
UCSF
UC San Francisco Electronic Theses and Dissertations

Title
Axial heterogeneity of water, bicarbonate and chloride transport in the rat proximal 
convoluted tubule

Permalink
https://escholarship.org/uc/item/27w8w90r

Author
Liu, Fu-Ying,

Publication Date
1986
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/27w8w90r
https://escholarship.org
http://www.cdlib.org/


AXIAL HETEROGENEITY OF WATER, BICARBONATE AND CHLORIDE

TRANSPORT IN THE RAT PROXIMAL CONVOLUTED TUBULE

by

FU—YING LIU

DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of

DOCTOR OF PHILOSOPHY

in

Physiology

in the

GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA

San Francisco

Approved: (Awºlno A &º

w
-

./ \ u_% º ‘ege■
R - , - - - - - - - -

-

Committee in Charge

Deposited in the Library, University of California, San Francisco

-
Date . . . . . . . . . . . . . . . University Librarian

Degree Conferred:
-

JUN 15 1986.



Copyright by Fu-Ying Liu 1986

ALL RIGHTS RESERVED

ii



DEDICATED

TO

My husband - - - - - Guo-Zhang Tan

and

My daughter - - - - - Wei-Tan

iii



ACKNOWLEDGMENTS

I feel de eply that science means hones t and so lid knowledge

and science is univers a 1.

I wish to extend my de ep est g r at it u de to the foll owing

people :

To Dr. Ch a r 1 e s A. Noble, Jr., the p r e v i ous chair m an of the

c 1 in ic al inter n a 1 medic in e f a culty, because due to his v is it to

Ch in a in 1978, I was introduced to Dr. F 1 oyd C. Rec to r , J r.

To Dr. Floyd C. Rect or , J r. , f or his constant accept ance ,

support , and guidance. His extra or d in a r y knowledge and his great

figure of a scient is t are inde l ibly engraved on my mind.

To Dr. M art in G. Cog an , my super v is or , f or his per s is ten ce

of support , direct guidance , and p a ti e n c e , from the the or y of

ren a 1 physiology to the real it y of the lab or at or y, from year to

year .

To Dr. Ch r is t in e A. Berry, my pre c e p to r , f or he r s p e c i a 1

support and conce rn, special criticism in the knowl edge of renal

physiology which will endure for my academic career.

iV



To Dr. Chu an - Lu Chiu, my in it i a 1 t e a cher of n ephrol o gy in

Ch in a , f or his c on stant c on cer n, encour a gem ent , and m or a 1

support .

To Dr. Shan -Y an L in , my in it i a 1 direct or of nephrol og y in

China, for his constant conce r n and encouragement.

To Dr. Rob e r t J , Al per n, Dr. P at r ic i a Ann Pre is ig , Kenneth

Wong , and M on ik a Mu e l l e r , f or the i r guidance in d if f er ent

techniques in this lab or at or y.

At 1 as t , I am, of cours e , d e ep 1 y ind eb t e d to my who le

famil y, my husband, my daught e r , my p a rent s , my p a rents - in - 1 aw,

and other s. My husband has he l ped to t e a ch me to b a l ance the

other imp or t ant a spects of my l if e.



ABSTRACT

B ic arb on at e, chl or id e and water re absorption in the early

( i ni ti a 1 mm) v er sus the l at e proximal convoluted tubule (PCT) and

change in re absorption in response to an increase in luminal f l ow

r at e or to a l k al emi a have not be en system at ic a l l y exam in ed.

Free-flow bic arb on at e, chl or ide, and water transport as we l l as

osmol a l it y as a function of PCT 1 ength were examined by free - f l ow

m i crop unc tu re t e ch ni qu e s in Munich -W is t a r r at s . During

hydrop enia ( the control cond it i on), b ic a rb on at e and w at e r

re absorption were 354 +21 p eq/mm’m in and 5.9 +0.4 n.1 / mm-m in in the

f i r s t mm and f el 1 p r og r e s iv e l y in the remaining 3.8 mm of the

tub ul e. In contrast , ch 1 or id e re a b s or p ti on was on 1 y 206+55

pe q/mm “m in in the first mm but was 50% high e r in the rest of the

tub ul e. Tub ul ar fluid osmol a l it y fell a long the tub ul e and by the

end PCT was 7.5 + 0.7 m o sm ol /kg 1 e s s than in p 1 a sma or 4.7

mo sm ol / k g less than in Bowman's s p a ce. The hydr au l ic water

permeability (Pt) was estimated to be between 0.2 and 2.0 cm/s in

the first mm of the tub ul e and to have f a l l en to 0.1 - 0.2 cm/s by

the end of the tubule.

As S NG FR was in cre a se d in other group s made e uv ol emic or

given a trial n a triu retic fact or (ANF) or g lucag on , b ic a rb on at e

re absorpt i on in both the ear 1 y and the 1 at e PCT was f l ow

dependent. The e a r 1 y PCT exhib i t e d f l ow-d ep end ent s a tur able

re a b s or p t i v e k in et i c s up to 520 + 1 2 p eq/mm m in. Ab so lute

vi



b ic a rb on a t e r e absorpt i on was l e s s in the l at e PCT but was not

s at u r a t e d at the flow r a t e s studied. Ch 1 or id e r e a b s or p ti on

incre as ed marked l y in the early PCT up to 585:21 ped/mm’m in from

hydrop eni a to euv ol emi a but was with out fur the r change following

ANF and g luc a g on. Comp a red to an im a 1 s with a norm a l pH (ANF and

glucag on) with comp ar able f il t e red bic arb on at e load, a l k al emia

s up p r essed on l y l at e PCT but not e a r l y PCT a c id if ic at i on. In

conclusion: (1) l um in a l hypot on ic it y devel ops in the r at PCT and

must be conside red as part of the osmotic d r i v i ng for c e for w a t e r

re absorption; and (2) free – f l ow water , bic arb on at e and chl or ide

r e absorpt i on in the e a r l y PCT is d is tingu is he d from that in the

1 at e PCT, by being a high capacity, f l ow-respons iv e but sat ur able

process r el at iv e l y unaffect ed by a l k a 1 emia.
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CHAP TER 1

BACKGROUND

The kidney plays imp or t ant functions in the regul at i on of

a cid -b as e b a l ance and extra c e l l ul a r v ol um e. Water and an i on

transport (especial ly bic a rb on at e and chl or ide) in the proximal

c on v ol u t e d tub ul e (PCT) are c r it i c al for car r ying out the se

functions. The PCT exhib it s s t r u c tu r a 1 and funct i on a 1

differences a long its length (1-4).

The purpose of this the s is is to be t t e r under st and w at e r ,

b ic a rb on at e and chl or id e transport in the r at PCT. These studies

wer e s p e c if ic a l l y designed to exam in e the magni tu de , k in et i c s ,

and regul at i on of solute and w a ter transport as a function of

tub ul ar 1 ength.

TRANSPORT

Bi carbonate Re absor ption. Bic arb on at e is a critical element in

a cid-b as e home os t as is. A major funct on of the kidney in the

regul at i on of a cid -b as e b a l ance is in maint a i ni ng the p 1 a sm a

concent ration of HCO; with in a narrow range (24 - 28 me q/L).

The r en a 1 tub ul e part ic ip at e s in a cid -b as e home os t as is by



conserving f il t c red bic a rb on at e as we l l as by secret in g protons

bound to e i the r f il t e red buffers (as t it r at able acid) or ammonia

(as ammon ium ions). The bulk of f i 1 t e red HCO3 is re absorb e d by

the p r oxim a l c on v ol u t e d tub ul e (PCT) ( 2). The PCT r e a b s or b s 80 -

90% of f il t e red bic a rb on at e (5) and r educes tubul ar fluid pH 0. 6

0.8 units be low that of blood. Ce l l u lar hydrogen i on secret i on

effects the PCT b ic a rb on a t e r e absorption, p r e dom in ant l y by

sodium/ hydrogen exchange (6, 7), and the r e are a 1 so p a r a l l el

p rot on and b ic a rb on a t e l eak p a thways of r el at iv e l y m in or

quant it at iv e imp or t an c e ( 6, 8). The major d e term in ants of net

proxim a 1 a c id if ic at i on in c 1 u de : 1 um in a 1 and per it ub ul ar

b i car b on a t e c on cent r at i on s and pH (8- 13), f l ow rate (SNG FR) (5,

10, 13, 14), p Co 2 ( 15 - 17), r en a l n e rv e activity ( 18), and

car b on ic anhydr as e a c ti v i t y ( 17, 19, 20). M in or d e t e rm in ants

in c 1 u de : extra c e l l ul a r v ol um e s t at us and per it ub ul a r prote in

c on cent ration ( 5, 1 0 , 1 1, 21 , 22), sodium chl or id e re absorption

( 10 , 23), and pot as s ium de p 1 et i on ( 10, 13, 24, 25).

Most in form at i on p r es ent l y regard in g the k in et i c s and

regul at ion of PCT acid if ic at i on have come from an a lys is of whole

PCT or 1 at e PCT data. However, rig or ous quant it at i on of absolute

bic arb on at e re absorption as a function of proximal tubular length

has not be en done. The load - d e p end ency and sat u r abil it y of

bic a rb on a t e re absorpt i on in the PCT has been demons t rated for

the 1 at e PCT on l y ( 8 - 1 1, 14) . Whe the r a cid if ic at i on is higher

(26), or low e r ( 27) in the early PCT comp a red to the 1 at e PCT,

and whether proximal acid if ic at i on can (8-11, 14) or cannot (28)

be s a tur at ed as a function of load in the early PCT have not be en



res olved.

Chl or i de Real's or Ption. Under s t and in g of mech an i s m s and

regul at i on of sodium chl or id e transport in the PCT has been

enh an ced by recent d at a from microp unc tu re, microp er fu si on ,

electrophysiologic, and is ol at e d c e l l membrane studies, but it is

still far from c 1 ear (29-36).

In the early PCT, electrogenic sodium transport coup led to

neutral so lutes, such as g lucos e and am i no acids , results in a

trans ep i the l i a 1 potent i a 1 difference (PD), lume n n e g at iv e. If

the sodium/ch1 or ide perme ability r a ti o were low, this PD would be

expected to driv e net sodium chl or i d e absorption. If the

perme ability r a ti o were high, only sodium re-cycling would occur.

