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ABS TRACT

Bicarbonate, chloride and water reabsorption in the early
(initial mm) versus the late proximal convoluted tubule (PCT) and
change in reabsorption in response to an increase in luminal flow
rate or to alkalemia have not been systematically examined.
Free-flow bicarbonate, chloride, and water transport as well as
osmolality as a function of PCT length were examined by free-£flow
micropuncture techniques in Munich-Wistar rats. During
hydropenia (the control condition), bicarbonate and water
reabsorption were 354+21 peq/mm'min and 5.940.4 nl/mm'min in the
first mm and fell progresively in the remaining 3.8 mm of the
tubule. In contrast, chloride reabsorption was only 206+55
peq/mm*min in the first mm but was 50% higher in the rest of the
tubul e, Tubular fluid osmolality fell along the tubule and by the
end PCT was 7.5+0.7 mosmol /kg less than in plasma or 4.7
mosmol /kg less than in Bowman's space. The hydraulic water
permeability (Pg) was estimated to be between 0.2 and 2.0 cm/s in
the first mm of the tubule and to have fallen to 0.1-0.2 ¢m/s by
the end of the tubule,

As SNGFR was increcased in other groups made euvolemic or
given atrial natriuretic factor (ANF) or glucagon, bicarbonate
reabsorption in both the early and the late PCT was flow-
dependent., The carly PCT exhibited flow-dependent saturable

reabsorptive kinetics up to 520+12 peq/mm*min., Absolute
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bicarbonate reabsorption was less in the late PCT but was not
saturated at the flow rates studied. Chloride reabsorption
increased markedly in the carly PCT up to 585+21 peq/mmmin from
hydropenia to ecuvolemia but was without further change following
ANF and glucagon, Compared to animals with a normal pH (ANF and
glucagon) with comparable filtered bicarbonate load, alkalemia
suppressed only late PCT but not early PCT acidification. In
conclusion: (1) luminal hypotonicity develops in the rat PCT and
must be considered as part of the osmotic driving force for water
reabsorption; and (2) free-flow water, bicarbonate and chloride
reabsorption in the early PCT is distinguished from that in the
late PCT, by being a high capacity, flow-responsive but saturable

process relatively unaffected by alkal emia.
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CHAP TER 1

BACKG ROUND

The kidney plays important functions in the regulation of
acid-base balance and extracellular volume. Water and anion
transport (especially bicarbonate and chloride) in the proximal
convoluted tubule (PCT) are critical for carrying out these
functions, The PCT exhibits structural and functional
differences along its length (1-4).

The purpose of this thesis is to better understand water,
bicarbonate and chloride transport in the rat PCT. These studies
were specifically designed to examine the magnitude, kinetics,
and regulation of solute and water transport as a function of

tubul ar length,

TRANSPORT

cabsorption., Bicarbonate is a critical el ement in
acid-base homeostasis. A major functon of the kidney in the
regul ation of acid-base balance is in maintaining the plasma
concentration of HCO; within a narrow range (24 - 28 meq/L).

The renal tubule participates in acid-base homeostasis by



conserving filtered bicarbonate as well as by secreting protons
bound to either filtered buffers (as titratable acid) or ammonia
(as ammonium ions). The bulk of filtered HCO; is recabsorbed by
the proximal convoluted tubule (PCT) (2). The PCT recabsorbs 80-
90% of filtered bicarbonate (5) and reduces tubular fluid pH 0.6-
0.8 units below that of blood. Cellular hydrogen ion secretion
effects the PCT bicarbonate reabsorption, predominantly by
sodium/hydrogen exchange (6, 7), and there are also parallel
proton and bicarbonate lecak pathways of relatively minor
quantitative importance (6, 8). The major determinants of net
proximal acidification include: luminal and peritubular
bicarbonate concentrations and pH (8-13), flow rate (SNGFR) (5,
10, 13, 14), pCO, (15-17), tenal nerve activity (18), and
carbonic anhydrase activity (17, 19, 20). Minor determinants
include: extracellularvolume status and peritubular protein
concentration (5, 10, 11, 21, 22), sodium chloride reabsorption
(10, 23), and potassium depletion (10, 13, 24, 25).

Most information presently regarding the kinetics and
regul ation of PCT acidification have come from analysis of whole
PCT or late PCT data. However, rigorous quantitation 6! absolute
bicarbonate recabsorption as a function of proximal tubular length
has not been done., The load-dependency and saturability of
bicarbonate recabsorption in the PCT has been demonstrated for
the late PCT only (8-11, 14) ., Whether acidification is higher
(26), or lower (27) in the ecatly PCT compared to the late PCT,
and whether proximal acidification can (8-11, 14) or cannot (28)

be saturated as a function of load in the early PCThave not been



resolved.

Chloride Reabsorption. Understanding of mechanisms and
regulation of sodium chloride transport in the PCT has been
enhanced by recent data from micropuncture, microperfusion,
electrophysiologic, and isolated cell membrane studies, but it is
still far from clear (29-36).

In the ecarly PCT, electrogenic sodium transport coupled to
neutral solutes, such as glucose and amino acids, results in a
transepithelial potential difference (PD), lumen negative., If
the sodium/chloride permeability ratio were low, this PD would be
expected to drive net sodium chloride absorption, If the
permecability ratio were high, only sodium re-cycling would occur.
It is unknown whether active chloride transport exists in the
carly PCT. Quantitation of net chloride reabsorption in the
carly PCT and of change in reabsorption in response to alteration
in luminal flow rate has not been attempted in the free-f1l ow
state.

Proximal sodium chloride reabsorption in the late PCT is
generally accepted to be mediated by an electrically-neutral,
active transport system in parallel with passive paracellular
reabsorption, predominantly diffusion (4, 6, 29-36) without
convection (37). Sodium chloride reabsorption in the late PCT
is martkedly affected by extracellular volume status, and
specifically by the peritubular protein concentration (2, 5, 10,

20, 21, 22, 30). The effect by peritubular protein is on the



active component of sodium chloride reabsorption (3, 22, 28, 30,
38). Sodium chloride concentration is also affected by the
magnitude of the lumen-to-blood chloride concentration gradient
(4, 10, 19, 20, 30, 32), the principle driving force for the"
passive, diffusional component of sodium chloride reabsorption
(4, 6, 31-36, 39)., Finally, renal nerve activity and pCO, can

affect both sodium chloride recabsorption as well as sodium

bicarbonate reabsorption.

Water Reabsorption. The mechanism of water reabsorption in the
PCT is contrtoversial. There is no consensus regarding the
telative importance of the potential driving forces along the
nephron, including contributions by intercellular space
cryoscopic hypertonicity, luminal fluid cryoscopic hypotonicity,
and cffective osmotic gradients due to differential solute
reflection coefficients. Equally uncertain is the hydraulic water
permecability (Pg) as a function of the PCT length.

Two methods have been used to measure Py, The most
commonly used method in micropuncture and microperfuson studies
(in vivo or inm vitro) is to calculate P; by measuring water
rcabsorption per of tubule length (J,) and the transepithelial
osmotic gradient (Aosmol). Pf is then defined as:

Pg = RT(],)/AV,, Aosmol
where R and T have their usual meanings, Vy is the partial molar
volume of water, and A is the epithelial areca per mm tubule

length (assuming a tubule radius of 15 pm). The most accuratce



estimates of Py are between 0.1 and 0.2 cm/sec in the rat PCT
(40) and 0.1 and 0.3 cm/sec in the rabbit PCT (41-43). The

possibility of axial changes of Pg; has not been examined in the

PCT.

Heterogeneity of Transport. The structural and functional
heterogeneity of the superficial PCT has been documented by many
previous studies . The ecarly PCT has a higher capacity for
transporting several filtered solutes including glucose (47, 48,
49), amino acids (50), and phosphate (49, 51, 52). But a
sytematic examination of anion and water transport has not been
undertaken, Furthermore, the kinetics and regulation of
transport as a function of PCT length has not been reported

previously,

PURPOSE

The first purpose of the present studies was to examine
water, bicarbonate and chloride transport as a function of tubule
length., The second purpose was to assess the cffects of changes
in luminal flow rate and alkalemia on segmental solute and water
treabsorption.

To achieve these objectives, a new technique of free-f1l ow
micropuncture using Munich-Wistar rats was developed to compare

the transport properties in the S; to S, segments of the PCT.



The results of these studies (Chapters 3-5) have been
published or submitted for publication:

1. "Axial heterogeneity in the rat proximal convoluted
tubule. I, Bicarbonate, chloride, and water transport™ Am, ],
Physiol, 247 (Renal Fluid Electrolyte Physiol, 16): F816-F821,
1984,

2, "Axial heterogeneity in the rat proximal convoluted
tubule. II. Osmolality and osmotic water permecability” Am ],
Physiol, 247 (Repal FEluid Electrolyte Physiol, 16): F822-F826,

1984,

3. "Axial heterogeneity of bicarbonate, chloride and water
transport in the rat proximal convoluted tubule., Effects of
changes in luminal flow rate and of alkalemia®. Submitted for
publication J, Clin, Invest, 1986,

The coauthers listed in these publications directed and
supervised the rescarch which forms the basis for this
dissertation,

Permission is granted for use of the published material in

this thesis by THE AMERICAN PHYSIOLOGICAL SOCIETY,



CHAPTER 2,

GENERAL METHOOLGGY

MICROPUNCTURE

History. Wearn and Richard (44) were the first to demonstrate
the possibility of collecting fluid from single glomerul ar
capsules in the living kidney of the frog in 1921, In the next
20 yecars, they developed the methods for obtaining tubule fluid
from the amphibian kidney and for quantitative analysis of the
minute amounts of fluid obtained. Arthur M, Walker and Jean
Oliver (45) were the first to collect fluid from the proximal
convoluted tubule of the mammalian kidney (in 89 guinea pigs and
56 rats). In their classic paper (45), they described the
preparation of the kidney. They first performed right
nephrectomy to allow enlargement of the left kidney to be
subsequently studied. The animal holder was a copper plate
embedded in a sheet of cork and heated from beneath by a 15-watt
bulb., A quartz pipette with tip of about 7pum in internal diameter
was used for puncture. They observed that the vast majority of
the tubule segments appearing on the kidney surface proved to be
portions of the proximal convolution, although they occasionally
found surface glomeruli in guinea pigs and in 6 of 100 rats.

In the ensuing 45 years, the micropuncture technique has



been improved. A significant discovery by Thurau was that a
mutant strain of Wistar rat, the Munich-Wistar rat, had glomeruli
consistently situated on the kidney surface which were thetefo;e
readily accessible for mic:opunctuté. Our understanding of the
process of glomerular filtration has benefited from the discovery
of this rat. In 1971, Barry M., Brenner published the first paper

using Munich-Wistar rats for investigation of the dynamics of

glomerular ulrafiltration (46).

Technigue. The experimental preparation and general
micropuncture protocol is described in our three published papers
(Chapters 3-5). The micropuncture technique used in this thesis
is new and the following description with figures is given to
help to understand this technque,

The rat was first placed on a thermostatically contzolled
(37°) micropuncture table, Catheters (PES0) were inserted into
the femoral artery for blood pressure measurements and for blood
sampling and into a jugular vein for inulin infusion. A
tracheostomy was performed. The abdomen was opened by a midl ine
incision, the kidney was stabilized and bathed in warmed saline
(37°), and the ureter was cannulated. A surface glomerulus was
then located. A small pipette (3-5 um OD) was inserted into.
Bowman's space and a small droplet of oil stained with Sudan
black was injected (Figure 1). The course of the injected oil
droplet was carefully observed and mapped (Figure 2). Only

glomeruli that were followed by at least five to seven surface



proximal convolutions were used. The localization pipette was
withdrawn and at least one hour was allowed for the hole in
Bowman's space to secal, Following inulin infusion and an
equil ibration period of 45 min, sequential timed 3-7 min
collections were begun using 7-9 pm CD glass pipettes, The
punctures started at the end-proximal convolution and worked in a
retrograde fashion to Bowman's space (Figure 3). After 5 hours,
to allow the tubul e puncture sites to seal, latex or Microfil
(Canton Biomedical products, Boulder, CO) was injected into
Bowman's space to fill the entire tubule., At a later time, the
kidney was incubated for 30-40 min in 6 NHCl. The cast of the
tubul e was carefully dissected, with the multiple puncture sites
identified using the initial localization map, and it then was
photographed (Figure 4). The entire proximal tubule length
(glomerulus to the last puncture site) and the length to each

puncture site were measured and recorded.

ANALYTIC TECHNIQUES

Osmolality. The osmolality of collected tubular fluid and plasma
sampl ¢s were measured on a nanoliter, melting point Ramsay-Brown
osmosmeter, The accurate measurement of the freezing-point
depression of very small quantities of aqueous solution is very
difficult because of non-homogeneous cooling. The method of

Ramsay-Brown avoids this problem by first freezing the sample and



then determining the thawing-point (53).

Five standards (sodium chloride solutions), covering the
physiological range of 250 to 330 mosmol, were mecasured for each
experiment, Each standard was measured 6 times. The standard
curves relating temperature at melting to osmolality each had a
linear regression coefficient of more than 0.998 (n=10) as secen
in Figure 5.

