 h, and this effect persisted for 7 d after UO.
The observed changes in Jv values were not related
to any systematic differences in tubule length, perfu-
sion rate, or PD (Tables III, IV). Differences between
control and experimental tubules in the proportion of
cortical (S,) to medullary (Ss) PST segments might also
influence the results of our Jv measurements, since the
more superficial PST segments are known to exhibit
higher values for Jv and lower values for PD than do
more distal PST segments (28). That this form of ex-
perimental bias is unlikely is suggested by (a) lack of
change in Jv in sham-24 h and sham-7 d animals, (b)
rigorous criteria used for the selection of superficial
PST (S.) segments, and (c) absence of significant dif-
ferences between control and experimental tubules of
each group in values for PD despite the increase in Jv.
To negate the potential influence of surface location
(i.e., kidney pole vs. midsection) on reabsorption rate,
all tubules were obtained from the region at the in-
tersection of the longitudinal and transverse axes of
the kidney.

The parallel changes in GFR and Jv after UNX, UO,

Fluid Transport in Rabbit Proximal Straight Tubules

and UP suggest that the two are in some fashion linked.
Although retention of urinary solutes may exert in-
dependent stimulatory influences on GFR and Jv, a
more parsimonious explanation is that proximal tubule
Jv is modulated by GFR or some related dependent
variable, such as filtered solute load, peritubular Star-
ling forces, or tubule fluid flow rate (16, 28). To de-
termine whether the rise in Jv observed in UNX, UO,
and UP groups was related to the concomitant rise in
GFR, we used MP administration, a maneuver known
to increase GFR in the rat (17). Consistent with this
hypothesis, concomitant augmentation of both C;y and
Jv in PST was observed in MP-5 d animals.

Further support for this interpretation is derived
from a statistical analysis of the relationship between
the changes in Jv and Ciy induced by these various
maneuvers. As shown in Fig. 1, a significant correlation
exists (by linear regression analysis) between Ciy and
Jv, when mean values for these parameters in sham-
24 h, UNX-24 h, UO-24 h, UP-24 h, and MP-5d groups
are considered together (linear regression: AJv = 0.062
X Cin — 0.17, r = 0.91, P < 0.05). Thus, the prevailing
level of GFR at time of study may play a central role
in modulating proximal tubule Jv under circumstances
not limited to compensatory adaptation to reduced
renal mass. Consonant with this concept are the data
of Knepper and Burg (28), who observed that the stim-
ulatory effect of desoxycorticosterone acetate on PST
Jv appeared to depend on expansion of extracellular
fluid volume. GFR and renal blood flow were not mea-
sured in those studies but they very likely increased
as well, a pattern consistent with our current obser-
vations.

The modest increases in Jv (19-43%) seen after each
of the experimental maneuvers used in this study were
much less than the simultaneous increases in Tn,.
However, increases in tubule length would add to the
in vivo effect of the observed changes in Jv. Although
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FiGure 1 Effect of experimental manipulations on C\x and
AJv. Results for sham-24 h, UNX-24 h, UO-24 h, UP-24 h,
and MP-5 d are shown. Linear regression equation: AJv =
0.062 X C\y — 0.17, r = 0.91, P < 0.05.

PST lengths were not assessed in situ in the present
study, the reported 35% increase in proximal tubule
length after chronic UNX in rats (2) suggests that this
issue may be of relevance in assessing the relationship
of Jv to Tn,. Furthermore, Ty, is regulated by many
forces not operative under the in vitro conditions used
for measurements of Jv. We did not directly assess the
individual effects on T, of changes in circulating hor-
mones, renal nerve traffic, intrarenal blood flow dis-
tribution and peritubular Starling forces that may re-
sult from UNX, UO, UP, and MP. It may be noted,
however, that with each of these maneuvers whole
kidney filtration fraction tended to rise, suggesting that
protein oncotic pressure in peritubular capillaries was
augmented, thereby altering the Starling forces which
regulate proximal tubule fluid reabsorption in vivo.
The contribution of other nephron segments to the
overall rise in T, was not determined in the current
study, but probably also played a role in regulating
Tn. after loss of renal excretory function (2, 29).
Compensatory renal hypertrophy is believed to be
fundamental to the long-term maintenance of body
fluid homeostasis after loss of renal mass (1). Whether
such hypertrophy is essential for the early functional
responses to reduced renal excretory capacity is less
certain. It is well established that increases in RNA
(30), DNA (31), phospholipid (32), and protein syn-
thesis (33) are evident within hours after UNX in the
rat, although the actual increase in kidney dry mass
at 24 h is only ~3% (31, 34). In this study, kidney wet
weights were not greater than sham controls at 24 h
after UNX, UO, or UP, even though Jv increased sig-
nificantly. Since a role for proximal tubule hypertro-
phy has been proposed to account for the chronic rise
in Jv that follows partial renal ablation (15, 16) or

880

K. Tabei, D. ]J. Levenson, and B. M. Brenner

desoxycorticosterone acetate administration (28), we
investigated whether lesser degrees of hypertrophy
were a necessary concomitant of an early increase in
Jv. Our data suggest that the increases in Jv seen in
PST segments at 24 h after maneuvers that halved
renal excretory function do not depend upon equiv-
alent degrees of local tubule segment hypertrophy
(Tables V, VI). In contrast, the changes in Jv evident
in these studies at 7 d, and reported by others under
more chronic conditions, are associated with equiva-
lent increases in VOL (15, 16), and smaller but sig-
nificant increases in Ag (Table VI) and A_ (16).

The conclusion that changes in Jv and tubule hy-
pertrophy can be dissociated at 24 h depends upon the
validity and sensitivity of VOL, As, and A as indices
of tubule hypertrophy. There are certain limitations
to such methods. Although significant increases in VOL
of as little as 16% (MP-5 d) were detected, use of the
brush border apex to define ID results in the inclusion
of the extracellular region of the microvillous inter-
sticies as part of the apparent cell volume. In addition,
since tubule dry weights were not determined, the re-
sults of VOL measurement do not differentiate be-
tween gains in cell solute and cell water. More im-
portantly, As and A are only crude estimates of the
relevant morphologic parameters, since they do not
reflect the extent of lateral cell surface interdigitations
or luminal microvillous projections. Indeed, prelimi-
nary data obtained by histomorphometric analysis sug-
gests that brush border membrane surface area does
increase after chronic subtotal renal ablation (35), and
our methodology is not capable of excluding these
more subtle changes in luminal or basolateral cell sur-
face area.

Nevertheless, the dissociation evident at 24 h be-
tween changes in Jv and VOL suggests that increased
cell volume may not be a sine qua non for augmen-
tation of Jv. The process which accounts for the early
increase in Jv may be unrelated to the later hypertro-
phy-associated rise in Jv. More likely, however, is the
concept that a single mechanism, independent of cell
mass per se and susceptible to relatively rapid in vivo
modulation, precedes the concomitant tubule hyper-
trophy. Whether the tubule property being influenced
is membrane surface area, luminal membrane solute
permeability, cell energy metabolism, membrane Na-
K-ATPase activity, hydraulic permeability, or some
other parameter is not apparent from these studies,
and will doubtless serve as the subject of fruitful future
investigation.
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