It is unk now n w he the r active chl or id e transport exists in the

e a r l y PCT. Quant it a ti on of n e t c h 1 or id e re absorption in the

early PCT and of change in re absorption in response to a 1 t e ration

in lumin a 1 f l ow rate has not be en a t t empt ed in the free – f l ow

$ t at C e

Proxim a 1 sodium chl or i d e re abs or p ti on in the 1 at e PCT is

gener a l l y a cc epted to be mediated by an electric a l l y - neutral ,

a ct iv e transport system in p a r a l l el with p as s iv e par a c e l l u lar

re absorption, p r e dom in ant l y diffusion (4, 6, 29-36) with out

convection (37). Sodium chl or id e re absorption in the 1 at e PCT

is marked ly affect ed by extra c e l l ul a r volume status, and

specific a l l y by the per i tubular prote in concent ration (2, 5, 10,

20, 21 , 22, 30 ). The effect by per it ubul a r p r ot e i n is on the



active component of sodium chl or id e re absorption (3, 22, 28, 30,

38). Sodium chl or id e c on cent r a ti on is a 1 so affect ed by the

magnitude of the lume n-to-blood chl or id e concent ration grad i ent

(4., 10, 19, 20, 30, 32), the p r in c ip le driving for c e for the

pass iv e , diffusion a 1 component of sodium chl or id e r e absorption

(4, 6, 31-36, 39). F in a 1 1 y, rena l n e rve activity and pCO2 c an

affect both sodium chl or id e r e absorpt i on as we l l as sodium

bic a rb on at e re absorption.

Water Reaps or ption. The mech an i s m of w at er re absorption in the

PCT is controv e r s i a 1. The re is no cons ensus r e g a r ding the

rel at iv e imp or t an c e o f the pot ent i a 1 dri v in g for c e s a 1 on g the

nephr on , in c 1 ud in g c on tribut i on s by in ter c e l l ul a r s p a c e

cryos copic hyper tonic i ty, 1 um in a 1 fluid cry os cop ic hypot on ic i ty,

and effect iv e o smotic grad i ent s due to differ ential solute

re f l ection coefficients. Equal l y uncertain is the hydraulic water

perme ability (Pf) as a function of the PCT 1 ength.

Two me th od s h a v e be en used to me a sure P. f. The most

commonly used method in micropuncture and microp er fus on studies

(in v i v o or in v it r o) is to c a 1 cu 1 at e P f by me a sur in g water

re absorpt i on per of tub ul e length (Jy) and the trans ep i the l i a 1

osmotic g radient (Aosmol). Pf is then defined as:

P f = RT(Jy)/AV, Aosmol

where R and T have their usual meaning s, Vy is the part i a 1 molar

vo 1 ume of w at e r , and A is the ep i the l i a 1 are a per mm tubule

1 ength (as sum in g a tub ul e radius of 15 pm). The most accur at e



estimates of Pf are be tween 0.1 and 0.2 cm/s ec in the r at PCT

(40) and 0.1 and 0.3 cm/sec in the rabbit PCT (41-43). The

possibility of ax i a 1 changes of Pf has not be en examined in the
PCT.

Hetero geneity of Transport. The structural and function a 1

heter og en eity of the super fic i a 1 PCT has been document ed by many

p re v i ous studi e s . The ear l y PCT has a high e r cap a city for

transport i ng sever a 1 filtered so lutes including glucos e (47, 48,

49), a m i no a c id s (50), and phospha t e (49, 51, 52). But a

sy tematic examin a ti on of a ni on and water transport has not be en

under taken. Fur the rm or e, the k in et i c s and r e g ul at i on of

transport as a function of PCT 1 ength has not be en rep or t e d

previously.

PURPOSE

The first purpose of the p r es ent studies was to exam in e

water, bic a rb on at e and ch 1 or id e transport as a function of tubule

1 ength. The second purpose was to as sess the effects of changes

in luminal f l ow rate and a l k al emia on segment a 1 solute and water

re absorption.

To a chie v e the se object i v e s , a new technique of free – f l ow

micropuncture using Munich-Wis tar r at s was devel oped to comp are

the t ran s p or t p r opert i e s in the S1 to S 2 segment s of the PCT.



The results of the se studi e s (Chapter s 3-5) have been

published or submitted for public at i on :

1. "Axial he ter og en e i t y in the r at p r oximal convolute d

tub ul e. I. Bi carb on a t e , ch 1 or ide, and water transport" Am. I.

Physiol. 247 (Renal El uid Electrolyte Physiol. 16): F 8 16-F 821,

1984.

2. "Ax i a 1 he ter og en e i t y in the r at p r oximal convoluted

tubule. II. Osmol a l it y and osmotic water perme ability". Am. I.

Physiol. 247 (Renal Fluid Electrolyte Physiol. 16): F 822-F 826,

1984,

3. "Axial heter og en eity of bic arb on at e, chl or id e and water

transport in the r a t proxim a 1 c on v ol u t e d tubule. Effects of

changes in luminal f l ow rate and of a l k al emia". Submit ted for

public at i on I. Clin. Invest. 1986.

The coau the r s 1 is t e d in the se public at i on s directed and

s up er v i s ed the r es e a r ch which forms the b as is for this

d is sert at ion.

Perm is si on is granted for use of the pub l is he d mater i a 1 in

this the s is by THE AMERICAN PHYSIOLOGICAL SOCIETY.



CHAPTER 2.

GENERAL METHODOLOGY

MICROPUNCTURE

History. We a r n and Rich a r d (44) were the first to demons t rate

the possibility of c o l l e c ting f l u id from sing 1 e g 1 ome rul ar

cap sul e s in the l i v in g kidney of the frog in 1921. In the next

20 years, they devel oped the methods for obtaining tub ul e fluid

from the amphibian kidney and for quant it at iv e an a lysis of the

minute amounts of f l u id obtained. Arthur M. Walker and J e an

Ol iv e r ( 45) were the first to col l e c t f l u id from the p r oxim a 1

convoluted tubule of the mammal i an kidney (in 89 guine a pigs and

56 r at s). In the i r c 1 as s ic paper ( 45), the y described the

prep a r a ti on of the kid n e y. They f i r s tº per form ed right

neph re c tomy to a l l ow en lar gem ent of the left kidney to be

subsequent l y studied. The an im a 1 h o 1 d e r was a copper p 1 at e

embedded in a she et of cork and he at ed from beneath by a 15-watt

bulb. A quartz pipe t t e with tip of about 7pm in internal diameter

was used for puncture. They obser v ed that the v as t major it y of

the tubul e segments appearing on the kidney surface proved to be

portions of the proximal convolution, a 1 though they occasional ly

found surf a c e g 1 ome rul i in gu in e a pigs and in 6 of 100 r a ts.

In the ensu in g 45 year s , the microp uncture t e chini que has



be en improved. A sign if i can t d is cov ery by Thur au was that a

mutant strain of Wis tar r at , the Munich-Wis tar r at , had g 1 ome rul i

cons is tent 1 y situ at ed on the kidney surface which were therefore

readily accessible for microp uncture. Our under standing of the

process of g 1 ome rul ar filtration has benefit ed from the d is covery

of this r at . In 1971, Barry M. Brenner published the first paper

us i ng Munich -W is t a r r a t s for invest ig a ti on of the dynamics of

g 1 ome r u lar u l r a filtration (46).

Technique . The exper im ent a 1 p r ep a r a ti on and gener a 1

micropuncture protocol is described in our three published paper s

(Chapter s 3-5). The micropuncture t e chnique used in this the s is

is new and the foll owing d e s cript i on with figures is given to

he 1 p to under st and this technque.

The r a t w as first p 1 a c e d on a the r most at ic a l l y control l ed

(37°) m i crop unc tur e table. Ca the t e r s (PE 50) were insert ed in to

the femor a 1 art ery for blood pressure me as u rements and for blood

s a mp 1 in g and in to a j u gu l a r v e in f or in u 1 in in fusion. A

tr a che os tomy was per formed. The abdomen was opened by a mid 1 in e

inc is i on , the kidney was stabilized and b a the d in warmed s a 1 in e

(37°), and the ure t e r was c annul at ed. A surf a c e g 1 ome rul us was

the n l oc at ed. A sm a l l pipe t t e (3-5 1m CD) was inserted in to

Bowman's s p a c e and a sm a l l drop let of oil stained with Sud an

b l ack was inject ed (Figure 1). The course of the inject ed oil

drop 1 et was c are ful l y obser v ed and mapped (Figure 2). On 1 y

g 1 ome rul i th a t w ere f o l l owed by a t l e as t f iv e to sev en surface



proximal convolutions were used. The local iz at i on pipe t t e was

withdrawn and at 1 east one hour was a l l owed for the hole in

Bowman's sp a c e to se a 1. Fol 1 owing inul in in fu si on and an

e quil ib r a ti on per i od of 45 m in , s e que n ti a 1 time d 3 - 7 m in

col l ect i on s were begun us in g 7-9 pm CD gl as s p ip et t e s . The

punctures started at the end-proximal convolution and worked in a

ret r og rade fashion to Bowman's space (Figure 3). After 5 hours,

to a l l ow the tub ul e punct ur e s i t e s to se a 1 , 1 at ex or Mic r of il

(Can't on Biomed ic al product s , Boul de r , CO) was inject ed in to

Bowman's space to fill the ent i r e tub ul e. At a 1 at e r time , the

kidney was in cub at e d for 30 - 40 m in in 6 N HC 1. The c as t of the

tub ul e was c are ful ly d is sect ed, with the multiple puncture sites

ident if i ed us in g the in it i a l l oc al iz at i on map, and it the n w as

photographed (Figure 4). The ent i r e proxim a 1 tub ul e length

(g 1 ome rul us to the 1 as t punct ur e s i t e ) and the length to e a ch

puncture site were me a sured and record ed.