The samples were prepared for the osmometer in the following
steps. Pipettes were prepared using borosilicate capillary
glass, 0.7-1.0 mm outer diameter, which was first pulled and
broken to about 20 pm, The pipettes were cleaned with
chloroform, rinsed with water, and dried with acetone, The
inside of the pipettes were then siliconized with 98% pure
1,1,1,3,3,3-hexamethyldisil azane (Aldrich Chemical Company, Inc.,
Milwaukee, Wisconsin), heated for 20 minutes on a heating plate,
and rinsed and dried again with acetone, The pipettes were
filled with Sudan red-stained, water-equilibrated paraffin oil.
Three samples were scquentially drawn into one pipette, separated
by the same paraffin o0il. The outside of the pipettes were
washed with chloroform, and the tip sealed with Eastman 910
adhesive., The pipette was put into a 100 pl capillary tube of 4
cm length, which had been first sealed at one end and then
filled with clear paraffin oil.

The schematic diagram of the osmometer is shown in Figure 6.
The three samples in themeasuring pipette were first frozen in a
90% ethanol bath with dry ice for 30 second, thus rapidly

transferred to the osmometer bath, which had previously been

10



cooled to approximately -2°C by lowering a plastic container of
dry ice and ethanol into the bath., The container was then
removed from the bath., The samples were watched through a single
cyepiece microscope., The temperature at which the last ice
crystal disappeared in cach sample was recorded. Each procedure

was repeated 2-3 times for ecach pipette (containing 3 samples).

Bicarbonate. The total carbon dioxide contents of collected
tubular fluid and plasma samples were measured by
microcal orimetry (54). A microcal orimeter (picapnotherm) is an
apparatus for measuring the heat released when LiCH and CO,
react. JIts sensitivity is less than 10 picomoles of bicarbonate,
Total CO, was assumed to be principlly bicarbonate since the
contribution of dissolved OO, and carbonate in the physiological
pH range are quite small; at pH 7.4, 95% of the total CO, in
physiological fluid is HCO3. The overall reaction between CO, and

LiCH is shown bel ow:

2 LiGH + CO, ----> Li,C0; + H,0

AH = -8,96 10* J/mole O,
This overall reaction is actually composed of two reactions:
2LiOH + 2H,0 ----> 2LiOH'H,0 (1)

AH = -1.214 107 J/2moles H,0

2LiCH'H,0 + @O, ----> Li,00; + 3H,0 (2)

11



AH = 3,18 104 J/mole

Figure 7 shows the diagram of the analytical system. Two
standards (solutions of Na,00; with concentrations of either 10
and 25 mM ot 25 and 40 mM) were used. The linearity and
precision of typical measurements is seen in Figure 8. The
correlation coefficient was >0.99 and the standard deviation was
0.5 mM (corresponding to 6.5 picomoles with a 35 nl pipette).

The sample was prepared in the following manner. The
collected tubular fluid was transferred into a constant volume
pipette filled with paraffin oil (from 12-40 nl). The tip of the
pipette was scaled with paraffin oil (Figure 9). The sample was
injected into a reaction chamber containing acid (H3p04) through
a mercury seal. Carbon dioxide is released as a gas by reacting

with phosphoric acid:

Na,c0; + 2H3PO, ----> 2NaH,PO, + H,0 + CO,

Cco, is then blown in a column of inert gas into a chamber
with LiOH and the resulting heat of the exothermic reaction is
measured by a contiguous thermistor bead. Heat relecase is

integrated over time.

Chloride. Chloride concentration, from a small volume (approxi-

mately 1 nl) of collected tubular fluid, was mecasured by electro-

12



metric titration (55).

The potentiometric end-point titration of chloride with
silver depends upon the fact that the concentration of Cl~ ions
determines the potential of a silver/silver chloride electrode
which dips into the titration vessel. This chloride electrode is
connected to a voltmeter, with a reference electrode which
completes the circuit. The equipment used for this method is
shown schematically in Figure 10. The method involves the

following system:

Ag / 0.1 N-AgNO; : 0.1 N-HNO; / AgCl / Ag
to which an A 0.1 N NaCl sample (in 1 nl) is added:
Ag / 0.1 N-AgNO; : 0.1 N-HNO3 : 0.1 N-NaCl / AgCl / Ag

The addition of NaCl increases the baseline potential to
approximately 400 mV. Current is then passed thzough the AgCl
electrode to liberate Ag*. The Ag* complexes with Cl1~ and

precipitates as AgCl.

The removal of Cl- by Ag* decreases the voltage in a

logarithmic (Nernstian) fashion:

13



100 meq Cl- =400 mV

10 megq Cl- =340 mV
1 meq Cl~ =280mV

0.1 meq Cl- = 220 mV

Thus the titration of Ag to Agt is stoichiometrically equal
to the reduction in chloride ion, which in turn is very sensi-
tively monited by the change in eclectrode potential., When 2 very
low Cl1~ concentration is reached (i.e., 0.1 meq, equivalent to
220 mV), the titration is stopped. The amount of current whicﬂ
had been ﬁecded for the titration is then measured, because it
had been stored on a capacitor. That current is therefore
proportional to the number of Cl~ ions titrated in the sample
volume.

In practice, two standard NaCl concentrations bracketing the
physiological range (100 meq/L and 130 meq/L) were used. A
typical standard curve is shown in Figure 11, The chloride
concentration of a sample is calculated from the voltage

measurement and standard curve.

14



Figure 1, Bowman's space is first punctured and a small oil

droplet is injected for mapping.
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Figure 2, The carefully drawn map of the glomerulus and the
surface loops of PCT, following the path of the injected oil
droplet. The number marked in each tubule convolution is the

sequence of transit by the oil droplet,



Figure 3,
end-proximal

collections,

#5 #4 #3

The tubule is punctured sequentially from the

tubule to Bowman's space for tubular fluid

17



Figure 4, A typical photograph of the proximal convoluted
tubule after dissection. Using this photograph, the entire
proximal convoluted tubule length (glomerulus to the last
puncture site) and the length to ecach puncture site were measured

and recorded.
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Paraffin Oil

Sample

Paraffin Oil

Figure 9., Schematic diagram of the constant volume pipette

for bicarbonate measurement.
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E. Vol tmeter

Figure 10. Schematic diagram of the microtitrimetric

instrument for microchloride measurement (Ramsay technique).

24



Voltage
800 P
(mv)

600 #-

400 P

. *
200

[] .

100 130

[ Chloride ]
(M)

Figure 11. A typical standard curve relating voltage to

chloride concentration (r = 0.99).

25



CHAPTER 3

INTRCDUCTION
to

CHAPTER 3

This chapter is a reprint of the material as it appears in
"Axial heterogeneity in the rat proximal convoluted tubule. I.
Bicarbonate, chloride, and water transport”™ published in the Am.
L. Physiol. 247 (Renal Fluid Electrolyte Physiol. 16): F816-Fs21,

1984.
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The concentration profiles of bicarbomate, chloride z2ad
inulin along the length of the superficial proximal convoluted
tubule have not been previously measured simultaneously. For
this purpose, free-flow micropuncture measurements were made
sequentially from the end-proximal tubule to Bowman's space in
ten tubules of hydropenic Munich-Wistar rats., Mean single neph-
fron glomerular filtation rate was 28.7 + 0.7 nl/min and was
stable during the repeated punctures. Bicarbonate and volume
reabsorption were 354 + 21 pmol/mm°min and 5.9 + 0.4 nl /mm°min
in the first mm and fell progressively in the remaining 3.8 mm of
tubtfle, avctag'ing 83 + 4 pmol /mm*°min and 2.3 % 0.5 nl/mm'min,
respectively. The values in the initial mm represent a high
transport capacity since they exceed rates that have been ob-
.served when comparable or even higher mean luminal substzate
concentrations were presented to the late proximal tubule (during
ftce-f'low'c;andit'ions at higher fl:ow rates or using microper-
fusion). In contrast, chloride reabsorption was only 206 £ 50
peq/mm';nin in the first mm and rose to 306 + 22 peq/mm*min in the
test of the tubule. 1In éonclusion, there is substantial axial
ttanspo:; heterogeneity, with bicarbonate and water reabsorption

higher, but chloride reabsorption lower in the ecarly compared

with the late superficial proximal convoluted tubule.

Key Words: Acidification; Sodium Transport; Sodium Reabsorption;

Micropuncture; Microcalorimetry
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INTRODUCTION

Many previous studies have documented the structural and
functional heterogenecity of the superficial proximal convoluted
tubule (5, 18, 25). The early proximal convoluted tubule has has
a higher capacity for transporting several filtered solutes in-
cluding glucose (3, 26, 33), amino acids (22), and phosphate (8,
26, 32). However, relatively few studies have examined whether
the major anions present in the glomerular ultrafiltrate, bicar-
bonate and chloride, are similarly reabsorbed at a higher rate in
the ecarly compared to the later proximal tubule. Obsezvations
in vitro have suggested‘that tﬁe bicarbonate reabsorptive rate
is in fact lower in the ecarly superficial proximal convoluted
tubule than in the late tubule (18). However, opposite results
were obtained when segmental proximal acidification was asse?scd
using split droplets (34). Considerable controversy also exists
“tegatding whether the rate of sodium and water reabsorption is
slower (7, 26), similarc (7, 13, 16,:36) or faster (12, 13, 17) in
the carly than in the late proximal convoluted tubule.

The purpose of the present free-flow micropuncture study was
to define simultaneously the concentration profiles for bicarbo-
nate, chlg:ide and inulin along the accessible proximal convo-
luted tubule in order to assess whetgct ;nion‘and water reabsorp-
tive heterogeneity exists. The Munich-Wistar rat was used so
that measurements could begin at Bowman's space and thus include

the carliest portion of the proximal convoluted tubule.
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METHCODS

Free-flow micropuncture studies were performed inm ten

tubules from ten hydropenic male Munich-Wistar rats (200-225 g).

Micropuncture Protocol: Rats were prepared for micropunc-
ture as previously described (9-11), Briefly, the animals were
allowed free access to food and water prior to being anesthetized
with Inactin (100 mg/kg, i.p.). They were placed on a thermosta-
tically controlled (37° C) micropuncture table. Catheters (PE
50) were inserted in the femoral artery for blood pressure
measurements and for blood sampling and in a jugular vein for
inulin infusion. A tracheostomy was performed. The abdomen was
.opened by a midline incision, the kidney was stabilized and
bathed in warmed saline (37° C), apd the ureter was cannulated.

A 20 min, equilibration period was then allowed to elapse. Sur-

gically-induced plasma volume losses were not replaced.

A surface glomerulus was then located. A small pipette (3-
5p OD) was inserted into Bowman's space and 2 small droplet of
0oil stained with Sudan black injeccted. The course of the
injected oil droplet was carefully observed and mapped. Only
glomeruli that were followed by at least 5-7 surface proximal
convolutions were used. The localization pipette was withdrawn

and at least an hour was allowed for the hole in Bowman's space
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to seal. Following .an inulin prime (25 uCi), an inulin infusion
at 1.6 ml/hr in bicarbonate Ringer's solution was begum (50
pCi/ml). Sequential, timed 3-7 min collections commenced using
7-9p CD glass pipettes, starting at the end-proximal convolution

and working in a retrograde fashion to Bowman's space.

Latex or microfil (Canton Biomedical Products, Boulder, CO)
was then injected into Bowman's space to fill the entire tubule.
At a later time, the kidney was incubated for 30-40 min in 6 N
HCl. The cast of the tubule was carefully dissected, photo-
graphed and measured. Tﬁe entit; proximal tubule length (glo-

merulus to the last puncture site) and the lengths to ecach

puncture site were recorded.

Analysis: The volume of collected tubule fluid samples was
determined by injecting them into constant bore capillary glass
tubing with a known volume per length and measuring the length
occupied. Allﬁiquots of the fluid we:te used to measure inulin by
scintillation counting (Nuclear Chicago), total 0, by microcalo-

rimetry (35), and chloride by the microtitrametric method of

Ramsay (28).

Calculations: The single nephron glomerular filtration rate
(SNGFR) was estimated as the product of the flow rate at a given
point multiplied by the corresponding inulin concentration ratio
(tubular fluid/plasma water). Water reabsorption at a given
point was the flow rate at that point subtta.cted from the SNGFR.
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Anion recabsorption was the filtered load (anion concentration in
Bowman's space multiplied by the SNGFR) minus the anion delivery
at that point (anion concentration multiplied by tﬁe flow rate).
Reabsorption at a given length (e.g., 1 mm) was estimated by
interpolation between the two closest measured data points to
that length for each tubule and expressed as the mean + SEM,
Paired statistical comparisons were made on data from the same

tubule and linear and exponential regression analyses were calcu-

lated by the method of least squares.
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RESULTS

The average length of the tubules was 4.83 + 0.07 mm, in
good agreement with previous measurements of the length of the
accessible proximal tubule in the Munich-Wistar rat (13). The
Bowman's space total CO, concentration was 25.7 + 0.7 mM and

chloride concentration was 118.6 + 0.6 meq/L, also in good agree-

ment with previously measured values (9-11, 21).