ANALYTIC TECHNIQUES

Osmolality. The osmol a l it y of collected tubular fluid and plasma

samples were me a sured on a nanol it er, me 1 ting point Rams a y-Brown

osmos me t e r. The accur at e me as u rement of the freez in g-point

depression of very small quant it i e s of aque ous solution is very

d if f i cult be cause of non-homogen e o us cool ing. The method of

Rams ay-Brown avoids this problem by first freezing the sample and



then determining the thawing-point (53).

F iv e s t and a r d s (sodium chl or id e s o l utions), cov e ring the

physiological range of 250 to 330 mosmol , were measured for each

exper im ent . Each st and a r d was me a sured 6 times. The st and a r d

curves re 1 at ing temper a tur e at me 1 ting to osmol a l it y each had a

l in ear r e g r e s si on co e f f ic i ent of more than 0.998 (n = 10) as seen

in Figure 5.

The samples were prep ared for the osmometer in the following

st eps. Pipe t t e s were p r ep a red us in g b or os i lic at e cap ill a ry

g 1 as s , 0.7 - 1.0 mm out er d i ame t e r , which was first pull ed and

broke n to a b out 20 p.m. The pipe t t e s were c 1 e an ed with

ch 1 or of or m, r in s ed with w at e r , and d r i e d with a c e t one. The

in side of the pipe t t e s were the n sil ic on ixed with 98% pure

1,1,1,3,3,3-hex ame thyl d is il az an e (Al drich Chemic al Company, Inc.,

Milwaukee, Wiscons in), he at ed for 20 minutes on a he at ing plate,

and r in s ed and dri e d a ga in with a c e t on e. The pipe t t e s were

f i l l ed with Sudan red-stained, w at er-equil ib rated par affin oil .

Three samples were sequent i a l l y drawn into one pipe t t e , separated

by the same p a r a f f in oil . The out side of the pipe t t e s were

was he d with ch 1 or of or m, and the tip sea led with E as t man 910

adhesive. The pipe t t e was put into a 100 p. 1 cap i l l ary tube of 4

cm l ength , which had be en f i r s t sea led at one end and the n

f i l l ed with clear par affin oil.

The schematic diagram of the osmometer is shown in Figure 6.

The three s amp 1 e s in the me a sur in g pipe t t e were first frozen in a

90% eth an ol b at h with dry ice for 30 second , thus r a pid 1 y

transfer red to the o sm ome t e r b a th, which had previous l y be en

10



cool ed to approximate 1 y -2°C by lower in g a p 1 as tic container of

dry ice and eth an ol into the b a th. The containe r was the n

removed from the bath. The samples were w at ched through a sing le

eyepiece m i croscope. The temper a tur e a t which the 1 as t ice

crystal dis appeared in each sample was re c or ded. Each procedure

was rep e a ted 2-3 time s for e a ch pipe t t e (containing 3 s amp 1 e s ).

Bi carbonate. The to t a 1 carb on dioxide c on tent s of col l ect ed

tub ul a r f l u i d and p 1 a sm a s a mp 1 e s we r e me a sur ed by

microc a 1 or imetry (54). A microcal or imeter (pic ap notherm) is an

app a ratus for me a sur i ng the he at r el e as ed when LiOH and CO2

react. Its sens it i v it y is less than 10 pic omol e s of bic arb on at e.

Total Coz was a s sum ed to be p r incip 1 ly b ic a rb on a t e s in c e the

contribution of dissolved CO2 and carbonate in the physiological

pH range are quite sm a l l ; a t pH 7.4, 95% of the total CO2 in

physiological fluid is HCO3. The over a 1 1 reaction between CO2 and
LiOH is shown be low:

2 LiOH + CO2 - - - - > Li2CO3 + H2O

AH = -8.96 10 * J/mol e CO2

This over a l l r eaction is actual l y composed of two reactions:

2LioH + 2H2O ----> 2L iOH·H2O (1)

AH = -1.214 10° J/2moles H2O

2LioHº H2O + CO2 ----> LizCO3 + 3H2O (2)

ll



AH = 3.18 104 J/mol e

Figure 7 shows the diagram of the an a 1 y ti ca 1 system. Two

st and ards (solutions of Na2CO3 with concent rations of either 10

and 2.5 mM or 25 and 40 mM) were used. The 1 in e a r it y and

pre c is ion of typical me a surements is seen in Figure 8. The

corre 1 at ion coefficient was > 0.99 and the standard de v i at i on was

0.5 mM (c or responding to 6.5 picomo l e s with a 35 n 1 pipe t t e ).

The sample was prep a red in the following manner. The

co l l e c ted tubular fluid was transferred into a constant volume

pipe t t e fill ed with par affin oil (from 12-40 n 1). The tip of the

pipe t t e was sea led with par affin oil (Figure 9). The sample was

inject ed into a reaction chamber containing a c id (H3PO4) through

a mercury seal. Carbon dioxide is released as a gas by reacting

with phosphor ic acid:

Na2CO3 + 2H3PO4 ----> 2NaH2PO4 + H2O + CO2

CO2 is then blown in a column of in er t g as in to a chamber

with LiOH and the result in g he at of the ex other mic reaction is

me a sure d by a contiguous the rm is to r be a d. He at r el e as e is

integrated over time.

Chlor ide. Chloride concentration, from a small volume (approxi

mate ly 1 n 1) of collected tubular fluid, was me a sured by electro

l2



met r ic titr at ion (55).

The pot ent i ome tric end-point t it r a ti on of chl or i d e with

silver depends up on the fact that the concent ration of C1 T ions

determines the potential of a silver / si 1 v er chl or ide elect rode

which dips in to the t it ration v e s sel. This chl or ide elect rode is

connected to a voltmet e r , with a reference elect rode which

comple t e s the circuit. The equipment used for this method is

sh own schem at i ca 1 ly in Figure 10. The method in v o 1 v e s the

following system:

As / 0.1 N-AgNO3 + 0.1 N-HNO3 / Ag c1 / Ag

to which an ~ 0.1 N NaCl sample (in 1 n 1) is added:

Ag / 0.1 N-AgNO3 + 0.1 N-HNO3 + 0.1 N-Nac 1 / AgC1 / Ag

The add it i on of NaCl in cre as e s the b as el in e pot ent i a 1 to

approximate l y 400 mV. Current is the n p as se d through the AgCl

elect rode to liber a t e Ag". The Ag” complex e s with C1 and

precipita t e s as AgCl.

The removal of C1 - by Ag” de creas e s the volt age in a

log arithmic (Nerns tian) fashion:

13



100 me q C 1 - = 400 mV

10 me q C 1 T = 3.40 mV

1 me q C 1 T = 280 mV

0.1 me q C1 T = 220 mV

Thus the t it ration of Ag to Ag” is stoichiometric a 1 ly equal

to the r eduction in ch 1 or id e i on, which in turn is very sens i

tively monited by the change in elect rode potent i a 1. When a very

low C1 T concent ration is reached (i.e., $ 0.1 me q, equival ent to

220 mV.), the t it r a ti on is stopped. The amount of current which

had be en needed for the t it r a ti on is the n me a sure d, be cause it

had been s to red on a cap a c it or . That current is the re for e

prop or t i on a 1 to the number of C1 " i on s t it rated in the sample

volume.

In practice, two standard NaCl concent rations bracket i ng the

physio 1 og i ca 1 range (100 me q/L and 130 me q/L) were used. A

typical st and a r d curve is shown in Figure 11. The ch 1 or ide

concent ration of a sample is calcul at ed from the volt a ge

measurement and st and a r d curve.
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Figure 4. A typical photograph of the proximal convoluted

tub ul e after d is section. Using this photograph, the ent i r e

proxim a 1 c on v ol u t e d tub ul e length (g 1 ome rul us to the l a st

puncture site) and the length to each puncture site were me a sur ed

and record ed.
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CHAPTER 3

INTRODUCTION

t O

CHAPTER 3

This chapter is a reprint of the mater i a 1 as it app e a r s in

"Axial he ter og ene it y in the r at proxima 1 c on volute d tub ul e. I.

B ic arbon at e, chl or ide, and water transport" published in the Am.

J. Physiol. 247 (Renal Fluid Elect rolyte. Physiol. 16): F816-F821,

1984.
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ABSTRACT

The c on cent ration p r of il e s of bic a rb on at e, ch 1 or id e 2nd

in ul in a long the length of the super fic i a 1 p r oxim a 1 c on volute d

tub ul e have not be en p r evious l y me a sured simult an e o us l y. For

this purpose , free – f l ow micro puncture me a surement s were made

sequent i a 1 ly from the end -proximal tubule to Bowman's s p a c e in

ten tubul e s of hydrop enic Munich-Wis tar rats. Mean single neph

r on g 1 ome r u lar filt at i on r a t e was 28.7 ± 0.7 n.1 / m in and was

st able during the repeated punctures. B ic a rb on a t e and volume

re absorption were 354 + 21 pm ol / mm 'm in and 5.9 + 0.4 n. 1 / mm" m in

in the first mm and f el 1 progress i v e ly in the remain in g 3.8 mm of

tubule, aver a sing 83 + 4 pmol/mm m in and 2.3 + 0.5 n 1 / mm min,

r e s p e c ti vely. The valu e s in the in it i a 1 mm represent a high

transport cap a city since they exceed r a t e s that have been ob -

served when comp a rable or even high e r me an lumin a 1 sub strate

concent rations were presented to the late proximal tubule (during

free-flow condition. at high e r fiew r a t e s or us in g microp e r -

fusion). In contrast, chl or id e re absorption was only 206 + 50

res/awain in the first mm and rose to 3 06 + 2.2 p eq/mm 'm in in the

rest of the tub ul e. In conclusion, the re is sub stant i al axial

transport he t erogen eity, with bic arbon at e and water re absorption

higher, but ch 1 or i de re absorption lower in the early compared

with the late super ficial proximal convoluted tubule.

Key Words: Acid if ic at i on; Sodium Transport; Sodium Re absorption;

Micropuncture; Microcal or ime try
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INTRODUCTION

Many previous studies have document ed the structural and

functional he ter og en eity of the super ficial proximal convoluted

tubule (5, 18, 25). The early proximal convoluted tubule has has

a higher capacity for transporting several fil t e red solutes in

cluding glucos e (3, 26, 33), a mino acids (22), and phospha t e ( 8,

26, 32). However, relative ly few studies have examined whe the r

the major an ions present in the glome r u lar ul trafil t rate, bicar -

b on at e and chl or ide, are similar ly re absorbed at a higher rate in

the early compared to the later proximal tubule. Observations

in vitro have suggested that th. bic a rb on a t e re absorptive rate

is in fact lower in the early super fic i a 1 proximal convoluted

tubule than in the la t e tub ul e ( 18). How ever, oppos i t e results

were obtained when segmental proximal acid if ic at i on was as sessed

using split dropl et s (34). Consider able controversy also exists

“rains whether the r a t e of sodium and water re absorption is

s low e r (7, 26), similar (7, 13, 16, 36) or f as t e r ( 12, 13, 17) in

the early than in the late proximal convoluted tubule.

The purpose of the present free-flow micropuncture study was

to define simultaneously the concent ration p r of il e s for bic arbo

nate , ch 1 or id e and in ul in a long the a c c e s sible proxim a l convo

luted tubule in order to as sess whether ani on and water reabs or p -

tive he ter og en eity exists. The Munich-Wis t a r r a t w a s used so

that me a surements could begin at Bowman's space and thus include

the earlies t portion of the proximal convoluted tubule.
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METHODS

Fre e – f l ow microp uncture studi e s were per formed in ten

tubul e s from ten hydr openic male Munich-Wi star r at s (200-225 g).

Micro puncture. Pro to col_i. Rats were prep a red for microp unc

ture a s p r evious ly d e s cribed (9 - 11 ). Br i e f l y, the an im a 1 s were

all owed free access to food and water p r i or to being an e s the tized

with In act in (100 mg/kg, i.p.). They were placed on a the rmost a

ti cally control led (37° C) micropuncture table. Cathe t e r s (PE

50) were in sert ed in the fem or a l art ery for blood p r e s sure

me a surements and for blood sampl in g and in a jugular v e in for

inul in in fusion. A trache os to my was per formed. The abdomen was

opened by a mid 1 in e in c is ion, the kidney was stabilized and

b a the d in warmed s a 1 in e (37° C), and the ure t e r was can nul at ed.

A 20 m in. e quilib ration period was then allowed to el apse. Sur

gical ly-induced plasma volume loss e s were not replaced.

A surface glome rulus was then located. A small pipe t t e (3-

5p OD) was in s ert ed in to Bowman's s p a c e and a small drop let of

oil stained with Sudan b1 a cK inject ed. The course of the

inject ed oil drop le t w as c are fully observed and m apped. On 1 y

g 1 ome rul i that were follow ed by a t 1 east 5 - 7 surf a c e proximal

convolutions were used. The local ization pipe t t e was withdrawn

and a t 1 east an hour was a 1 lowed for the hole in Bowman's space
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to seal. Following a inul in prime (25 uCi ), an inul in infusion

at 1.6 ml/hr in bic a rb on a t e Ring er's solution was be gun (5 0

PCi/ml). Sequential, timed 3-7 min collections commenced using

7–9), CD glass pipe t tes, starting at the end-proximal convolution

and working in a retro grade fashi on to Bowman's space.

Latex or mic r of il (Canton Biomedical Products, Boul de r , CO)

was then inject ed in to Bowman's space to fill the entire tubule.

At a 1 at e r time, the kidney was in cub a ted for 30 - 40 m in in 6 N

HC1. The c as t of the tub ul e was c are fully d is sect ed, photo -

graphed and me a sured. The ent if e proximal tubule 1 ength (glo

me rul us to the last puncture site) and the lengths to e a ch

puncture site were re c or ded.

An a lys is :- The volume of collected tubule fluid samples was

determined by inject in g them in to constant b or e cap ill a ry glass

tub in g with a known volume per length and me a sur in g the length

occupied. aliquet. of the fluid were used to me a sure inul in by

sc in till at i on count in g (Nuclear Chicago), to tal CO2 by microc alo

rim e try (35), and chl or i de by the micro t it ram et r ic method of

Ram say (28).

Calculation s :- The single nephr on glomeru lar filtration rate

(SNGFR) was estimated as the product of the flow rate at a given

point multiplied by the c or responding inul in concent ration ratio

(tubular fluid/plasma w a t e r ). Water re absorption at a given

point was the flow rate at that point subtracted from the SNGFR.
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Ani on re absorption was the filter ed load (ani on concent ration in

Bowman's space multiplied by the SNGFR) minus the anion de livery

at that point (ani on concent ration multiplied by the flow rate).

Re absorption at a given length (e.g., 1 mm) was estimated by

in ter pol at i on be tween the two c 1 os e s t me a sure d d at a points to

that length for e a ch tub ul e and ex p r e s s ed as the me a n + SEM.

Pai red stat is tical comp a r is on s were made on d at a from the same

tubule and 1 in ear and exponent i a l r e g res si on an a lyses were calcu

1 at ed by the method of 1 east square s.
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RESULTS

The aver age length of the tub ul e s was 4.83 + 0.07 mm, in

go od a greement with p r evious me a surements of the length of the

a c c e s sible p r ox in a l tub ul e in the Munich-Wis t a r r a t ( 13 ). The

Bowman's s p a c e to tal Coz concent r a ti on was 25.7 t 0.7 mM and

chloride concent ration was 118.6 + 0.6 me q/L, a 1 so in good a gree

ment with p r evious ly me a sured values (9-11, 21).

A technical consider at i on is neces sary regarding the vali

dity of flow rate me a surements. Before the sample collections,

an oil drop let was in je c ted in to Bowman's sp a c e us in g a sm all

pipe t t e to map surface convolutions to be subsequently punctured.

Although at 1 east an hour elapsed be for e collections commenced,

it was possible that the hole made in Bowman's cap su le had not

sea led comple t e l y and that a l eak occurred. To as sess this

re...ibility. single nephr on g 1 ome rul a r filt r a ti on r a te (SNGFR)

was calculated at each puncture site a long the nephr on and com

p a red with the first tub ul e fluid collect i on site , the end

proximal tub ul e. If the re were a leak of ult r a filt rate from

Bowman's s p a c e , the calcul at e d SNGFR would be low e r than that

expected in normal hydr openic rats and/or variable. The average

SNGFR in the ten tub ul e s studied was 28.7 ± 0.7 n 1 /min. This

value agrees very well with previously published value. for the

hydr openic Munich-Wi star r at (9-11). In addition, ther e was no

signific ant change in SNGFR as a function of length or time in

the se studies, as shown in Fig. 1. The aver age difference in
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SNGFR at the various puncture s i t e s compared with the end-proxi

mal SNGFR d e term in a ti on was 0. 0 + 0.2 n.1 / min. Thus, if a leak

were in troduced with the in it i a 1 m app i ng pipe t t e in Bowman's

space, it was quite small and relatively constant.

The tubular fluid to glome rul a r ult r a filt rate concent ration

r at i os (TF/UF) for bic arb on at e, chl or id e and inul in as a function

of l ength a re shown in Fig. 2. The TF/UF in ul in r a ti o s were

rel at i v el y line a r. The line a r r e g r ess i on an a lys is result ed in

the follow in g equation : y = 0.20 x + 1 . 05, r = 0.97, p < 0.001.

The TF/UF bic a rb on a t e concent ration, on the other hand, fell

progressive ly and could be defined by the expon ential equation:

y = 23.0 e- 0.32x, r = 0.95. The TF/UF ch 1 or i de c on cent r a ti on

r at i o rose quickly, almost par a l l e l l in g the TF/UF inul in ratio,

to a value of about 1.2 at about 1 mm. The ch 1 or i de TF/UF the n

- stabilized, and even t e nd ed to fall very slight ly, over the

rein airing tubular length.

A comp a r is on of the absolute changes in bic a rb on a t e and

c■ l of ide concentrations as a function of length are shown in Fig.

3A. With in 1 mm, the ch 1 or i de concent ration rose quickly to

valu e s about 20 me q/L high e r than existed in the glome rul a r

ult r a filt rate. However, the fall in bic a r b on a t e concent r at i on

was slower. At 1 mm, the bic a rb on at e concent ration had fall en by

only about 7-8 mM. Fur the rm or e, in the tub ul e s e g ment gre a t e r

than 1 mm from the g 1 ome rulus, the bic a rb on a t e c on cent ration

continued to fall while the r e was 1 i t t le change in chl or ide
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c on cent ration. since the chang e s in chl or id e and b ic a rb on a te

concent rations were not strictly reciprocal, and since changes in

o sm ol all it y a long the tub ul e have been found to be r el at iv e ly

sm all (24), it is cle a r that changes in concent rations of un

me a sured solutes were occur ring. In Fig. 3B, an at tempt is made

to quant it at e the se changes in unmeasured solute concent rations

by sub tract in g the c on cent rations of b i carb on a te plus chl or i de

(each multiplied by a m act i v i ty coefficient of 1.85 ) from t + e

simult a n e ou sly me a sured o sm ol a 1 it y (24). As can be seen , the

unm e a sure d so lute c on cent r at i on rapidly fel 1 in 8 out of the 10

tub ul e s , re a ching a minimimum value at a b out 1 mm. Pre sum ab ly

this predom in antly re p r es ented the re absorption of or g an ic

solutes such as glucose, which are known to be avidly re absorb ed

in the early proximal tub ul e (30, 36). Subsequently, the un

me a sured so lute concent ration rose at a rate f as t e r than can be

explained by volume re absorption a 1 on e. This in cre a se in un

me a sured solute concent ration presumably represented secretion of

solutes by the proximal tubule (20).