A technical consideration is necessary regarding the vali-
dity of flow rate measurements. Before the sample collections,
an o0il droplet was injected into Bowman's space using a small
pipette to map surface corvolutions to be subsequently punctured.
Although at least an hour elapsed before collect{ons commenced,
it was possible that the hole made in Bowman's capsule had not
sczaled completely and that a leak occurred., To assess this
;ossibility, single nephron glomerular filtration rate (SNGFR)
was calculated at ecach puncture site along the nephron and com-
pated with the first tubule fluid collection site, the end-
proximal tubule., If there were a leak of ultrafiltrate from
Bowman's space, the calculated SNGFR would be lower than that
expected in normal hydropenic rats and/or variable., The average
SNGFR in the ten tubules studied was 28.7 + 0.7 nl/min, This
value agrees very well with p:ciiougly published value; for the
hydropenic Munich-Wistar rat (9-11). In addition, there was no
significapt change in SNGFR as a function of length or time in

these studies, as shown in Fig. 1. The average difference in
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SNGER at the various puncture sites compared with the end-proxi-
mal SNGFR determination was 0.0 + 0.2 nl/min. Thus, if a leak
were introduced with the initial mapping pipette in Bowman's

space, it was quite small and relatively constant,

The tubular fluid to glomerular ultrafiltrate concentration
ratios (TF/UF) for bicarbonate, chloride and inulin as a function
of length are shown in Fig. 2. The TF/UF inulin ratios were
relatively linear., The linear regression analysis resulted in
the following equation: y = 0.20x + 1.05, £ = 0.97, p < 0.001.
The TF/UF bicarbonate concentration, on the other hand, fell
progressively and could be defined by the exponential equation:
y = 23.0 e-0.32x’ £ = 0.95. The TF/UF chloride concentration
ratio rose quickly, almost parallelling the TF/UF inulim ratio,
to a value of about 1.2 at about 1 mm. The chloride TF/UF then
stabilized, and even tended to fall very slightly, over the

rexairing tubular length.

. A comparison of the absolute changes in bicarbonate and
chloride concegtrations as a function of length are shown in Fig.
3A. VWithin 1 mm, the chloride concentration rose quickly to
values about 20 meq/L higher than existed in the glomerular
ultrafiltrate. However, the fall in bicarbonate concentration
was slower. At 1 mm, the bicarbonate concentration had fallen by
only about 7-8 mM. Furthermore, in the tubule segment greater
than 1 mm from the glomerulus, .the bicarbonate concentration

continued to fall while there was little change in chloride
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concentration, S}nce the changes in chloride and bicarbonate
concentrations were not strictly reciprocal, and since changes in
osmolality along the tubule have been found to be relatively
small (24), it is clear that changes in concentrations of un-
measured solutes were occurring. In Fig. 3B, an attempt is made
to quantitate these changes in unmeasured solute concentrations
by subtracting the concentrations of bicarbonate plus chloride
(each multiplied by an activity co?fficient of 1.85) from 1te
simultancously measured osmolality (24). As can be seen, the
unmeasured solute concentration rapidly fell in 8 out of the 10
tubules, reaching a:ninfmimum value at about 1 mm. Presumably
this predominantly' :eptesent;d the reabsorption of organmic
solutes such as glucose, which are known to be ayidly recabsorbed
in the early proximal tubule (30, 36). Subsequently, the un-
measured solute concentration rose at a rate faster than can be
explained by volume reabsorption alone. This increase in un-
measured solute concentration presumably represented secretion of

solutes by the proximal tubule (20).

The cumulative absolute rates of bicartbonate, chloride and
water :eabfo:ption are shown in Fig. 4. Absolute bicarbonate
feabsorption was very high in the first mm, 354 + 22 pmol/min,
2nd ac counted for more than half of the entire tubular bicarbo-

Bater e absorption (673 + 25 pmol/mi:n). The rate of bicarbonate
tcabsotption in the tubule following the initial mm was signifi-

€antly j1ess (p<o0.001), averaging 84 + 4 pmol/mm*min. The high

Tate ixm the first mm is not simply a consequence of there being
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more substrate available for reabsorption. In previous studies,
when the late proximal tubule was presented with the a mean
luminal bicartbonate concentration (21 mM) comparable to that
which existed in the initial mm in the present studies, the rate
of bicarbonate reabsorption (176 + 8 pmol/mm°min) was only about
half of the rate in ecarly proximal tubule (2). In fact, when the
late proximal tubule has been exposed to substantially highes
bicarbonate concentreations and flow rates than existed under the
present ?onditions (by microperfusing the late tubule with bicar-
bonate concentrations up to 80 mM and at flow rates up to 50
nl/min), the maximal rate of acidification was only 200-210
pmol /mm’min (1, 2). Thus, the carly proximal tubule has a higher
bicarbonate reabsorptive capacity than has been demonstrated for

the late proximal tubule.

In contrast to bicarbonate, the absolute chloride reabsorp-
tive rate in the early (first an proximal tubule was relatively
low, 206 * 50 peq/min. The chloride reabsorption for the entire
tubule length was 1414 + 60 peq/min., Thus, the rate of chloride
teabsorption rose to 306 + 22 peq/mm*°min for the segment between

the initial mm and the end of the tubule.

As predicted by the linear TF[UF inulin values (indicating
constant fractional reabsorption), the rate of absolute water
teabsorption was found to decrease as function of length. Water
recabsorption was very high in the. first mm, 5.9 # 0.4 nl/min, but

was only 14.6 # 0.5 nl /min for the entire tubule. Thus, water
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reabsorption in the.late tubule, from the end of the first mm to
the end of the tubule, was significantly less th;t in the carly
tubule (p<0.001) and averaged only 2.3 + 0.5 nl/mm°min, This
value for the late tubule is in excsllznt agreement with volume
reabsorptive rates during in vivo microperfusion of late proximal
tubules using either an ultrafiltrate-like or sodium chloride
solution (1, 2). Thus, as was the case for bicartbonate, the

intrinsic sodium and volume reabsorptive capacity is higher in

the carly proximal tubule.
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DISCUSSION

The superficial proximal tubule has been previously de- -
scribed as heterogencous in several respects (5, 18). The early
superficial proximal convoluted tubule has been suggested to be
different from the later proximal tubule with regard t§ many
parameters: structure (25); electrophysiological and permeabi-
lity properties (4, 14, 18, 19, 31); transport capacity of
organic solutes (3, 22, 33); transport of phosphate and response
to parathormone (8, 17. 26, 32); secretory processes (37); and
sodium transport (7, 1}, 13, 17, 26). The purposes of the
present studies were to extend.these observations to the major
anions in the glomerular ultrafiltrate, bicarbona;e and chloride,
and to clarify the pattern of sodium and water reabsorption under

free-flow conditions.

Although the bicarbonate concentration profile along the
proximal tubule has long bcen;infe::ed from chloride and pH
measurements (15, 36), the present study is the first to quanti-
tate absolute bicarbonate reabsorption as a function of proximal
tubule length. Although luminal bicarbonate concentrations along
the proximal length were measured by Corman et al., (13), the
marked variations in SNGFR and the lack of early punctures (the
initial puncture site in those studies was 2.3 + 0.2 mm from the
glomerulus) make a quantitative assessment of bicarbonate reab-
sorption difficult. In the present study, bicarbonate recabsorp-

tion in the early (initial mm) proximal tubule was found to be
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very high, 354 + 22 pmol/min, accounting for over half of the
total proximal bicarbonate reabsorption. This high rate of reab-
sortption in the early compared to the later tubule was not simply
a consequence of exposure to a higher luminal substrate concen-
tration, For instance, when the entire proximal tubule is
presented with a comparable mean luminal bicarbonate concentra-
tion (18 mM) by increasing flow rate in free-flow conditions,
absolute bicarbonate reabsorption does not exceed about 225
pmol/mm*min (10). More explicitly, when the late proximal con-
voluted tubule has been microperfused with a bicarbonate concen-
tration and flow rate s{milar to the glomerular ultrafiltrate
bicarbonate concentration and SNGFR that existed in the present
studies, absolute bicarbonate recabsorption was only 176 + 8
pmol /mm’min (2). Maximal! late proximal rates of acidification
have been found to be 200-210 pmol/mm*min (1, 2). Thus, there
_appears to be a2 higher reabsorptive capacity for bicarbonate in
the early proximal tubule, in agreement with the split droplet
studies of blltich et al, (34) and similar to previous findings

fo:_the reabsorption of glucose (3, 26, 33), amino acids (22) and

phosphate (8, 26, 32).

It is unknown whether the increased rate of acidification in
the ecarly tubule observed in the present studies represented a
maximal rate. It is similarly unclear whether the higher ecarly
acidification was duec to enhanced activity and/or number of
Na+/H+ exchangers per unit length or due to the contribution of

another transport system confined to that segment (14)., The high
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absolute transpot; of bicarbonate in the early tubule would
predict that the reabsorbate bicarbonate concentration was quite
high (60 meq/l, as estimated by the ratio of absolute bicarbonate
to water reabsorption). If bicarbonate diffusion within the
insterstitium were relatively constrained, local bicarbonate
concentration and pH might be high., Such peritubular alkalinity
might then tend to put a self-limiting brake on the acidification

process by inhibiting cellular bicarbonate exit (9).

In contrast to bicarbonate, chloride recabsorption in the
carly proximal convolut;d tubu!e was somewhat less than in the
later tubule. To at'least some extent, this lower initial rate
of chloride reabsorption might be due to the lower mean tubule
fluid-to-plasma chloride concentration gradient in the ecarly
segment, A lower chloride gradient would diminish diffusional
(11, 29) and possibly tramscellular, (27, 29) chloride tranmsport.
Water abstraction in the ecarly segment (due to organic solute and
bicarbonate reabsorption) without proportional fractional
chloride reabsorption resulted in an elevation in the tubule
fluid chloride concentration by the end of the first mm of
tubule, that was 20% higher than plasma, an observation in good
agrecement with earlier studies (21, 23, 36). This elevated
chloride concentration then permits higher rates of passive
chloride diffusion as well as active transcellular sodium
chloride reabsorption to take place in the late proximal tubule
(6, 11, 27, 29). Another consideration is that there may exist

intrinsic differences along the length of the tubule for active
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sodium chloride transport,

While it is possible that the negative poteatial diffeécncc
generated by the high rate of sodium-coupled organic solute reab-
sorption in the initial part of the tubule (4) might stimulate
net sodium chloride reabsorption, enhanced ecarly chloride reab-
sorption was not observed. The negative transepithelial poten-
tial difference in the ecarly proximal tubule would favor net
tcabsofption of sodium chloride only if the relative
chloride/sodium pcrmcabilfty in that segment were relatively high
(6). If the chloride/sodium permeability were relatively low, as
has been found by Jacobson and Kokko (19), then there would tend

to be simply recycling of the transported sodium back into the

tubule lumen.,

It should be noted from the pattern of concentration
changes in Fig. 3 that other solutes are absorbed from luminal
fluid in the early proximal tubuic and added in the late proximal
tubule. This observation is consistent with the known avidity of
tﬂc carly ptoximal convoluted tubule for orgamic solutes (3, 30,
36) and with the secretory capacity of the later (S,;) proximal
tubule (37). The ecarly reabsorption and latc; secretion of
unmeasured solutes appeared to influence net water recabsorption.
While the sum of the measured sodium bicarbonate and sodium
chloride reabsorption accounted for only about 60% of the total
osmolar flux in the first mm of the tubule, the reabsorption of

these ions averaged 105-120% of the net osmolar transport in the
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later tubule.

Whether sodium and water reabsorption rates vary along the
length of the tubule has been the subject of long-standing con-
troversy (15). The early proximal tubule has been suggested to
have an increased (12, 13, 17), similar (7, 13, 16, 36), or
decreased (7, 26) sodium reabsorptive capacity compared to the
late proximal tubule. The present studies have shown that frac-
tional water reabsorption was relatively constant along the
length of the tubule (as reflected by the linearity of the
tubular fluid/plasma inul}n ratio) so that absolute volume reab-
sorption was constantly decteasiﬁg (Fig. 4). The rate of volume
reabsorption in the initial mm of tubule was again not simply due
to greater substrate delivery because the value observed, 5.9
nl /mm*min, was more that double that seen when the late proximal

tubule has been microperfused with an ultrafiltrate-like solution

(2.5 nl /mm°min) (2).

~ In summary, these free-flow studies have shown a higher
reabsorptive capacity for sodium, bicarbonate and water in the
carly (initial mm) proximal convoluted tubule of the rat compared
to the remaining tubule. In contrast, chloride reabsorption was
less in the carly compared with the late proximal tubule. Under
free-flow conditions, the re;bsorbate in the carly proximal con-
voluted tubule consists predominantly of organic solutes and
sodium bicarbonate while in the later proximal tubule it consists

PrX marily of sodium chloride.
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FIGURE LEGENDS

1. The ratio of the single nephron glomerular filtration rate
at cach measured point x (SNGFR,) to that measured at the end of

the proximal tubule (SNGFRgp) as a function of length.

2. Tubular fluid/glomerular ultrafiltrate (TF/UF) concentration
ratios for inulin, bicarbonate and chloride as a function of
length in the superficial proximal convoluted tubule of the

Munich-Wistar rat.

3. Top panel (A) shows the absolute changes in concentration
for chloride and bicarbonate 2s a function of length in the
superficial proximal tubule. Note that the two curves do not
mirror each other. The bottom panel (B) shows the unmeasured
osmoles as a function of length., The unmeasured osmoles were
calculated as the difference of the total luminal fluid osmolali-
ty (Ref. L/é/R) and the sum of tﬁe NaCl and NaHCO; osmotic acti-
vit}es (estimated as 1.85 times the chloride plus bicarbonate
concentrations). Note the disappearance of unmeasured osmoles in

the first mm of the tubule and reappearance in the later tubule.
4, Cumulative absolute reabsorption of water, bicarbonate and

chloride as a function of length in the superficial proximal

convoluted tubule of the Munich-Wistar rat.
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TABLE 1. Tubular fluid concn and delivery and reabsorption rate of
bicarbonate, chloride, and water as a function of length

Bowman's Space First Millimeter  Second Millime:er  Third Millimeter  Fourth Millimeter  Fifth Millimeter

Tubular fluid

[HCO3], mM 25.7=0.7 162=08 104 = 0.6 8.6=06 68=0.7 5.7=10

[Ci7), meq/liter 1185=0.6 1389=18 140.7=24 1384=18 140.1 =19 1385=25
Delivery rate

HCO3, pmol/min 740 = 31 385=24 199 =16 151 =15 110=15 86 =17

CI", peq/min 3,363 =88 3,157=375 2,674 =308 2 = 276 2,144 = 250 1,952 = 229

H,0, nl/min 28.7=0.7 228 =0.7 19.0=0.5 173=05 15.6 =05 144 =06

Rechsorpzion rate

HCO3, pmol-mm™!-min™ 354=21 186 = 17 48 =10 41=7 24+3

Cl", peq-mm™-min™ . 206 = 55 483 =94 282 = 42 248 = 40 182 = 35

H,0. nl-mm™*- min™ 59=04 3.8=04 1L7=02 1.7=02 12=02
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CHAPTER 4

INTRCDUCTION
to

CHAPTER 4

This chapter is a reprint of the material as it appears in
** Axial heterogeneity in the rat proximal convoluted tubule. II.
O smolality and osmotic water permeability” published in the Am.
Y. Phvsiol. 247 (Renal EFluid Electrolyte Physiol., 16): F822-F826,

19 84.
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There is substantial disagreement over whether the luminal
fluid in the proximal convoluted tubule becomes hypotonic with
tespect to plasma., To address this question, free-flow micro-
puncture measurements were made sequentially from the end-pro-
ximal tubule to Bowman's space in ten tubules of hydropenic
Munich-Wistar rats. Osmolality in Bowman's space was 2.8 + 0.3
mosmol less than plasma. Tubular fluid osmolality fell along the
tubule and by the end-proximal tubule was 7.5 + 0.7 mosmol less
than plasma, or 4.7 mospol less than Bowman's space., Since
luminal fluid became hypotonic, the reabsorbate was hypertonic.
Absolute water reabsorption was measured simultaneously, allowing
estimation of the transepithelial osmotic water permeability
(Pf). The osmotic gradient responsible for water reabsorzption
was assumed to be either lumen-to-reabsorbate or lumen-to-
-pctitubulat plasma, with a rteflection coefficient for sodium
cﬂlo:ide of 0.7 or 1.0, The Pg was then estimated to be between
0.2 and 2.0 cm/sec in the first mm of tubule and to have fallen
to 0-.1-._0.2 cm/sec by the end of the tubule. A constant Pe along
the tubul? could explain observed rates of water absorption if
tcabsorbate hypertonicity were not dissipated and if the reflec-
tion c§ef£icient for sodium chloride were less than unity; other-
wise P; must be higher in the carly than in the late proximal
convoluted tubule. In conclusion, luminal hypotonicity develops

in the rat proximal convoluted tubule and must be considered as

part of the osmotic driving force for water reabsorption.
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INTRGDUCTION

Water reabsorption in the proximal convoluted tubule occurs
due to the transepithelial osmotic pressure gradient generated by
solute transport (7). There has been on-going controversy, ho-
wever, regarding the magnitudes of both the osmotic gradient
generated and the osmotic water permeability (Pg) of the proximal
tubule. Since the carliest measurements of Walker et al. (25) in
the rat, it has been assumed that luminal fluid osmolality is not
mneasurably different from that of plasma. If the luminal fluid
x emained exactly isosmotic with plasma, then water absorption
would require local hypertonicity in some poorly mixed intra-
epithelial compartment (10). This hypothesis, however, has been
A ifficult to prove and, in fact, has been subject to serious
< riticism (2, 3, 13, 23). Schafer and Andreoli, on the other

2a and, have reported very high P¢ values for the proximal con-

v o luted and straight tubules and,: on the basis of these high

Vv = lues, proposed that observed rates of water tranmsport could be

d x= jven by small degrees of luminal hypotonicity that would be
d X fficult to detect by existing methods (2, 3, 23). Thus, the
¥ « solution of this question depends on whether or not the luminal
£ X wid and the reabsorbate are truly isosmotic with plasma. In
T2 R croperfusion studies in the rat ;'n:oximal convoluted tubule,
x ®® xninal fluid became overtly hypotonic (12) while in isolated
> «= pfused rabbit tubules a hypettoqic reabsorbate has been

I = xmonstrated (5). On the other hand, measurements of tubular
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£luid osmolality in free-flow micropuncture studies in rats have
ywielded conflicting results: small degrees of luminal hypo-
tonicity have been observed in some (4, 8, 15, 16, 25) but not in

all studies (14, 16).

Given the functional transport heterogeneity that has been
demonstrated along the proximal convoluted tubule (17), it was
the purpose of the present studies to examine whether a change in
o smolality also develops along the rat proximal convoluted tubule
under free-flow conditions., Using the luminal osmolality and
mneasured rates of water ‘reabsorption with estimates of contra-
luminal osmolality, the Pg could be calculated and expressed as a

function of tubule length.
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METHODS

Free-flow micropuncture studies were performed in ten

t ubules from ten hydropenic male Munich-Wistar rats (200-225 g).

Micropuncture Protocol: Rats were prepared for micropunc-
ture as described in the accompanying paper (17). Briefly, the
animals were allowed free access to food and water prior to being

anesthetized with Inactin (100 mg/kg, i.p.). They were placed on

am thermostatically controlled (37° C) micropuncture table.
Catheters (PE 50) were inserted in the femoral artery for blood

PP ressure measurements and for blood sampling and in a jugular

v ein for inulin infusion. A tracheostomy was performed. The

= bdomen was opened by a midline incision, the kidney was stabi-
X ized and bathed in warmed (37° C) saline, and the ureter was

€ amnnulated. A 20 min. equilibration period was then allowed to

e 1 apse. Surgically-induced plas;na volume losses were not

r e« placed.

-

A surface glomerulus was then located. A small pipette (3-

S JPm OD) was inserted into Bowman's space and a small droplet of
© X 1 stained with Sudan black was th‘en injected. The course of
R injected o0il droplet was carefully observed and mapped. Only
E X omeruli that were followed by at least 5-7 surface proximal
< <= mxavolutions were used. The localization pipette was then with-

<X
* =mwn and at lcast an hour was allowed for the hole in Bowman's
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space to scal. Following an inulin prime (25 fCi) an iaulin
infusion at 1.6 ml/hr in bicarbonate Ringer's solution was then
begun (SO‘PCi/ml). Sequential, timed 3-7 min collections com-
menced using 7-9p CD glass pipettes, starting at the end-proximal
convolution and working in a retrograde fashion to Bowman's
space. Blood collections were made at the beginning, middle and

end of the micropuncture period.

Latex was then injected into Bowman's space to fill the
entire tubule., At a later time, the kidney was incubated for 30-
40 min in 6 N HCl. The latex cast of the tubule was carcfully
dissected, photographed and measured. The entire proximal tubule
length (glomerulus to the last puncture site) and the lengths to

cach puncture site were recorded.

Analysis: The volume of collected tubule fluid samples was
Actctmincd by injecting them into constant bore capillary glass
tubing with a known volume per length and measuring the length
occupied. Inulin was measured by scintillation counting. Osmo-
lal{ty_wgs measured by the method of Ramsay and Brown (21).
Chloride concentration in tubule fluid was measured by the micro-
titrametric method (22). Six aliquots of each tubule fluid or
piasmaAsample were prepared and measured three at a time. Stan-
datds were used that span£ed the bhysinogic range (250-330
mosmol). The ten standard curves relating temperature at melting .
to osmolality each had a linecar regression coefficient >0.998.

To assess the accuracy of osmolality determination, measurements
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were made of 18 unknowns with osmolalities similar to the ones
found experimentally (290-310 mosmol). The difference between
the observed and expected values was 0.6 + 0.6 (SD) mosmol. The
coefficient of variation on these unknowns was 0.2%. Since the
range of measurement error was 0-1.5 mosmol, the accuracy of

tubule fluid measurements was well within 1.5 mosmol.

Calculations: Water reabsorption was calculated as pre-
viously described (17). The osmolality and flow rates at a given
length (e.g., 1 mm) were estimated by interpolation between the
two closest measurements. The reabsorbate osmolality was cal-

culated by mass balance:

Reabsorbate Osmolality = (Osm;*V; - Osmz'Vé)/(vl - V) )

where Osxn1 and Vi and Osmz and V2 are the osmolalities and flow

"rates at points 1 and 2, respectively.

Osmotic water permeability (Pg) for cach mm of tubule was

calculated as:
P; = RT(J,)/AV, Bosmol (2)

wheze R and T have their usual meanings, ]v represents the water
reabsorbed along each mm segment of tubule, A is the epithelial
afrea per mm tubule length (assuming a tubule radius of 15 u), Vo

is the partial molar water volume and A osmol is the osmotic
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pressure difference developed in that segment. The osmotic
gradients were taken as cither the plasma-to-lumen or
reabsorbate-to-lumen osmolal differences, ecach assuming the
reflection coecfficient for sodium chloride to be 0.7 or 1.0. For
the gradient reabsorbate-to-]lumen with a sodium chloride reflec-
tion coefficient of 0.7, it was necessary to calculate the reab-
sorbate chloride concentration using the measured luminal concen-
tration and mass balance, similar to equation (1) above for

reabsorbate osmolality,

All results are expressed as mean + SEM.
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RESULTS

The mean single nephron glomerular filtration rate in these
ten tubules was 29 + 1 nl/min. The length of these accessible
superficial proximal convoluted tubules was 4.8 + 0.1 mm., Seg-
mental water reabsorption under these hydropenic conditions has
been considered separately (17), and was, for each mm starting
from Bowman's space: 5.9 + 0.4, 3.7 + 0.4, 1.7 + 0.2, 1.7 + 0.2,
and 1.2 + 0.2 nl /mm*'min.

The osmolality in Bowman's space was 299.5 + 0.6 mosmol,
which was significantly below the simultancously measured
arterial plasma osmolality (302.3 + 0.5 mosmol) by 2.8 + 0.3
mosmol. As illustrated in Fig. 1, the osmolality declined in a
toughly linear fashion in most tubules. By the end of the
.tubule, luminal osmolality reached 7.5 + 0.7 mosmol below plasma
levels, or 4.7 mosmol below the value observed in Bowman's space.
Thus, hypotc).ﬁicity developed; when:all tubules are considered,
the change in osmolality was about -1 mosmol per mm of tubule
length, — However, in a few tubules a rapid fall and then relative
stabilization of luminal osmolality was observed, in accord with

tecent theoretical predictions (26). However, a rise in osmola-

lity following an initial dqcline was not observed (8).

Since luminal osmolality and volume flux were measured sim-
ultancously along the tubule, it was possible to calculate the

osmotic water permeability (P;) if the ecffective contraluminal
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osmolality could be assumed. Howevef, the correct contraluminal
osmolality that should be used for these calculations is not
known. One possibility is that the reabsorbate hypertonicity
(which exists because the luminal fluid has become hypotonic to
plasma) could participate in volume absorption if reabsorbed
solute concentration gradients are not dissipated by diffusive
mixing with peritubular capillary plasma. On the other hand, if
the reabsorbate hypertonicity is nét sustained and does not
participate in solute-solvent coupling, then the apétop:iatc
interstitial osmolality approaches that of plasma. Bounds for
the osmotic gradient were therefore taken to be peritubular
plasma-to-lumen (solid lincs in Fig. 2) or reabsorbate-to-lumen
(dashed lines in Fig. 2). The former represents the lower limit
of an osmotic driving force and assumes that the interstitium is
well mixed and has rapid solute diffusion, so that local reabsor-
bate hypertonicity cannot be sustained. The latter represents
"the upper limit of an osmotic dtiving force in which solute
diffusion is restricted so that the;teabsorbate hypertonicity can
be maintained. A further variable that contributes to uncer-
tainty in estimating effective osmotic gradients is the reflec-
tion c;efficients of the luminal and contraluminal constituents.
We therefore assumed that sodium chloride might exert either its
full osmotic pressure on ecach side of the epithelium, with a
treflection coefficient of 1.0 (circles in Fig. 2) or a rteduced
pressure, with a rcflcction cocefficient of 0.7 (squares jn Fig.
2.). All other solutes, such as bicarbonate and organics, were

assumed to have reflection coefficients of unity.
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The results of these calculations are shown in Fig. 2. It
can be seen that the estimated Pg at the beginning of the proxi-
mal tubule might be from 0.2 - 2.0 cm/sec, depending on the
osmotic gradient and the reflection coecfficient for sodium chlo-
tide chosen. If the reabsorbate-to-lumen osmotic gradient is
used with a sodium chloride reflection coefficient of 0.7 (dashed
line with squares), the calculated Pg is relatively stable at
0.2, In all other circumstances, thc'Pf declined along the

tubule, and reached values from 0.1 - 0.2 cm/sec by the end of

the tubule.
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DISCUSSION

The results of these studies demonstrate that luminal hypo-
tonicity does develop in the rat proximal convoluted tubule.
While the contzibution of luminal hypotonicity to the osmotic
driving force for water reabsorption can be determined with
reasonable accuracy, the degree of contraluminal hypertonicity is
unknown, rendering it possible only to estimate the range of the

transepithelial Pg at this time.