The cumulative absolute rates of bic arb on a t e , chloride and

W a t e r re absorption are shown in Fig. 4. Absolute bic a rb on a te

** absorption was very high in the first mm, 354 + 22 pm o 1/m in,

*** a c counted for more than half of the ent i r e tubular bi carbo

*** * r e absorption (67 3 + 25 re-i■ -in). The r a t e o f b ic a rb on a te

* **b so r + ti on in the tubule following the initial mm was signifi

can t ly- less (p<0.001 ), a ver a ging 84 + 4 pm o 1 / mm 'm in. The high
I■ a t e : - - - -* * * the first mm is not simply a consequence of ther e being

2 s



more substrate available for re absorption. In previous studies,

when the late proxim a l tub ul e was p r es ented with the a mean

lum in a 1 b ic a rb on a t e c on cent ration (21 mM) comp a rable to that

which existed in the initial mm in the p r es ent studies, the rate

of bic a rb on at e re absorption (176 + 8 pm o 1/mm “mi n) was only about

half of the rate in early proximal tubule (2). In fact, when the

l a t e proxim a l tub ul e has been exposed to sub stant i a l l y high e r

b i carb on at e c on cent r at i on 3 and flow r a t e s than existed und e : th c

present conditions (by microp er fusing the l at e tubul e with b i car -

b on a t e c on cent r at i on s up to 80 mM and a t f l ow r a t e s up to 50

n1/min), the maxim a l r a t e of a cid if ic at i on was on 1 y 200-2 1 0

pmol/mm."min (1, 2). Thus, the early proximal tub ul e has a higher

bic arb on at e re absorptive cap a city than has been demons t rated for

the late proximal tubule.

In contrast to bi carb on at e, the absolute chloride reabs or p -

tive rate in the early (first mm) proximal tubule was relative ly

low, 206 + 50 p eq/min. The chloride re absorption for the ent i r e

tubule 1 ength was 1414 + 60 peq/min. Thus, the rate of chl or ide

reabsorption rose to 3 06 + 22 p eq/mm’m in for the segment between

the initial mm and the end of the tubule.

As predicted by the line a r TF/UF inu l in values (indicating

c on stant fract i on a l r e absorption), the r a t e o f absolute water

re absorption was found to decrease as function of 1 ength. Water

re absorption was very high in the first mm, 5.9 + 0.4 n.1/min, but

was only 14.6 + 0.5 n 1 / min for the ent i r e tubule. Thus, water
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re absorption in the late tubule, from the end of the first mm to

the end of the tub ul e , was signific antly less that in the early

tubule (p<0.001) and a ver age d on l y 2.3 + 0.5 n 1 / mm 'm in. This

val tº e for the late tubul e i s in ex c : l l ent a greement with volume

re absorptive rates during in vivo microp er fusion of 1 at e proximal

tub ul e s us in g e i the r an ult r a filt r a t e - like or sodium chl or ide

solution (1, 2). Thus, as was the case for b i carb on a t e , the

in trinsic sodium and volume re absorptive cap a city is high e r in

the early proximal tubule.
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DISCUSSION

The super fic i a 1 p r oximal tubule has been previously de - .

scribed as heter og ene ous in several respect s (5, 18). The early

super fic ial proximal convoluted tubule has been suggest ed to be

differ ent from the later p r oxim a 1 tub ul e with r e g a r d to many

par ame t e r s : structure (25); electrophysiological and per me a bi

lity p r opert i e s (4, 14, 18, 19, 31); t ran s p or t c ap a city of

organic solutes (3, 22, 33); transport of phosphate and response

to p a rath or m on e ( 8, 17. 26, 32); secret or y pro c e s s e s (37); and

sodium transport (7, 12, 13, 17, 26). The purposes of the

present studi e s were to extend the se observations to the major

an ions in the glome r u lar ult r a filt rate, bic arb on a t e and chloride,

and to clarify the pattern of sodium and water re absorption under

free – f l ow conditions.

Although the bic a r b on a t e c on cent r at i on p r of il e a long the

proximal tubule has 1 on g been i af ed from chl or id e and pH

me a surements (15, 36), the present study is the first to quanti

t at e absolute bic arbon at e re absorption as a function of proximal

tubule 1 ength. Although luminal bic arb on at e concent rations along

the proxim a l l ength were me a sure d by Corm an et al. (13), the

marked v ar i at i on s in SNGFR and the lack of early punctures ( the

initial puncture site in those “udiº. was 2.3 + 0.2 mm from the

glome rulus) make a quant it at iv e as sessment of bic a rb on a t e re ab

s orption difficult. In the present study, bic a rb on at e re abs or p

tion in the early (in it i a 1 mm) proxim al tub ul e was found to be
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very high, 354 + 32 pm ol /m in , a c count in g for over half of the

to tal proximal bicarb on a t e re absorption. This high rate of re ab

s or p ti on in the early compared to the later tubule was not simply

a consequence of exposure to a higher luminal substrate conc en

tration. For inst ance, when the ent i r e proximal tub ul e is

presented with a comparable mean luminal bicarb on at e concentra

tion (18 m M) by in cre a sing flow r a t e in free – f l ow cond it i on s ,

ab so I u t e bic a rb on a t e reabs or p ti on do e s not exceed a b cut 2.25

pmol/mm."min (10). More explicit ly, when the late proximal con

voluted tubule has been microp er fused with a bic arb on a t e conc en

tration and flow rate similar to the g 1 ome rul a r u 1 t r a filt r a te

bic arb on a t e concent ration and SNGFR that existed in the present

studi e s , absolute bic a rb on a t e re absorption was on 1 y 176 + 8

pmol/mm 'm in (2). Maxim a l l a t e proxim a l r a t e s of a cid if ic at i on

have been found to be 20 0-2 1 0 pm o 1/mm 'min (1, 2). Thus, the re

appears to be a higher re absorptive cap a city for bic arb on a t e in

the early proxim a 1 tubule, in a greement with the s p 1 it drop let

studies of u11 ich et al. (34) and similar to previous finding s

for the re absorption of glucos e (3, 26, 33), amino acids (22) and

phosphate ( 8, 26, 32).

It is unknown whether the increased rate of acid if ic at i on in

the early tub ul e observed in the p r es ent studies represent ed a

maximal rate. It is similar l y unclear whether the higher early

a cid if ic at i on was due to enhance d a c ti vity and/ or number of

Naº /H* exchange r s p e r unit 1 ength or due to the contribution of

another transport system confined to that segment (14). The high
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absolute “re: of b ic a rb on a t e in the e a r ly tub ul e would

predict that the re absorb at e bic arb on a t e concent ration was quite

high (60 me q/1, as estimated by the ratio of absolute bic arbon a te

to w a t e r re absorption). If b ic a rb on a t e d if f us i on with in the

in sters t it ium were r el at iv e ly cons tra in ed, local bic a rb on a te

concent ration and pH might be high. Such per i tubular alkal inity

might then t end to put a self-limit in g brake on the acid if ic at i on

process by inhibiting cellular bi carb on a t e exit (9).

In contras t to bic a rb on a t e , chl or i de r e absorption in the

early proximal convoluted tubule was somewhat less than in the

1 at er tubule. To • some extent , this low er in it i a l r a te

of ch 1 or i d e re absorpt i on might be due to the lower me a n tub ul e

fluid – to - p 1 a sm a chl or i de c on cent r a ti on g r a di ent in the early

segment. A lower chlorid e g radient would diminish diffusional

. (11, 29) and possibly trans cellular, (27, 29) chloride transport.

Water abstraction in the early segment (due to organic solute and

b ic a rb on a t e re absorption) with out pro p or t i on a 1 f r a c ti on a 1

ch 1 or i d e re absorpt i on result ed in a n e lev at i on in the tub ul e

fluid chloride concent ration by the end of the first mm of

tubule, that was 2.0% high e r than plasma, an obser v at i on in good

a greement with e a r li e r studi e s (21 , 23, 36 ). This elev at ed

ch 1 or i de c on cent r a ti on then per m i ts higher r a t e s of p as sive

ch 1 or i de diff us i on a s well as a c ti v e trans c e l l ul a r s odium

chloride re absorption to take place in the late proximal tubule

(6, 11 , 27, 29). An o the r consider a ti on is that the re may exist

int r insic differences a long the length of the tubule for active
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sodium chloride transport.

Whil e i t is possible that the n e g at iv e potential difference

gener a ted by the high rate of sodium-coupled or g an ic solute re ab

s or p ti on in the in it i a 1 part of the tub ul e (4) might stimul at e

net sodium chloride re absorption, enhance d e a r ly chl or id e re ab

s or p ti on was not observed. The negative trans epithel i al pot en

t i a 1 difference in the early proximal tub ul e would f a v or n e t

r e a b s or p ti on of sodium chl or i d e on l y if the r el at i v e

chl or ide/sodium permeability in that segment were r el at iv e ly high

(6). If the chl or ide/sodium per me ability were r el at iv e ly low, as

has been found by Jacobs on and Kokko (19), then the re would t end

to be simply recy c 1 in g of the t ran s p or t e d sodium back in to the

tubul e lumen.

It should be not ed from the p a t t e r n of c on cent ration

chang e s in Fig. 3 that other solut e s are absorb ed from luminal

fluid in the early proximal tubule and added in the late proximal

tubule. This observation is cons is tent with the known avid it y of

the early proximal convoluted tubule for or g an ic solutes (3, 30,

36) and with the secret or y cap a city of the 1 at er (S2) proximal

tub ul e (37). The early re absorpt i on and 1 a ter secret i on of

unmeasured solutes appeared to influence n e t w at er re absorption.

While the sum of the me a sured sodium bic a rb on a t e and sodium

chloride re absorption a c counted for only about 60% of the total

osmo lar flux in the first mm of the tubule , the re absorption of

the se ions averaged 105-120% of the net osmolar transport in the
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1 at er tubule.

Whe the r sodium and water re absorption rates v ar y a long the

1 ength of the tubule has been the subject of long -s t and in g c on

t r over sy (15). The early proximal tub ul e has been suggest ed to

have an in cre as ed ( 12, 13, 17), similar (7, 13, 16, 36), or

de c reased ( 7, 26) sodium reabs or p ti v e cap a city compared to the

1 at e proximal tubule. The present studies have shown that f r a c

tion a 1 water reabs or p ti on was r el at iv e ly constant a long the

1 ength of the tub ul e (as re f l e c t e d by the 1 in ear it y of the

tubular fluid/plasma inui in r at i o) so that absolute volume re ab

s orption was constantly deer...in, (Fig. 4). The rate of volume

re absorption in the initial mm of tubule was again not simply due

to gre a t e r sub strate de l i v ery be cause the value observed , 5.9

n1/mm "min, was more that double that seen when the late proximal

tubule has been microp er fused with an ult r a filt rate-like solution

(2.5 n 1 / mm “mi n) (2).

. In summary, the se free - flow studies have show n a high e r

re absorptive capacity for sodium, bic arb on at e and water in the

early (initial mm) proximal convoluted tubule of the r at compared

to the remaining tubule. In contrast, chloride re absorption was

1 ess in the early compared with the late proximal tubule. Under

free-flow conditions, the reabsorb at e in the early proximal con

volute d tubule c on s is t s p red om in antly of or g an ic solu t e s and

so dium bicarbonate while in the later proximal tubule it consists

Primarily of sodium chl or ide.
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FIGURE LEGENDS

1 - The r a ti o of the sing 1 e nephr on g 1 ome r u lar filt ration r a te

at each me a sured point x (SNGFR.) to that me a sured at the end of

the proximal tubule (SNGFREP) as a function of 1 ength.

2. Tubular fluid/glome rul ar ul trafil t rate (TF/UF) concent ration

r at i o s for in ul in , b i car b on a t e and ch 1 or i d e a s a function of

1 ength in the super fic i a 1 proxim a 1 c on volute d tubule of the

Munich-W is tar r a t.

3. Top p an el (A) show s the absolute changes in c on cent ration

for chl or i d e and bic a rb on a t e a s a function o f l ength in the

s up er fic i a 1 p r oximal tubule. Note that the two curves do not

m i r r or each other. The bottom p an el (B) shows the unm e a sur ed

o sm ol e s as a function of length. The un me a sured o sm ol e s were

cal cul a ted as the difference of the to t a 1 luminal fluid osmol ali

ty (Ref. l/c/R) and the sum of the NaCl and NaHCO3 os motic act i -

v i t i e s (est im a t e d as 1.8 5 times the ch 1 or i de plus b i carb on a te

concent rations). Not e the disappearance of unmeasured osmol e s in

the first mm of the tubule and re appearance in the later tubule.

4. Cumulative absolute re absorption of water, bic arb on a t e and

ch1 or i d e as a function of length in the super fic i a 1 p r oximal

convoluted tubule of the Munich-Wi star r a t.
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TABLE 1. Tubular fluid concri and delivery and reabsorption rate of
bicarbonate, chloride, and water as a function of length

Bowman's Space First Millimeter Second Millimeter Third Millimeter Fourth Millimeter Fifth Millimeter

Tubular fluid
[HCO3], mm. 25.7 = 0.7 16.9 - 0.8 10.4 = 0.6 8.5 - 0.6 5.7 = 1.0
(CT), meg/liter 118.5 - 0.5 138.9 - 1.8 140.7 - 2. 139.4 = 1.8 140.1:19 138.5 - 2.

Delivery rate
HCO3, pnol/min 740 - 31 385 - 24 199 - 16 151 - 15 86 - 17
Cl", peq/min 3,363 - 88 3.157 - 375 2,674 – 308 2,392 – 276 2,144 - 250 1,952 = 229
H20, ni/min 28.7 - 0.7 22.8 - 0.7 19.0 - 0.5 17.3 - 0.5 14.4 = 0.6

Rechsorption rate
HCO3, pnol-mm.".min" 354 - 21 186 - 17 48 - 10 41 - 7 + 3
CIT, peq.mm."-min" 206 - 55 483 - 94 282 + 42 248 - 40 + 35
H2O, nl: mm.". min" 5.9 - 0.4 3.8 - 0.4 1.7 - 0.2 1.7 = 0.2 - 0.2
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INTRODUCTION
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CHAPTER 4

This chapter is a rep r in to f the mate r i a 1 as it app e a r s in

** Axial heter og en eity in the r at proximal con voluted tubule. II.

C’s mol a l it y and osmotic water perme ability" published in the Am.

JL-- Physiol, 247 (Renal Fluid Elect rolyte. Physiol. 16); F 822-F826,

L 9 84.
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There is sub stantial dis a greement over whether the luminal

fluid in the proxim a 1 c on volute d tub ul e be come s hypot on ic with

respect to plasma. To address this question, free - flow micro

puncture me a surements were made sequentially from the end-pro -

ximal tubule to Bowman's space in ten tub ul e s of hydrop e nic

Munich-Wis t a r r a ts. Osm ol a l it y in Bowman's space was 2.8 + 0.3

mo smo l l ess than plasma. Tubular fluid osmol al it y fell a long the

tub ul e and by the end -proximal tub ul e was 7.5 + 0.7 m o sm o l l ess

than p 1 a sm a , or 4.7 m osmol less than Bowman's sp a ce. Since

luminal fluid be came hypot onic, the re absorb at e was hyper tonic.

Absolute water re absorption was measured simultaneously, all owing

e stimation of the trans ep i the l i a 1 o smotic w a t e r per me ability

(Pt). The os motic grad i ent responsible for w a t e r re absorption

was a s sum e d to be e i the r lume n - to - r e absorb a t e or lume n - to -

per i tubular plasma, with a reflect i on co efficient for sodium

chloride of 0.7 or 1.0. The Pt was then estimated to be between

0.2 and 2.0 cm/s ec in the first mm of tubule and to have fall en

t O 0.1-0.2 cm/s ec by the end of the tubule. A constant Pf a long

the tubule could explain observed r a t e s of w a ter absorption if

re absorb a te hyper to ni city were not dissip at ed and if the refle c

tion coefficient for sodium chloride were less than unity; other -

w is e P f must be higher in the early than in the 1 at e proximal

convoluted tubule. In conclusion, luminal hypot oni city devel ops

in the r at proximal convoluted tubule and must be considered as

part of the osmotic driving for c e for water re absorption.
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INTRODUCTION

Water re absorption in the proximal convoluted tubule occurs

due to the trans epithelial osmotic p r e s sur e g radi ent gener a ted by

so lute transport (7). The re has been on-going controve r sy, ho -

w ever, regard in g the magni tu d e s of both the osmotic gradi ent

gener at ed and the osmotic water per me ability (Pt) of the proximal

tubule. Since the earlies t me a surements of Walker et al. (25) in

the r at , it has been as sumed that luminal fluid osmol a lity is not

rne a surably differ ent from that of plasma. If the luminal fluid

remained ex act l y is os motic with p 1 a sm a , the n w a ter absorption

would r equire local hyper to ni city in some p o or l y mixed in tra -

ep i the li al compartment (10). This hypo the s is , how ever, has been

<i if f i cult to prove and , in fact, h as been subject to serious

c r it i c is m (2, 3, 13, 23). Schafer and And r e o l i , on the other

H = n.d., have rep or t e d very high P f valu e s for the proximal con

* c 1 u t e d and straight tubule s and, on the b as is of the se high

* = lues, proposed that observed rates of water transport could be

< x= i ven by small d e g re e s of luminal hypot on i city that would be

* = f f i cult to detect by exist in g methods (2, 3, 23). Thus, the

* = solution of this ques ti on depends on whether or not the luminal

* + uid and the reabsorb a t e are truly is os motic with p 1 a sma. In

crop er fusion studi e s in the r at proxim a 1 c on voluted tubule,

I ** =n in a 1 fluid be came over t ly hypot on ic (12) while in is ol at ed

* *= = fused rabbit tubules a hyper to n ic re absorb a t e has been
cº

* =n on strated (5). On the other hand, me a surement s of tubular
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fluid osmolality in free-flow micropuncture studies in r at s have

yiel de d c on f l ic ting result s : sm all d e g re e s of luminal hypo —

to ni city have been observed in some (4, 8, 15, 16, 25) but not in

a l l studi e s ( 14, 16).

Given the functional transport he ter og en eity that has been

demons tra t e d a long the proxim a l c on voluted tub ul e (17), it was

the purpose of the present studies to examine whether a change in

osmol all it y also devel ops a long the r at proximal convoluted tubule

under free – f l ow cond it i on s. Using the luminal o sm ol a l it y and

In e a sured r at e s of water ºr e absorption with estimates of contra

I uminal osmolality, the Pf could be calculated and expressed as a

function of tubule 1 ength.
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METHODS

Fre e – f l ow micro puncture studi e s were per formed in ten

tubul e s from ten hydr openic male Munich-Wist a r r at s (200-225 g).

Micro puncture. Pro to col_i Rats were prep a red for microp unc

ture as described in the a c company in g paper (17). Br i e f l y, the

a nimals were all owed free access to food and water p r i or to being

a n e s the tized with In act in (100 mg/kg, i.p.). They were placed on

a the r most at i cally control I ed (37° C) microp uncture table.

C a the t e r s (PE 50) were in s e r t e d in the fem or a l art ery for blood

EP res sure me a sure ment s and for blood sampl in g and in a jugu lar

vº e in for in ul in in fusion. A trach e o s to my was per form ed. The

= b domen was opened by a mid line inc is ion, the kidney was stab i

_1 i zed and b a the d in warm ed (37° C) s a 1 in e, and the ure t er was

< = n nul at ed. A 20 m in. e quilib r a ti on per i od was the n a l l owed to

e I ap s e. serie. Ir-induced p1 a sin a volume loss e s were not

r = P 1 a c ed.

A surf a c e glome rulus was then located. A small pipe t t e (3-

* >= OD) was in sert ed in to Bowman's s p a c e and a small drop let of

* = I stained with Sudan black was then in je c ted. The course of

* IEA = inject ed oil drop let was care fully observed and mapped. Only

* * seme ruli that were followed by a t le as t 5 - 7 surf a c e proximal

* * =volutions were used. The localization pipe t t e was the n with
<■

T = win and at 1 east an hour was all owed for the hole in Bowman's
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space to se a 1. Following an inul in prime (25 fici) an inul in

in fusion at 1.6 m 1/hr in bic arb on a t e Ring er's solution was then

be gun (50 pci/ml). Sequential , t im e d 3 - 7 m in collections com

menced using 7-9p CD glass pipe t t e s , starting at the end-proximal

c on volution and working in a retro grade fashi on to Bowman's

space. Blood collections were made at the beginning, middle and

end of the micropuncture period.

Latex was the n inject ed in to Bowman's s p a c e to fill the

entire tubule. At a later time, the kidney was in cub at ed for 30

40 m in in 6 N HC1. The 1 at ex cast of the tubule was car e fully

d is sect ed, photographed and me a sured. The entire proximal tubule

1 ength (g 1 ome rulus to the last puncture site) and the lengths to

each puncture site were re c or ded.