The finding of luminal hypotonicity under free-flow condi-
tions is consistent with microperfusion data indicating that
luminal hypotonicity and reabsorbate hypertonicity does occur (5,
12). The present observation that the tubular fluid/plasma osmo-
lality decreased to 0.975 by the end of the proximal tubule is
also in accord with most other mid- and end-proximal measurements
of 0.97-0.99 in the rat (4, 15. 16), Psammomys (18) and Rhesus
monkey (6),‘But are less than some icasuzemcnts of 1.00-1.02 (14,
16).. However, observed luminal hypotonicity in some studies was
interpreted as being indistinguishable from isotonicity because
of uncertainty regarding the accuracy of the measurements. For
instance, a closer reading of the ecarly experiments of Walker et
al. (25), in which isotonic luminal fluid was said to be found,
actually reveals that ecight of nine'tnbula: fluid samples from
rats were hypotonic to plasma. The fall in osmolality found in
the current experiments is at odds with the apparant increase

with length from hypotonic to isotonic values found by Bishop et
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al. (8), although the significant linear regression in those
cxperiments was not strong (r=0.,22). An initial fall with stabi-
lization in osmolality could not be excluded in some of the

tubules in the present studies (26).

A comment should be made regarding the osmolality in Bow-
man's space, which was 2.8 mosmol lower that plasma. A certain
degree of hypotonicity in the glomerular wultrafiltrate is
expected because of the Donnan equilibrium that exists across the
glomerular capillary wall, The predicted osmotic disequilibrium
is 1.4 mosmol for a Donnan distribution of 1.05. This Donnan
factor of 1.05 has been established by simultancous comparisons
of the bicarbonate concentration in plasma and in Bowman's space
in 100 experiments in Munich-Wistar rats (ref. 9 and unpublished
observations). The difference between the observed and expected
osmolality in the glomular ultrafiltrate, 1.4 mosmol, was at the
thrzeshold of detection in our hands (1.5 mosmol). The small
discrepancy might be explained by fact that protein was present
in plasma samples but not in tubular fluid. Protein might affect
the ;trpctuting of water in the sample and change the freezing

point.

While it is clearly established that luminal hypotonicity
contributes to the osmotic diiving force for volume reabsorption,
it is uncertain whether the reabsorbate, which may be hyperteonic,
also contributes to the driving force for volume flux, The

reabsorbate will be hypertonic to the lumen when the luminal
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fluid osmolality is decreasing, as was the case in most of the
tubules (Fig. 1). If the osmolality in the tubular fluid is
stable and not decreasing, the reabsorbate will be same as that
in the lumen. When mean values are considered for the early
tubule, the recabsorbate can be calculated to be 4.2 mosmol /kg
hypertonic to plasma, A lower transepithelial P¢ would be calcu-
lated if this contraluminal hyperosmolality, acting in concert
with the luminal hypotonicity, participated in the osmosis of
water than if the plasma isosmolality-to-luminal hypotonicity
were the relevant gradients. It is unknown whether the hyper-
tonicity established by transport persists in the interstitium,
thus effecting solute-solvent coupling, or whether it would be
dissipated by diffusive mizxing with peritubular plasma. The
thecoretical presence of an interstitial compartment substantially
hypertonic to plasma has been both promoted (10) and refuted (2,
3, 13, 23). The ability for the solutes in the reabsorbate to
maintain a hypertonic environment would depend on the existance
of diffusion barriers, either in -channels within the cell or
perhaps in a gel surzounding the cell. Such conttaluminal‘a:-

tiers to solute diffusion have not been proven to exist but have

F

some support (1, 7).

In addition to uncertainty regarding the true cryoscopic
osmotic é:adieat, there is.also debate regarding the reflection
cocfficients for the solutes comprising these gradients. Assump-
tion of a lower reflection cocffient for sodium chloride (e.g.,

0.7) than for other solutes like bicarbonate and organics (1.0)
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would also affect the magnitude of the effective osmotic
gradients established across the epithelium. The effective
gradient is increased and the calculated Pf is reduced, when the
reflection coefficient for sodium chloride is less than unity,
al;hough the major site of the effect along the tubule is
different depending on whether the plasma or the reabsorbate is
chosen to represent the contraluminal osmolality. If the plasma-
to-lumen osmolality gradient is the driving force for water
absorption, a reflection coefficient for sodium chloride less
than for bicarbonate will have the greatest effect near the end
of the tubule, where the\luminal fluid consists principally of
sodium chloride, whereas the plasma contains bicarbonate. In the
early tubule, the luminal and plasma solutions are of similar
composition so that the low sodium chloride reflection coeffi-
cient has little effect in adding to the effective driving force.
On the other hand, if the reabsortbate-to-lumen osmolality
.g:ndient is the relevant driving force, the end-proximal ieahso:-
bate and luminal fluids are symmetric sodium chloride solutions
whereas the early reabsorbate contains more bicarbonate (about 60
nmo-thgn.the luminal fluid (about 25 mM). In this situation, the
lower reflection coefficient for sodium chloride amplifies the

osmotic gradient in the carliest portion of the tubule.

We have attempted to‘covét all of these possibilities in
Fig. 2, which depicts the calculated Pg as function of length
when the gradients are assumed to be defined by the osmotic

gradients from lumen-to-plasma or lumen-to-reabsorbate, with a
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reflection coefficient for sodium chloride in the fluids in each
casec assumed to be either 0.7 or 1.0. The values for P; at the
end of the tubule converge to about 0.1 - 0.2 cm/sec, in good
agreement with recent estimates of 0.12 - 0.17 cm/sec using in
vivo microperfusion of the late proximal tubule (20). Other
estimates of P, in the rat late proximal tubule bhave varied from
0.14 - 0.35 (11, 12, 19, 24), but these also suffer from uncer-
tainty regarding the true transepithelial driving force (7). The
values at the beginning of the tubule may be higher, ranging from
0.2 - 2,0 cm/sec depending on which gradients are presumed to
apply. Such a higher Pg fn the carly compared to the late proxi-
mal convoluted tubule is consistent with the data of Welling et
al., possibly attributable to the greater membrane surface area

in the eartliest tubule (27).

Thus, as shown in Fig. 2, a constant Pf along the tubule
could explain observed rates of water absorption only if reabsor-
bate hypertonicity were not dissipated and the reflection coeffi-
cient for sodium chloride were less than unity; otherwise, Pg in
the.easly proximal tubule must be higher than in the late proxi-
mal conv;luted tubule. In any case, these studies demonstrate
that luminal hypotonicity exists in the rat proximal convoluted
tubules and must be considered as part of the osmotic driving

force for volume teabso:pti&n.
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FIGURE LEGENDS

1. The luminal fluid osmolality (top panel, A) and the dif-
ference in tubular fluid osmolality compared to plasma (bottom

panel, B) as a function of length in the proximal convoluted

tubule of the rat.

2. The estimated transepithelial osmotic water permeability as
function of proximal tubule length assuming four osmotic
gradients: plasma-to-lumen (solid lines) or reabsorbate-to-lumen
(dashed lines) with sodium chloride reflection coefficients of

1.0 (circles) or 0.7 (squares).
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CHAPTER 5

INTRADUCTION
to

CHAPTER 5

This chapter is apre-print of the material as it appears in
"Axial heterogeneity of bicarbonate, chloride and water transport
in the rat proximal convoluted tubule., Effects of changes in

luminal flow rate and of alkalemia"™, submitted for publication,

J. Clin. Invest. 1986.
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ABSTRACT )

Changes in bicarbonate, chloride and water reabsorption in
the early versus late rat superficial proximal convoluted tubule
(PCT) were examined in response to alteration in luminal flow
rate and in peritubular bicarbonate concentration. As SNGFR was
increased from 28.7 #+ 0.7 nl/min in hydropenia to 41.5 + 0.4
nl/min in euvolemia, bicarbonate reabsorption in the early (1st
mm) PCT increased proportionally, from 354 + 21 to 520 + 12
peq/mm*min, This high acidification rate d.id not increase fur-
ther when SNGFR went to 51.2 + 0.7 or 50.7 + 0.6 nl/min following
atrial natriuretic factor (QNF) or glucagon administration, res-
pectively, nor was it inhibited by alkalemia in another group of
rats with chronic metabolic alkalosis, Late PCT bicarbonate
reabsorption was also flow-dependent, though at a much lower
absolute level, but was inhibitable by alkal emia, Chloride
reabsorption in the ecarly PCT increased from 206 + 55 peq/mm'min
in hydropenia to 585 + 21 peq/mm'min in euvolemia, but no further
following ANF or glucagon. Chloride transport in the late PCT
was lower and exhibited less flow-dependence. Water reabsorption
increased proportionally (i.e., glomerulo-tubular balance was
exhibited), from 5.9 + 0.4 to 10.1 + 0.4 nl/mm*min in the transi-
tion from hydropenia to ecuvolemia, but no further following ANF
or glucagon, Water reabsorption in the late PCTwas lower and
showed less flow-dependence. In conclusion, the early super-
ficial PCT is distinguished from the late PCT by having high

capacity, flow-responsive but saturable anion and volume reab-

sorptive processes relatively unaffected by alkal emia.
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INTRCDUCTION
The rat proximal convoluted tubule (PCT)! exzhibits struc-
tural and functional differences along its length (1-3). The
carly PCT is distinguished by having cells (S; subtype) with
greater membrane surface area and more mitochondria (1) and by
having greater avidity for reabsorption of several solutes,
including glucose, amino acids, and phosphate, than cells (S,)

tesident in the late PCT (2, 3).

We recently extended this description of axial heterogencity
by examining free-flow anion recabsorption along the length of the
superficial PCT in hydropénic rats. The carly PCT reabsorbed
bicarbonate at a greater rate than has been observed in the late
PCT (4), even when the latter has been presented with similar
bicarbonate loads by means of microperfusion (5, 6). The high
rate of acidification in the early PCT has been confirmed (7, 8).
In addition, we demonstrated that the early PCT was capable of
recabsorbing chloride at a substantial rate (4), a surprising
finding since minimal chloride transport in this nephron secgment

was expected based on previous theoretical considerations (9).

However, the reabsorptive kinetics of these robust anion
transport processcs in the ecarly PCT in response to change in
luminal flow and substrate delivery rate have not been clearly
defined. Conflicting conclusions have been advanced recently
regarding the saturability of early PCT bicarbonate reabsorption

under physiological conditions as load is increased (8, 10).
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While microperfusion studies have demonstrated saturability of
acidification in the late PCT inviveo (5, 6), the early PCT has
not been examined. Another issue which has not yet been
addressed is whether chloride transport in the early PCT can
increase when flow rises (11). Flow-dependence of chloride
transport has been found to occur in some (12-14), but not other

(14-16), microperfusion studies of the late PCT in vivo,

In addition to the quantitative and possible kinetic dif-
ferences with regard to luminal determinants of anion tranmsport
in the ecarly versus late PCT, there may also be axial differences
in control of tranmsport b; peritubular factors. It has been
proposed, for instance, that alkalemia suppresses late, but not
early, acidification (17, 18). Such differential regulation has
been posited because of the findings that bicarbonate absorption
in the late PCT determined by in vivo microperfusion was markedly
inhibited during metabolic alkalosis (19), whereas total bicarbo-

nate recabsorption over the entire length of the PCT determined by

free-flow micropuncture was not substantially altered by alka-

lemia (20)0

The first purpose of the present studies was to compare the
fl ow-dependency of bicarbonate, chloride, and water reabsorption
in the early versus late superficial PCT. Anion and water trans-
port was cxamined over the entire length of the tubule by the
retrograde, sequential free-flow micropuncture technique (deve-

loped in this laboratory) as single nephron glomerular filtration
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rate (SNGFR) was systematically altered in increments of about 10
nl /min. Axial PCT transport during the volume-contracted, 1low-
SNGFR condition of hydropenia was compared to proximal transport
during the normal -SNGFR condition of cuvolemia and finally to the
high-SNGFR condition induced by administration of either atrial
natriuretic hormone (ANF) or glucagon. The use of vasoactive
hormones, ANF and glucagon, for this purpose is predicated on the
assumption that they raise SNGFR but do not independently alter
proximal transport., The lack of direct effect by ANF om the
proximal tubule is supported by several lines of evidence: (1)
there acte no cxtta-glomcru{at cortical ANF receptors (21, 22);
(2) the second messenger for ANF, cyclic GMP, is not produced by
the PCT either invivo (23) or invitro (21, 24, 25) and the PCT
has no particulate guanylate cyclase (21, 25); (3) and all micro-
puncture and microperfusion studies to date both in vivo (26-29)
and invitro (30) have failed to show any direct effect by ANF on
solute or volume transport in the PCT independent of flow rate.
Similarly, glucagon causes no increase in its second messenger,
cyclic AMP, in the proximal tubule (24, 31) and does not affect

proximal sodium tranmnsport (32).