An a lys i s :- The volume of collected tubule fluid samples was

determined by inject ing them in to constant b or e capillary glass

tub in g with a known volume per length and me a sur in g the length

occupied. I nul in was me a sured by s c in till a ti on count ing. Osmo -

1.1 it■ vs. me a sure d by the method of Ram say and Brown (21).

Chl or i de concent ration in tubule fluid was me a sured by the micro

t it ram et r ic method (22). Six a li quot s of each tub ul e f l uid or

risia. sample were prep a red and me a sured three at a time. St an

d a r ds were used that spanned the physiologic range (25 0-330

mo smol). The ten standard curves relating temperature at melting

to o sm ol a l it y each had a l in ear r e g re's si on coeffic i en t > 0.998.

To as sess the accur a cy of osmol ality determination, me a surements
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were made of 18 unknown s with o sm ol a l it i e s similar to the on es

found exper im ent a l l y (29 0-31 0 m osmol). The difference between

the observed and expected valu e s was 0.6 + 0.6 (SD) mo sm ol. The

co efficient of variation on the se unknown s was 0.2%. Since the

range of me a surement error was 0- 1.5 m osmol , the accur a cy of

tubule fluid me a surements was well with in 1.5 m osmol.

Calculations : Water re absorpt i on was calcul at ed as pre

viously described (17). The osmol a lity and flow r a t e s at a given

1 ength (e.g. , 1 mm) were e s tim a t e d by in ter pol at i on be t we en the

two closes t measurement s. The re absorb at e o smolality was cal

culated by mass balance :

Re absorb a t e Osmol a l it y = (Osm 1 V1 - osm, v,2/(V1 - V2) (1)

where O's mi and Vi and Osm 2 and V2 are the o sm ol a 1 it i e s and flow

rates at point s 1 and 2, respectively.

osmo tic water permeability (PF) for each mm of tub ul e was

cal cu lated as :

Pt = RT(Jy)/AV, A osmol (2)

where R and T have their usual meanings, Jw represents the water

re absorb ed a long each mm segment of tubule, A is the epithelial

are a per mm tubule 1 ength (assuming a tubule radius of 15 u), V,

is the partial molar water volume and A osmol is the osmo tic
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pressure difference devel oped in that segment. The osmo tic

g r a di ent s were taken as e i t he r the p 1 a sm a-to-1 u men or

re absorb a t e - to-1 um en o sm ol a 1 differ en c e s , each as sum in g the

reflection coefficient for sodium chloride to be 0.7 or 1.0. For

the gradi ent r e absorb at e - to-lumen with a sodium chloride reflec

tion coefficient of 0.7, it was necess a ry to calculate the re ab

s orb at e chl or i de concent ration using the me a sure d luminal conc en

tr a ti on and mass b a lance, similar to equation (1) above for

re absorb at e o smolality.

All results are express ed as me an it SEM.
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RESULTS

The mean single nephr on glome rular fil-tration rate in these

ten tub ul e s was 29 + 1 n 1 /min. The length of the se a c c e s sible

s up er fic i a 1 proxim a 1 c on volute d tub ul e s was 4.8 + 0.1 mm. Seg -

mental water re absorption under the se hydrop enic conditions has

be en conside red sep a r a tely (17), and was , for each mm start in g

from Bowman's s p a c e : 5.9 + 0.4, 3.7 ± 0.4, 1.7 ± 0.2, 1.7 ± 0.2,

and 1.2 + 0.2 n.1 / mm m in.

The o sm ol a l it y in Bowman's sp a c e was 2.99.5 + 0.6 m osmol ,

which was sign if i can t l y be low the simult a n e o us ly me a sur ed

a r t e r i a 1 p 1 a sm a o sm ol a l it y (302.3 + 0.5 m o sm ol ) by 2.8 + 0.3

mo sm ol. As i i l us tra t e d in Fig. 1, the o sm ol a 1 it y de c 1 in ed in a

rough l y line a r f a s h i on in most tub ul e s . By the end of the

tubule, luminal osmol ality reached 7.5 + 0.7 m osmol be low plasma

levels, or 4.7 m osmol be low the value observed in Bowman's space.

Thus, hypotonicity devel oped; when -11 tub ul e s are c on side red,

the change in o sm ol a 1 it y was about - 1 m osmo 1 per mm of tubule

length. - How ever, in a few tubul e s a rapid f all and then relative

st abilization of luminal osmolality was observed, in accord with

recent the or etic al predictions (26). However, a r is e in osmol a

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

Since luminal osmolality and volume flux were me a sured sim

ult a n e o us ly a long the tubule, it was possible to calcul at e the

osmotic water permeability (PF) if the effective contraluminal
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osmol ality could be assumed. However, the correct contra luminal

o sm ol a l it y that should be used for the se calcul at i on s is not

known. On e possibility is that the re absorb a te hyper to ni city

(which exists because the luminal fluid has be come hypot onic to

p 1 a sma) could part ic ip at e in volume absorption if r e absorb ed

so lute c on cent ration g r a di ent s are not d is sip at ed by d if f us i ve

mixing with per i tubular cap ill ary plasma. On the other hand, if

the re absorb a t e hyper to nic it y is not susta in ed and do e s not

part ic ip at e in solute - so 1 v ent coup 1 in g, the n the appropriate

in ters t it i a 1 o sm ol a l it y approaches that of p 1 a sma. Bounds for

the o sm otic grad i ent were the re for e taken to be per it ub ul a r

plasma-to-lumen (solid line. in Fig. 2) or re absorb at e - to-lum en

(d a she d 1 in e s in Fig. 2). The former represent s the lower limit

of an osmotic driving for c e and as sum e s that the inters t it ium is

well mixed and has rapid solute diffusion, so that local reabs or -

b a te hyper to ni city can not be susta in ed. The l a t t er represent s

the upper limit of an osmo tic dr i v i ng for c e in which solute

diffusion is restric ted so that the re absorb at e hyper to ni city can

be maint a in ed. A fur the r variable th a t c on tributes to unce r -

tain ty in estimating effect iv e o smotic grad i ent s is the re f l e c

tion coefficient. of the luminal and contra luminal constituents.

We the refore as sumed that sodium chloride might exert e i the r its

full os motic p r e s sure on each side of the ep i the l i u m, with a

reflection coefficient of 1.0 (circles in Fig. 2) or a ‘re du ced

pressure, with a reflection co efficient of 0.7 ( square s in Fig.

2.). All other solu t e s , such as bic a rb on a t e and or g an ic s , were

assumed to have reflection coefficients of unity.
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The results of the se calcul at i on s a re shown in Fig. 2. It

can be seen that the estimated Pf at the beginning of the proxi

mal tub ul e might be from 0.2 - 2.0 cm/s e c, d e p end in g on the

osmotic grad i ent and the reflection coeffic i ent for sodium chlo

r i de chosen. If the re absorb a t e - to - 1 um en osmo tic grad i ent is

used with a sodium chloride reflection coefficient of 0.7 (dashed

1 in e with square s), the calcul at ed Pf is relatively stable at

0.2. In a 1 1 other circumstan c e s , the Pf de c 1 in ed a long the

tubule , and r e a che d values from 0.1 - 0.2 cm/s ec by the end of

the tubule.
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DISCUSSION

The results of the se studies demonstrate that luminal hypo

to ni city do e s devel op in the r a t proximal c on volute d tubule.

while the contribution of luminal hypot on ic i t y to the osmo tic

driving for c e for w at er re absorption can be de t e r mine d with

reas on able accuracy, the degree of contral uminal hyper toni city is

unknown, render ing it possible only to estimate the range of the

trans epithel i al Pt at this time.

The finding of luminal hypot on i city under free-flow condi

tions is cons is tent with microp er fu si on d at a ind ic at in g that

luminal hypot on i city and r e absorb a te hyper tonic it y does occur (5,

12). The present observation that the tubular fluid/plasma osmo -

1 a l it y de cre a se d to 0.975 by the end of the proximal tub ul e is

also in a cc or d with most other mid- and end-proximal me a surements

of 0.97- 0.99 in the r a t ( 4. 15. 16), Psammomys ( 18) and Rhesus

monkey (6), but are less than some measurements of 1.00- 1.02 (14,

16). However, observed luminal hypot on i city in some studies was

interpreted as being ind is tinguishable from is ot on i city be cause

of uncerta in ty regarding the accuracy of the me a surements. For

in stance, a closer reading of the early experiments of Walker et

a 1. (25), in which is ot on ic luminal fluid was said to be found,

act u a l l y rev e a 1 s that e i g h t of nine tubular fluid samples from

r at s were hypot on ic to p 1 a sma. The fall in osmol a 1 it y found in

the current experiment s is a t odds with the app a ran t in cre as e

with length from hypot onic to is ot onic values found by Bishop et
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al. (8), alth ough the significant l in ear r e g ress i on in those

experiments was not strong (r = 0.22). An initial fall with stabi

lization in osmol a l it y could not be excluded in some of the

tubul e s in the present studies (26).

A comment should be made r e g a r ding the o sm ol a 1 it y in Bow

man's sp a c e , which was 2.8 m o sm ol lower that p 1 a sma. A cert a in

de gree of hypot on i city in the glome rul a r u 1 tra filt rate is

expected be cause of the Donn an equil ibrium that exists a cross the

glome rul a r cap ill a ry wall. The predicted osmotic dise quilibrium

is 1.4 m o sm ol for a Donn an d is tribution of 1.05. This Donn an

fact or of 1.05 has been established by simultaneous compar is on s

of the bicarb on at e concent ration in plasma and in Bowman's space

in 100 experiments in Munich-Wi star r at s (ref. 9 and unpublished

ob servations). The difference between the observed and expected

osmol a lity in the glomul a r ult r a filt rate, 1.4 m osmol, was at the

thresh old of detect i on in our hands ( 1.5 m osmol ). The small

d is crepancy might be explained by fact that prote in was present

in plasma samples but not in tubular fluid. Prote in might affect

the structuring of w a t e r in the sample and change the freezing

point.