Our second purpose was to test the prediction that acidifi-
cation in the late, but not early, PCT is suppressed by alkalemia
(17, 18). For this purpose, bicarbonate recabsorption in the
carly and late PCT was compared during normal and alkalotic

conditions at comparable filtered bicarbonate loads.
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METHCADS

Free-flow micropuncture studies were performed in 27 Munich-
Wistar rats. We employed the technique previously developed in
this laboratory by which multiple punctures are made sequentially
along the entire length of the superficial PCT in a retrograde
fashion, from the end-proximal tubule to Bowman's space (4).
This technique permits assessment of the axial profiles of bicar-

bonate, chloride and volume transport.

Protocols

~

The first four protocols were designed to systematically
alter SNGFR from subnormal to normal to supernormal levels to
assess the cffect of changes in luminal flow rate on segmental
anion and water recabsorption. The last protocol, im which
chronic metabolic alkalosis was induced, was performed to permit
comparison of segmental bicarbonate reabsorption in alkalotic and

normal animals with similar filtered bicarbonate loads.

Group 1: Hydropenia, The results of studies in 10 hydro-
penic rats on a normal diet have been reported previously (4) and
are repeated here for comparison with the other groups. Surgi-

cally-induced plasma volume loss was not replaced so that SNGFR

was subnormal (33).

Group 2;: Euvolemia, 6 rats were studied in which the

plasma volume contraction incurred by the micropuncture prepara-

86



tory surgery was corrected by isonmcotic plasma infusion, as
previously described (8,33). Isoncotic plasma obtained from
donor sibling rats maintained identically to the rat under study
was given as an infusion of 1.3% body weight over 45 min and then
as a sustaining infusion of 5 pl/min to maintain a normal plasma

volume and SNGFR.

Group 3; ANE, Following the achievement of the cuvolemic
state in 5 rats, an intravenous infusion was begun of synthetic,
rat ANF (Auriculin B, 25 amino acids: u3126 to tyr”o residues,
generously provided by Dr. J. Lewicki, California Biotechnology,
Inc., Palo Alto, CA). ANF was given as a bolus of 5 pg/kg
followed by a sustaining rate of 0.5 pg/kg/min in a bicarbonate
Ringer's solution at a rate (30 pl/min) sufficient to replace
urinary solute and volume losses (23, 26, 29). ANF used in this

manner causes a stable state of glomerular hyperfiltration (23,

26, 29).

Group 4; Glucagon, The same protocol as Group 3 was fol -
lowed except that glucagon was given as a bolus of 10 pg/kg

followed by a sustaining rate of 1.0 pg/kg/min at 50 pl/min,

Group 3: Chronic Metabolic Alkalosis, As previously
described (20), 6 rats were maintained for 2 weeks on a standard
liquid electrolyte-deficient diet (40 ml/day) suppl emented with
Na,SO, (2.6 meq/d) and injected with 0.5 mg/d deoxycorticosterone

acetate i.n, Surgically-induced plasma volume losses were reple-
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nished prior to micropuncture., Rats prepared in this way have

hyperbicarbonatemia with reduction in SNGER.

Micropuncture Technigque

The rats were prepared for micropuncture as previously
desctibed (4, 20, 23, 26, 33, 34). Briefly, the animals were
anesthetized with Inactin (100 mg/kg, i.p.) and placed on a
thermostatically controlled (37°C) micropuncture table.
Catheters (PE-50) were inserted into the femoral artery for blood
sampling and into a jugular vein for inulin infusion. A tracheo-
stomy was performed. The abdomen was opened by a midline inci-
sion, the kidney was stabilized and bathed in warmed saline
(37°C), and the ureter was cannulated. A 20-min equilibtation

was allowed to elapse.

A surface glomerulus was then located. A small pipette (3-5
pm OD) was inserted into Bowman's space and a small droplet of
0oil stained with Sudan black was injected. The course of the
injected oil droplet was carefully observed and mapped. Only
glomeruli followed by at least six to seven surface proximal
convolutions were used. The localization pipette was withdrawn
and 1 h was allowed to elapse, which we have previously shown is
sufficient time for the hole in Bowman's space to scal (4). The
plasma volume in Groups 2-4 was then replenished as described
above and a 3H-mcthoxyinulin infusion commenced (25-50 uCi bolus,
then 50-100 pCi/h in bicarbonate Ringer's solution at 0.8-1.6
ml/h).
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Following an equilibration time of at least 1 hour, sequen-
tial, timed 3-8 min collections were begun using 7-9 pm D glass
pipettes. They started at the end-proximal convolution and
worked in a retrograde fashion to Bowman's space. Because of the
special interest in these studies in early PCT transport, care
was taken to obtain at least one sample within the estimated

initial mm of the tubule.

After 5 h, to allow the tubule puncture sites to seal,
Microfil (Canton Bimmedicnl‘Ptoducts, Boulder, CO was injected
into Bowman's space to fill the entire tubule. At a later time,
the kidney was incubated for 30-40 min in 6 N HCl, The cast of
the tubule was disseccted, with the multiple puncture sites iden-
tified using the initial localization map, and it then was photo-
graphed. The entire accessible proximal tubule length (glomeru-
lus to the last puncture site) and the length to each puncture

site were measured and recorded.

Analysis

The volume of collected tubule fluid samples was determined
by injecting them into constant-bore capillary glass tubing with
a2 known volume per length and measuring the length occupied.
Aliquots of the fluid were used to measure inulin by
scintillation counting, total O, by microcalorimetry (35), and
chloride by the microtitrimetric method of Ramsay et al. (36), as

previously described (4, 20, 23, 26, 33, 34). For case of
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presentation, bicarbonate is used to represent total OO, content

of tubular fluids and urine under physiologic conditions,

Calculations

The SNGFR was estimated as the product of the flow rate at a
given point multiplied by the corresponding inulin concentration
ratio (tubular fluid/plasma water). SNGFR values in the text
tefer to mean determinations but there were no systematic changes
ip SNGFR as a function of length or time, as previously docu-
mented (4). Water reabsorption at a given point was the flow
rate at that point subtracted from the SNGFR. Bicarbonate and
chloride reabsorption were the filtered load (anion concentration
in Bowman's space multiplied by the SNGFR) minus the anion deli-
very at that point (anion concentrationmultiplied by the f1low
rate). Reabsorption at a given length (e.g., 1 mm) was estimated
by interpolation between the two closest measured data points to
that length for cach tubule. The fractional reabsorption for a
given nephron mm segment was calculated as the anion or volume
teabsorption of that mm segment divided by the delivery of anion
oz volume to that segment. All data are expressed as mean + SEM,
Statistical comparisions between groups were made using the

unpaired t-test.
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RESULTS

General

As shown in Table 1, all groups had similar values for
animal weight and for total length of the accessible superficial
PCT (about S mm). Mecan values for SNGFR in Groups 1, 2, and 3-4
differed from ecach other by increments of approximately 10 nl/min
while plasma anion concentrations were stable. In Group 5 with
chronic metabolic alkalosis, hyperbicarbonatemia and glomerular
hypofiltration were present, No differences in plasma protein
concentration ot hematocrif were found between groups. Blood
pressure was stable during the observation period in ecach group,

though about 5-10 mmHg less in Groups 3 and 4 than in Groups 1
and 2.

In the following description of results, data will be pre-
sented by mm increments. To be concise, transport rates in the
third-to-fifth mm of the late PCT have been consolidated in the
figures since results for these secgments were relatively homo-
geneous., The impact of altering luminal flow rate or peritubular
anion composition on segmental bicarbonate, chloride or water
transport will be displayed in three ways: (1) absolute trans-
port as a function of length; (2) absolute transport as a func-
tion of delivered load; and (3) fraction of the delivered load
reabsorbed 2as a function of the delivered load. There were no

statistical differences in any of the transport data between the

hyperfiltration Groups 3 and 4.
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Flow-Dependence of Bicarbonate Transport

As shown in Table 2 and Figs. 1A and 1B, a progressive
increase in luminal flow rate in Groups 1-4 resulted in lesser
depression in the luminal bicarbonate concentration and tubular

fluid/glomerular ultrafiltrate (TF/UF) concentration ratio as a

function of length,

In the transition from hydropenia to euvolemia (Groups 1 and
2), the rise in filtered bicarbonate load (740 + 31 to 1135 + 9
peq/min) resulted in a proportional increase in bicarbonate reab-
sorption in the first mm of the PCT, from 354 + 21 to 520 + 12
peq/mm'min (p<0.001) (hexagons and squares, Figs. 2 and 3).
Fractional recabsorption therefore remained constant at 0.5 in the
initial mm segment (hexagons and squares, Fig. 4). In the second
mm, the increase in flow rate resulted in a smaller zise in
transport and fractional reabsorption of the delivered load fell.
In the third-to-fifth mm, bicarbonate reabsorption was lower than
in the first mm in hydropenia, expressed in both absoclute (Figsv.
2 and 3) and fractional (Fig. 4) terms, but increased in propor-

tion to load in euvol emia.

When ANF (Group 3) or glucagon (Group 4) caused a further
increase in SNGFR and filtered bicarbonate load (to 1424 + 24 and
1430 + 36 peq/min, respectively), bicarbomate reabsorption
remained static in the first mm of the PCT, 542 + 14 and 547 + 29

peq/mm*min (triangles, Figs. 2 and 3). Therefore, fractional
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reabsorption declined in this segment to about 0.4 (triangles,
Fig. 4). A similar response, though at lower levels, was
observed in the second mm, In qualitative contrast, the third-
to-fifth mm of the PCT showed a further increase fn absolute
bicarbonate transport in response to the increased delivered
bicarbonate load with only a slight fall in the fraction of
delivered load reabsorbed for cach mm, The present free-£flow
bicarbonate reabsorptive data in the late (third-to-fifth mm) PCT

agree quite well with previous microperfusion data (dotted lines

in Figs. 3 and 4) (6).

During chronic metabolic alkalosis (Gr&up §), the rise in
glomerular ultrafiltfate bicarbonate concentration was offset by
the fall in SNGFR (Table 2), so0 that the filtered bicarbonate
load (1437 + 28 peq/min) was not significantly different than
that of Groups 3 and 4 which had normal acid-base status. As
shown in Table 3 and Fig. 5, bicarbonate reabsorption was similar
in the alkalotic group (circles) in the first mm, 565 + 12
peq/mm°min, compared to the normal pH groups (triangles). The
same was true for the second mm. However, bicarbonaté reabsorp-
tion was significantly reduced (p<0.05) by 20-40% in the alkalo-
tic animals in cach of the third-to-fifth mm segments despite
higher luminal bicarbonate concentrations (Table 2). As a result
of this inhibition of late PCT acidification, cumulative absolute
bicarbonate reabsorption along the entire PCT length was signifi-

cantly (p<0.05) reduced in Group 5 (1115 + 46) compared to the
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Grtoups 3 and 4 (1201 + 33 and 1180 + 39 peq/min).

Bicarbonate transport as a function of load in the first mm
in all five groups are combined in Fig, 6. It is apparent that
acidification can rise to very high levels, to about 550
peq/mm‘'min, but then saturates when load is raised further by an

increase in flow or concentration.

Flow-Dependency of Chloride Transport

The transepithelial chloride concentration gradient tended
to decrease slightly as flow and filtered chloride load increased
in Groups 1 to 2 to 3 and 4 (Table 2 and Figs 1A and 1B) and

increased somewhat in the alkalotic Group 5 animals (Fig 1C).

Compared to hydropenia (solid hexagons), when filtered
chloride load was increased in euvolemia (Group 2), chloride
transport in the first mm almost tripled, to 585 + 21 peq/mm'min
(solid squares, Figs. 7 and 8), and fractional chloride reabsorp-
tion actually increased to 0.12 (Fig. 9). This flow-induced
stimulation of chloride transport occurred to a similar degree
but at a lesser delivered chloride load in the second mm (stip-
pled symbols, Figs. 8 and 9). Chloride transport was changed
relatively little in response to the increase in flow up to
cuvolemic values in the third-to-fifth mm of the PCT in Groups 1
and 2 (open hexagons and squares, Figs. 7 and 8). Fractional
chloride transport in these groups therefore declined (Fig. 9).

With a further increase in luminal flow rate and chloride deli-
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very following ANF or glucagon administration (Groups 3 and 4),
no further augmentation of absolute chloride recabsorption was
observed in either the early or late PCT (open and solid
triangles, Figs. 7 and 8) and hence fractional chloride reabsorp-
tion as a function of delivered chloride load declined in all PCT
segments (Fig. 9). The rtelatively modest load-dependence of
chloride transport in the late PCT is in reasonable agrecement
with microperfusion studies in which the late PCT has been per-
fused at varying rates with sodium chloride-containing solutions
(dotted lines, Figs. 8 and 9) (12). Chloride transport in the
first mm in Group 5 was similar to Group 1 (Table 3 and hexagons
and circles, Figs. 7 and 8) at comparable filtered loads, sug-

gesting that alkalemia did not obviously affect this tramsport

" system.,

Elow-Dependence of Water Transport

As SNGFR rose from hydropenia to euvolemia (Groups 1 and 2),
absolute water reabsorption in the first mm of the PCT increased
markedly, from 5.9 + 0.4 to 10.1 + 0.4 nl/mm’min (Table 3 and
hexagons and squares, Figs. 10 and 11). The fraction of water
reabsorbed in the first mm actually rose slightly as flow
increased, from 0.21 to 0.25 (Fig. 12). A quantitatively less
flow-dependent response in absolute water reabsorption was
observed in the remaining PCT (Figs. 10 and 11) so that water
teabsorption as a fraction of delivered volume load for the
third-to-fifth mm declined (Fig. 12). A further increase in
SNGFR by ANF and glucagon (Groups 3 and 4) evoked no change in
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absolute water recabsorption in the first mm and only small incre-
ments in reabsorption in the remaining PCT (triangles, Figs. 10
and 11) so that fractional recabsorption of delivered volume load
declined in all mm studied (Fig. 12). The relatively poor load-
dependence of water transport in the late PCT agrees recasonably
well wit.h data previously obtained by in vivo microperfusion

(dotted lines, Figs. 11 and 12) (6).
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DISCUSSION

These studies cxamined the response of the ecarly versus late
PCT transport systems for bicarbonate, chloride and water to
alterations in lumipal flow rate and to luminal and peritubular
anionic composition. In the following discussion, the early PCT
will refer principally to the first mm of the superficial PCT.
Maunsbach has stated that the initial mm of the rat PCT contains
exclusively S; cells (1). The third-to-fifth mm of the acces-
sible superficial PCT, which will subsequently be referred to as
the late PCT, contains only S, cells (1). The transition from S,
to S2 cells is not abrupt according to Maunsbach (1). The second
mm of the PCT probably contains a mizxture of both cellvfypes and
would therefore be expected to exhibit transport characteristics

intermediate between the ecarly and late PCT, as was observed in

the present studies.

Axial Heterogeneity of Bicarbonate Reabsorption: Response t

Bicarbonate reabsorption in the rat late PCT is effected by
proton secretion and exhibits saturation kinetics (5, 6, 11, 17,
17-20). Major independent determinants of acidification in the
late PCT include the luminal bicarbonate concentration (5), lumi-
nal flow rate (6), and peritubular bicarbonate concentration/pH
(19). The prescnt free-flow micropuncture study as well as

others (8, 10) quantitatively demonstrated the flow-dependence of
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bicarbonate recabsorption in the late PCT previously shown using
in vivo microperfusion (compare dotted line representing previous
microperfusion data and symbols represcnting present data in the
third-to-fifth mm of the PCT in Figs. 3 and 4). While miczo-
petfusion studies indicate that bicarbonate absorption in the
late PCT is saturable at about 200 peq/mm*min (5, 6, 19), this
level cannot be reached under physiologic free-flow conditions
due to insufficient bicarbonate delivery rates even following ANF

and glucagon (Groups 3 and 4).

With increasing bicarbonate load caused by glomerula; hyper-
fiittation induced by either ANF or glucagon, bicarbonate reab-
sorption in the ecarly PCT qualitatively resembled that in the
late PCT by showing saturation kinetics (Figs. 3 and 6). The
saturability of ecarly PCT bicarbonate reabsorption in the physio-
logic range of filtered bicarbonate loads is consistent with the
conclusion reached by Corman et al. (10), though they did not
directly mecasure bicarbonate reabsorption in the early PCT, but
is in apparent contradiction with the conclusion of Maddox and
Gennari (8). In the latter work, however, a systematic examina-
tion of bicarbonate recabsorption in the initial mm of the PCT at
high bicarbonate deliveries was not undertaken. At a filtered
bicarbonate load of 1200-1600 peq/min, Maddox and Gennari
teported that bicarbonate recabsorption at 1 mm of tubule length
was about 550 peq/min, in excellent agreement with our results,
When filtered bicarbonate load exceceded 1600 peq/min, they pre-

sented only three data points for bicarbonate reabsorption in
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the first mm; one of the points was bel ow and two were above the
line describing bicarbonate rcabsorption at filtered load of

1200-1600 peq/min,

Therte are two interesting differences between the acidifica-
tion rates in the early and late PCT., The first difference is
that the level of saturation of bicarbonate transport is
achieved in the early but not late PCT by the filtered bicarbo-
nate load that occurs in a normal ecuvolemic animal. An increment
in filtered bicarbonate load above normal (e.g., as induced by
ANF or glucagon) results in further bicarbonate reabsorption
solely in the late PCT. Maintenance of proximal glomerulo-
tubular balance for bicarbonate reabsorption (flow-dependent
acidification) at supernormal flow rates is therefore a function
of the late but not early PCT. The second, more important,
difference is that the absolute magnitude of the bicarbonate
reabsorptive capacity in the ecarly PCT, about 550 peq/mm'min, is
2.5-3 times the maximal rate in the late PCT (5, 6, 19). In
fact, early PCT acidification capacity is more than an order of
magnitude higher than maximal rates which have been reported in

iny distal nephron segment under normal conditions (2, 3).

The present studies did not elucidate whether such high
rates of acidification in the early PCT were effected by amplifi-
cation of the same processes resident in the late PCT. S; cells
have greater membrane surface area (1) and could potentially

contain more of the same luminal and peritubular transporters
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tequired for acidification in the S, cells. It is also possible
that the ecarly PCT might recruit a different mechanism for
boosting bicarbonate reabsorption (37). Further work will be
required to identify the mechanism(s) responsible for the higher
early PCT acidification process and to provide a more precise
definition of the kinetics of tranmsport in this segment than can

be obtained using free-flow micropuncture techniques.

When taken tog.ether., the micropuncture and microperfusion
data have shown that bicarbonate reabsorption of the entire
superficial PCT can eventually be saturated in response to pro-
gressively increasing luminal flow. If maximal rates of trans-
port in cach of the five mm scgments are sequentially taken as
550, 350, 200, 200 and 200 peq/mm‘'min from Fig. 3, a maximal
teabsorptive capacity of the entite PCTwould be approximately
1500 peq/min, This rate of bicarbonate reabsorption is never
tcached under physiologic free-flow conditions because the requi-
site SNGFR (>75 nl/min) and filtered bicarbonate load (22000
peq/min) cannot be acutely achieved. At lower, physiologic
SNGFRs, bicarbonate reabsorption in the entire proximal convo-
luted tubule demonstrates very good flow-dependence (8, 17, 33).
Nevertheless, it would scem reasonable to consider bicarbonate
transport kinetically similar (load-dependent but saturable) to
transport processes for other sodium co-transported solutes in

the PCT (e.g., glucose and amino acids).
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Axial Heterogeneity of Bicarbonate Reabsorption: Response to

Alkalemia,

In agreement with previous predictions from this laboratory
(17, 18), late but not ecarly PCT bicarbonate reabsorption was
found to be inhibited by alkalemia. The suppressed rate of
bicarbonate recabsorption in the late PCT during alkalemia in the
brcsent studies agreed very well with that previously defined by
in vivo microperfusion, about 80 peq/mm’min (19). Inhibition of
bicarbonate reabsorption was observed despite concurrent high
luminal bicarbonate concentration (2-3 times normal), potassium
deficiency, and extracellular volume contraction (5, 17). Alka-
lemia resets the maximal rate of late PCT acidification and
ptohibits further stimulation by yet higher luminal bicarbonate
concentration (19). Alkalemia suppresses late PCT n?idification
(19, 38, 39), presumably by impairing bicarbonate exit from the
cell (due to the hyperbicarbonatemia or possibly the reabsorbate
alkalinity) resulting in cellular alkalinization (R. J. Alpern,
personal communication). The reason for the relative sparing of
the carly PCT from this inhibitory effect of alkalemia is unknown
but certainly descrtving of further study. It should be noted,
however, that when more prolonged metabolic alkalosis and hypo-
kalemia occurs in association with tubular hypertrophy, the quan-
titative and perhaps qualitative effects of alkalemia on seg-

mental bicarbonate reabsorption can be altered (40).

The results considered collectively suggest that bicarbonate

reabsorption during chronic metabolic alkalosis may be maximal in
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both the early and late PCT. In the early PCT, bicarbonate
reabsorption was already at a maximal level (about 550
peq/mm*min) during the normal state (Gzroups 2-4) and was not
reduced by alkalemia (Group 5); in the late PCT, bicarbonate
reabsorption was reduced by alkalemia and rendered unresponsive
to further stimulation by a high luminal bicarbonate
concentration and delivery. The thesis that absolut§ bicarbonate
recabsorption over the entire proximal convoluted tubule length is
at a maximal level during chronic metabolic alkalosis is
supported by observations that an increase in SNGFR and filtered
bicarbonate load by volume expansion (20) or by ANF (34) resulted
in no reabsorptive stimulation. It has therefore been proposed
that the glomerular hypofiltration which occurs during chfonic
metabolic alkalosis (20, 34) is critical for the maintenmance of

the alkalotic state by preventing filtered bicarbonate load from

exceeding the PCT reabsorptive capacity.

Axial Heterogeneity of Chloride Transport

Chloride transport in the late PCT is effected by parallel
active and passive processes (9, 11, 41, 42), Transcellular
transport of chloride is electroneutral and exquisitely senmsitive
to the peritubular protein concentration (9, 11, 41). Para-
cellular chloride transport is governed by the magnitudes of the
junctional chloride permeability and the transepithelial electro-
chemical gradient, principally the chloride concentration
gradient (9, 11). Contradictory microperfusion evidence has been

presented on whether active chloride transport in the late PCT is

102



22

(1214) or is not (14-16) flow-dependent., Even when found, the
magnitude of the rise in chloride transport is small compared to
the increase in chloride load, similar to the present free-flow
results (compare dotted line representing previous microperfusion
data and symbols representing present data in the third-to-fifth
mm in Figs. 8 and 9) (12). A rigorous statement rtegarding f1ow-
dependence of late PCT chloride transport is not possible for
several reasons., First, the transepithelial chloride gradients
in these studies were not equivalant (the late PCT trans-
epithelial chloride gradient declined from about 23 to 20 to 18
meq/L in hydropenia, euvolemia, and ANF and glucagon groups,
respectively, and was >30 meq/L in the microperfusion studies).
A small flow-induced change in active transport might have been
offset by a directionally opposite change in chloride diffusion.
Second, peritubular factors may also have been changed, which
could affect active chloride transport. Nevertheless, while a
definitive mechanistic conclusion cannot be reached, inspection
of Figs. 7-9 reveals that the relatively low rate of absolute
chloride reabsorption in the late PCT under free-flow conditions
(<300 peq/mm'min) increased only modestly, with a decline in the

fraction rcabsorbed, as delivery rose.

Chloride transport in the ecarly PCT differed from that in
the l1ate PCT both quantitatively and qualitatively. First, there
was a marked augmentation in chloride transport in transition
from the low filtered chloride loads of Groups 1 and 5 to the

normal level of Group 2 (Figs. 7 and 8), unrelated to chemical
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concentration gradients, The fractional chloride reabsorption
actually rose to as high as 0.12 (Fig. 9). Indeed, as chloride
load increased to the euvolemic level, most of the increment in
absolute chloride recabsorption for the entire PCT, 544 peq/min
(from 1404 + 189 to 1948 + 175 peq/min), was attributable to
enhancement of chloride transport in the initial mm (379
peq/min). A further increase in chloride load with ANF or gluca-
gon induced no more chloride transport, indicating apparant
saturation of this process. Puzzling aspects of the load-
dependent chloride recabsorptive response in the early PCT include
the fact that the fractional.rate of transport actually increased
as delivery rose and transport in the second mm required a lower
delivered load for augmenting tranmsport than the first mm,
Second, the maximum rate of chloride rcabsoiption in the first mm
was very high, 585 peq/mm’min, similar to the rate of bicarbonate
reabsorption in this segment and even rivalling the rate of

chloride transport in the thick ascending 1imb of Henle (43).

The mechanism(s) responsible for this rfobust and f1low-
dependent chloride reabsorptive process in the ecarly PCT was not
defined in the present experiments, The early PCT may possess
more of the presently unidentified transporters that effect
chloride transport in the late PCT (e.g., more apical NaCl co-
transporters or parallel exchangers such as Na+/H+ and C1°/CH" or
Na*m* and Cl"/formate” with appropriate increase in peritubular
transport systems) (42, 44). Alternatively, a different
mechanism may be responsible for this early flow-dependent PCT
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chloride transport. For instance, there may substantial electro-
diffusion of chloride in the early PCT, driven by the lumen-
negative potential difference generated by sodium-coupled organic
reabsorption. Such a mechanism for chloride transport coupled to
electrogenic organic reabsorption has been thought unlikely for
the rabbit early PCT (9) because a2 lumen-negative potential
difference in the setting of a high sodium/chloride permeability
would simply result in sodium recycling. However, appropriate

permeability measurements have not yet been performed in the

2

rat. Such a mechanism would explain the early PCT chloride

transport flow-depecndence and saturability (since transport of
glucose and other organic solutes is flow-dependent and
saturable). Clearly, further study of this important transport

mechanism is required.

Axial Heterogencity of Water Transport

Water reabsorption in the PCT is effected principally by the
osmotic gradient (luminal hypotonicity and possibly peritubular
hypertonicity) generated by reabsorption of sodium bicarbonate,
sodium chloride, and organic solutes (11, 45). Flow-dependence
of volume reabsorption in the PCT has been of great investigative
interest for may years (46). In the late PCT during micro-
perfusion, water reabsorption increases with load. However, the
proportionality between water reabsorption and delivery has often
been found not to be well maintained (46) (i.e., glomerulo-
tubular balance has been less than perfect), in :ccoéd with the

present results (compare dotted lines representing microperfusion
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data and symbols representing present free-flow data in Figs. 11
and 12). In any event, the absolute rate of water reabsorption
({3 nl/mm'min) and the reabsorbed fraction of water delivered in
the late PCT as a function of water delivery (<0.1) were rela-

tively low under 2ll free-flow conditions,

In the ecarly PCT, on the other hand, a rise in SNGFR and
filtered solute loads from a hydropenic to a cuvolemic level was
accompanied by excellent load-dependent solute transport and
water reabsorption., Water reabsorption increased to 10.1
nl /mm*min in the ecuv olemic‘state , arate 4-5 times higher than
observed under normal conditions in the late PCT (58). This water
reabsorptive rate exceeds that which normally occurs in any other
segment of the entirte nephron, In addition, the increase in
absolute water reabsorption in the early PCT in the transition
from the hydropenic to euvol emic state was proportional to the
increased SNGFR; maintenance of excellent fractional water
reabsorption at a high level (0.20-0.25). Glomerulo-tubular
balance was perfect and fully a quarter of the glomerular
ultrafiltrate was reabsorbed in the first mm of the nephron under

conditions of low-to-normal SNGFR.

The early PCT reabsorbed a greater fraction of delivered
volume than the late PCT and tended to exhibit better glomerulo-
tubular balance in the low-to-normal SNGFR range. However, a
further increase in SNGFR with ANF or glucagon revealed no higher
water reabsorptive capacity and fractional water reabsorption
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then declined. This lack of flow-dependent reabsorption inm both
the carly and late PCT when the SNGFR rose above normal caused a
disproportionately large fraction (-80%) of the increment in

filtered sodium and water load to be transmitted out of the PCT.

These findings emphasize the complicated nature of water
tecabsorption in the PCT: (1) there is an axial gradient in the
capacity for solute and water recabsorption; (2) there appears to
be a heterogenecous, non-linecar, water reabsorptive response as a
function of length to a change in luminal flow and anion composi-
tion; (3) and there can be d}ffe:ential regulation of solute and
water recabsorption in the early versus late tubule by peritubular
factors. Such complex kinetics and determinants of transport as
a function of length may explain some of the disparity in
reported results regarding flow-dependency of whole PCT volume

teabsorption (46).

In conclusion, the early superficial PCT is distinguished
from the l1ate PCT by having high capacity, flow-responsive but
saturable, anion and volume reabsorptive processes relatively

unaffected by alkalemia,
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Hydropenia
Euvolemia
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Alkalosis
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Table 1. General Characteristics

Animal Tubule Plasma
Weight Length SNGFR [HCO3]

(g) (mm) (nl/min) (meq/L)
2163 4.83+0.07 28.7%0.7 24.1+0.5
21716 4.98+0.10 41.5+0.4 24.1+0.5
21343 5.18+0.06 51.2+0.7 24.5+0.5
210%5 5.10+0.07 50.7+0.6 24.7+0.1
207+5 4.88+0.07 30.9+0.6 41.3+0.9

115

Plasma
[c17]
(meq/L)

105+1
109+1
1041
104+1

93x1
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Table 2. Anion Concentration and Delivery Rates as a Function of PCT Length
Anion Concentrations
Bowman's
Group Space lst mm 2nd mm 3rd mm 4th mm 5th mm

HCO3 (mEq/L)

1. Hydropenia 25.7+0.7 16.9+0.8 10.4+0.6 8.620.6 6.8+0.7 5.7+0.3

2. Euvolemia 27.3+0.2 19.6%0.4 13.9+0.4 10.8+0.5 8.6x0.3 6.4:0.4

3. ANF 27.8+0.5 21.5+0.5 17.1+0.4 14.3+0.3 11.5+0.2 9.1+0.3

4. Glucagon 28.2+0.6 21.320.7 16.7£0.7 14.4%0.7 11.7+0.3 9.3+0.4

5. Alkalosis  46.6x1.5 36.1x1.4 28.5+1.2 27.0+£1.1 25.5+1.0 23.9+0.8
Cl1~ (mEq/L)

1. Hydropenia 118.6+0.6 138.9x1.8 140.7+2.4 139.4*1.8 140.1+1.9 138.5%2.5

2. Euvolemia 113.4%0.4 131.8+1.3 132.9%2.2 132.2+2.1 134.1%2.1 135.5%2.5

3. ANF 107.6x1.2 121.1£0.7 123.2+1.2 124.2+1.0 125.1%0.7 125.6=%1.2

4. Glucagon 107.4+0.9 117.5£0.3 120.5+0.9 123.5+1.2 125.1+1.1 124.9%1.5

5. Alkalosis 96.8+0.6 115.4+1.4 125.920.7 127.2+1.3 129.7+2.8 133.1%5.1

Delivery Rates
Bowman's
Group Space 1st mm 2nd mm 3rd mm 4th mm 5th om

HCO3 (peq/min) .

1. Hydropenia 740%31 385+24 19916 151+15 110415 86+15

2. Euvolemia 1135%9 61518 382+15 272+15 196+10 133=10

3. ANF 1424424 882+14 62817 4849 359+6 26613

4. Glucagon  1430+36 88325 622434 485+30 358%13 263+12

5. Alkalosis 143728 871+28 569+21 481+19 396%18 32317
C1~(peq/min)

1. Hydropenia 3363+88 3157+118 2674+97 2392487 2144479 1952+70

2. Euvolemia 4704£37 4141343 3634+39 331147 305661 280255

3. ANF 5503+56 496648 4524342 4209+38 3907148 3661+49

4. Glucagon  5443+66 488644 4489+52 4157+50 3839+80 3547+112

5. Alkalosis 2992+71 2794+58 2526%69 2270+61 2016+63 179661
H~,0 (nl/min)

1. Hydropenia 28.7+0.7 22.8+0.7 19.0+0.5 17.3+0.5 15.6+0.5 14.4+0.6

2. Euvolemia 41.5+0.4 31.4+0.5 27.4x0.4 25.1+0.5 22.8+0.5 20.7+0.7

3. ANF 51.2+0.7 41.0+0.3 36.7£0.2 33.9+0.1 31.2+0.3 29.2+0.4

4. Glucagon 50.7+0.6 41.6+0.4 37.3+0.6 33.7+0.5 30.7+0.5 28.4x+0.7

5. Alkalosis 30.9+0.6 24.310.7 20.1+0.6 17.7+0.4 15.5%0.3 13.5+0.3
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Table 3. Absolute Anion and Water Tramnsport Rates as a Function of PCT Length

Group l1st mm 2nd mm 3rd mm 4th mm 5th mm

HCO3 (peq/mm-min)

1. Hydropenia 354z%21 18617 48+10 4147 24%3
2. Euvolemia  520%12 233222 109+11 76x6 73£10
3. ANF 542+14 254£16 14411 12512 93+8
4. Glucagon 547%29 261+38 13717 12717 95+17
5. Alkalosis 56512 302=+12 898 857 7329

Cl~ (peq/mm-min)

1. Hydropenia 206%55 483294 282+42 248+40 192+35
2. Euvolemia  585x21 507=70 323+26 254+22 254x17
3. ANF 53718 443+54 31532 302=21 246%22
4. Glucagon 557+22 « 39713 3328 319+38 29145
5. Alkalosis  198x32 268=24 256+18 25316 220+23

H»0 (nl/mm-min)

1. Hydropenia 5.90.4 3.8+0.4 1.7+0.2 1.7+0.2 1.2+0.2
2. Euvolemia 10.1x0.4 4.1+0.5 2.3zx0.2 2.3x0.1 2.1+0.2
3. ANF 10.2+0.5 4.320.5 2.9x0.2 2.6x0.2 2.1+0.1
4. Glucagon 9.1x0.4 4.320.2 3.6£0.2 3.0+0.4 2.3+0.3
5. Alkalosis 6.7%0.3 4.2+0.3 2.3x0.2 2.2+0.2 2.0+0.2
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FIGURE LEGENDS

1. Axial profiles for tubular fluid/ultrafiltrate (TF/UF)
concentration ratios for inulin, chloride and bicarbonate in
Panel A for euvolemic Group 2; Panel B for ANF and glucagon
hyperfiltration Groups 3 and 4; and Panel C for alkalotic Group
S. Solid lines in each case depict mean values for hydropenic

Group 1.

2, Bicarbonate transport as a function of PCT length for hydro-
penic Group 1 (hexagons), cuvolemic Group 2 (squares), ANF-

treated Group 3 (triamgles), and glucagon-treated Group 4

(inverted triangles).

3. Bicarbonate transport by ecach PCT segment as a function of
the delivered bicarbonate load to that segment for hydropenic
Group 1 (hexagons), cuvolemic Group 2 (squares), ANF-trecated
Group 3 (triangles), and glucagon-treated Group 4 (inverted
triangles). Dotted line derived from micropetf;sion data of

Alpern et al. (6).

4. Reabsorbed fraction of delivered bicarbonate load by each PCT
scgment as a function of the delivered bicarbonate load to that
segment for hydropeﬁic Group 1 (hexagons), euvolemic Group 2
(squares), ANF-treated Group 3 (triangles) and glucagon-treated
Group 4 (inverted triangles). Dotted line derived from micro-

perfusion data of Alpern et al. (6).
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S. Bicarbonate transport as a function of PCT length for normal
ANF-treated Group 3 (triangles) and glucagon-treated Group 4

(inverted triangles) compared with alkalotic Group 5 (circles).

6. Bicarbonate transport in the first mm of the PCT as a
function of the filtered bicarbonate load for hydropenic Group 1
(hexagons), ecuvolemic Group 2 (squares), ANF-trecated Group 3
(triangles), glucagon-treated Group 4 (inverted triangles), and

alkalotic Group 5 (circles).

7. Chloride transport as a function of PCT length for hydropenic
Grtoup 1 (hexagons), euvolemic Group 2 (squares), ANF-treated
Group 3 (triangles), glucagon-treated Group 4 (inverted

triangles), and alkalotic Group 5 (circles).

8. Chloride transport by each PCT segment as a function of the
delivered chloride load to that segment for hydropenic Group 1
(hexagons), euvolemic Group 2 (squares), ANF-treated Group 3
(triangles), glucagon-treated Group 4 (inverted triangles), and
alkalotic Group 5 (circles). Dotted line derived from microper-

fusion data of Green et 2l, (12).

9. Reabsorbed fraction of delivered chloride l1oad by each PCT
segment as a function of the delivered bicarbonate load to that
segment for hydropenic Group 1 (hexagons), ecuvolemic Group 2

(squares), ANF-treated Group 3 (triangles), glucagon-treated
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Group 4 (inverted triangles), and alkalotic Group 5 (circles).
Dotted line derived from microperfusion data of Green et al,

(12).

10, Water transport as a function of PCT length for hydropenic
Group 1 (hexagons), cuvolemic Group 2 (squares), ANF-treated
Group 3 (triangles), and glucagon-treated Group 4 (inverted

triangles).

11. Water transport by each PCT secgment as a function of the
delivered water load to that segment for hydropenmic Group 1
(hexagons), ecuvolemic Group 2 (squares), ANF-trecated Group 3
(triangles), and glucagon-treated Group 4 (inverted triamgles).

Dotted line derived from microperfusion data of Alpern et al.

(6).

12, Reabsorbed fraction of delivered water load by ecach PCT
segment as a function of the delivered water load to that segment
for hydropenic Group 1 (hexagons), euvolemic Group 2 (squares),
ANF-treated Group 3 (triangles), and glucagon-treated Group 4
(inverted triangles)., Dotted line derived from microperfusion

data of Alpern et al. (6).
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FOOTINOTES

1. Abbreviations used in this paper: PCT, proximal convoluted
tubule; GFR, gl omerular filtration rate; SNGFR, single nephron

GFR; ANF, atrial natriuretic factor.

2, The quantity of organics reabsorbed in the early PCT can be
estimated if it is assumed: (1) that the constituents of the
reabsorbate beside sodium bicarbonate and sodium chloride are
principally organics solutes; and (2) that the reabsorbate is
approximately isosmotic (300 mOsm/kg H:O) (44). The organic
solute flux can then be estimated as:
(300) (HaO rcabso:pt.ion) - 2(HCOs + Cl1° tcabsorptiog)

and was 656, 820, 902 and 522 pmol /mm*'min in the fizst mm of the
PCT in Groups 1-4, respectively. The;e organic solute reabsorp-
tion rates would be more than sufficient to account for the
quantity of chloride reabsorbed if the paracellular pathway in

this nephron segment were relatively chloride-selective (9).
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