Whil e i t is cle a r 1 y established that luminal hypot on i city

contributes to the osmo tic driving force for volume re absorption,

it is uncertain whether the re absorb at e, which may be hyper tonic,

also contributes to the driving for c e for volume flux. The

re absorb a t e will be hyper to nic to the lume n when the luminal
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fluid osmol all it y is de cre a sing, as was the case in most of the

tubules (Fig. 1). If the osmola 1 it y in the tubular fluid is

st able and no t d e cre a sing , the re absorb at e will be same as that

in the lumen. When mean values are conside red for the early

tubule, the re absorb a t e can be calcul a ted to be 4.2 m osmo 1 /kg

hyper tonic to plasma. A lower trans epithelial Pt would be calcu

1 at ed if this c on tra luminal hyper osmol a 1 it y, a ct in g in concert

with the lum in a l hypot on i city, part ic ip at ed in the osmos is of

w a ter than if the plasma is osmol a l it y - to - I urn in a 1 hypo to nic i ty

were the r elevant grad i ent s. It is unknow n w he the r the hyper

to ni city established by transport per sists in the inters t it ium,

thus effect in g solute - so l v ent coup 1 in g, or whether it would be

d is sip at ed by diff us iv e mix in g with per it ub ul a r p 1 a sma. The

the or etic al presence of an inter stitial compartment substantially

hyper to nic to plasma has been both promoted (10) and refuted (2,

3, 13, 23 ). The ability for the solu t e s in the re absorb a t e to

maintain a hyper tonic environment would depend on the exist ance

of diffusion b arriers, either in channels with in the c e 11 or

perhaps in a gel surround i ng the cell. Such contral um in a 1 *::-

ties. to solute diffusion have not been proven to exist but have

some support (1, 7).

In add it i on to uncertain ty r e g ar ding the true cry os copic

osmo tic tradient, ther e is also debate regarding the reflection

coefficients for the solutes comprising thes e g radients. As sump

tion of a lower reflection coeffi ent for sodium chloride (e.g.,

0-7) than for other solutes like bic a rb on a t e and or g an ic s ( 1.0)
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would a 1 so a f fect the magni tu d e o f the effect i v e o sm o tic

gr a di ent s established a cross the ep i the liw m. The effective

gradi ent is increased and the calculated Pf is reduced, when the

re f l e c ti on coefficient for sodium chl or id e is less th an unity,

... though the major site of the effect a long the tub ul e is

differ ent depending on whether the plasma or the re absorb at e is

chosen to represent the contra luminal osmolality. If the plasma

to - 1 um en o sm ol a 1 it y grad i ent is the driving for c e for w a ter

abs or p ti on , a re f l e c ti on co e f f ic i ent for sodium chl or i de l ess

than for b ic a rb on a t e will have the gre a t e s t e f fect n e a r the end

of the tub ul e , where the luminal fluid cons is t s p r in c ip a l l y of

sodium chl or ide, where as the plasma contains bic arb on a te. In the

e a r ly tubule , the lumin a 1 and p 1 a sm a solutions are of similar

compos it i on so that the low so di um chl or i d e re f l ect i on co e f f i

ci ent has little effect in adding to the effective driving for ce.

On the other hand, if the re absorb a t e - to — lume n o sm ol a l it y

gradi ent is the relevant driving for c e , the end-proximal reabsor

b at e and luminal fluids are symmetric sodium chl or id e solutions

where as the early re absorb at e contains more bic arbon at e (about 60

mM) than the luminal fluid (about 25 mM). In this situation, the
low er reflection coefficient for sodium chl or id e amp 1 if i e s the

osmotic grad i ent in the ear lies t portion of the tubule.

We have a t t empt ed to cover all of the se possibil it i e s in

Fig. 2, which depicts the cal cul at ed P f as function of 1 ength

when the g r a di ent s are as sum e d to be d e fined by the osmo tic

gradients from lumen-to-plasma or lume n-to-re absorb at e, with a
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reflection coefficient for sodium chloride in the fluids in each

case assumed to be e i the r 0.7 or 1.0. The values for Pt at the

end of the tub ul e converge to about 0.1 - 0.2 cm/s ec, in good

a greement with recent e s tim a t e s of 0.12 - 0. 17 cm/s e c us in g in

v i v o microp e r fusion of the late proximal tub ul e (20). Other

estimates of Pf in the r at late proximal tubule have varied from

0.14 - 0.35 (1 1, 12, 19, 24), but the s e also suffer from unce r -

tainty regarding the true trans ep i the lial driving for c e (7). The

valu e s a t the beginning of the tub ul e may be high e r , r a ng in g from

0.2 - 2.0 cm/sec depending on which grad i ent s are p resumed to

apply. Such a higher Pt in the early compared to the late proxi

mal convoluted tubule is cons is tent with the data of We l l ing et

al., possibly at tributable to the greater membrane surface are a

in the earl i e s t tubule (27).

Thus, as shown in Fig. 2, a constant Pf a long the tubule

could explain observed rates of water absorption only if r e absor

b at e hyper to ni city were not dissip a ted and the reflection coeffi

ci ent for sodium chl or id e were less than unity; otherwise, Pf in

the early proximal tubule must be higher than in the late proxi

m a 1 convoluted tubule. In any case , the se studi e s demon strate

that luminal hypot on i city exists in the r at proximal convoluted

tub ul e s and must be conside red as part of the osmo tic driving

for c e for volume re absorption.
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FIGURE LEGENDS

1. The luminal fluid o sm ol a l it y (top p an el , A) and the di f –

fe re n c e in tubul a r fluid o sm ol a l it y comp a red to plasma (bot to m

p an el , B) as a function of length in the proxim a l c on voluted

tubule of the r a t.

2. The estimated trans ep i the lial osmotic water per me ability as

function of proxim a 1 tub ul e length a s sum in g four osmo tic

grad i ent s : plasma-to-lumien (solid lines) or re absorb at e-to-lumen

(d a she d 1 in e s ) with sodium chloride reflection coefficients of

1.0 (circle s ) or 0.7 ( square s ).
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CHAPTER 5

INTRODUCTION

t O

CHAPTER 5

This chapter is a pre - p r in to f the mater i a 1 as it app e a r s in

"Axial he terogeneity of bic arbonate, chloride and water transport

in the r a t proxim a 1 c on volute d tubule. Effects of changes in

luminal flow rate and of alk a 1 emia", submitted for public at ion,

L. Clin. Iny est. 1986.
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ABSTRACT
-

Changes in bic arb on at e, chl or id e and w at er re absorption in

the early versus 1 at e r at super fic i a 1 proximal convoluted tubule

(PCT) were exam in ed in r e s p on s e to a l t e r at i on in lum in a 1 f l ow

r at e and in per i tubul a r bic a rb on at e concent ration. As SNG FR was

in cre as ed from 28.7 ± 0.7 n 1 /mi n in hydrop en i a to 41.5 + 0.4

n l/min in euv ol emia, b ic a rb on at e re absorption in the early (1st

mm) PCT in cre a s ed prop or t i on a l l y, from 35 4 + 2 1 to 520 + 12

pe q/mm “min. This high a cid if ic at i on r at e did not in cre as e fur -

ther when SNG FR went to 51.2 + 0.7 or 50.7 ± 0.6 n.1 /min f ol 1 owing

a trial n a triu retic fact or (ANF) or glucag on administ ration, res

pective ly, nor was it inhibited by a l k al emia in an other group of

r at s with chronic met ab ol ic a l k a los is. L at e PCT b ic a rb on at e

re absorption was a 1 s o f l ow-depend ent , though at a much low e r

absolute lev e 1 , but was inhibit able by a 1k a l emia. Chl or ide

re absorption in the early PCT incre as ed from 20 6 + 55 p eq/mm’m in

in hydrop eni a to 585 + 2 1 p eq/mm ‘min in euv ol emia, but no further

fo l l owing ANF or g lu c a g on. Ch 1 or i de t ran s p or t in the 1 at e PCT

was lower and exhibit ed less f l ow-dependence. Water re absorption

in cre a se d prop or t i on a l l y (i.e., g 1 ome r u 1 o – tub ul a r b a l ance was

exhib i t e d), from 5.9 + 0.4 to 10.1 + 0.4 n. 1/mm ‘min in the transi -

tion from hydrop eni a to euv ol emia, but no further foll owing ANF

or g luc a g on. Water r e absorpt i on in the 1 at e PCT was lower and

sh owed less f l ow-dependence. In c on c 1 u si on , the e a r l y super -

f ic i a 1 PCT is d is tingu is he d from the 1 at e PCT by h a v i ng high

capacity, f l ow-respons iv e but s a tur able an i on and volume re ab -

sorpt iv e process e s r el at iv e l y unaffect ed by a 1k a l emia.
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INTRODUCTION

The r at p r oximal c on v ol u t e d tub ul e (PCT)" exhib its struc

tur a 1 and funct i on a 1 differences a long its 1 ength (1-3). The

early PCT is disting u i shed by having c e 1 1 s (S1 sub type) with

great er membr an e surf a c e are a and more mit och on dria (1) and by

hav in g g re a t e r a v i d it y for r e absorption of sever a 1 s ol u t e s ,

including glucose, amino acids, and phosphate, than c e 1 1 s (S2)

res ident in the 1 at e PCT (2, 3).

We recently extended this description of ax i a 1 he ter og en e i ty

by examining free – f l ow anion re absorption a long the length of the

super f ic i a 1 PCT in hydrop ºnic r at s. The early PCT r e absorb ed

bic a rb on at e at a great er r at e than has been observed in the late

PCT (4), even when the 1 at t e r has been p r es ent ed with similar

bic a rb on a t e loads by means of microp e r fusion ( 5, 6). The high

r at e of acid if ic at i on in the early PCT has been confirmed ( 7, 8).

In add it i on , we demons tra t e d that the e a r l y PCT was capable of

re absorb in g chl or id e at a sub stant i a l r a t e (4), a sur p r is in g

f inding since minimal chl or id e transport in this nephr on segment

was expected b as ed on previous the or et i ca 1 consider at ions (9).

Howev e r , the re absorpt iv e k in e tics of the se robust an i on

transport pro c e s ses in the early PCT in response to change in

luminal f l ow and substrate de l iv ery r at e have not be en c 1 early

de f in ed. Con f l ic ting conclusions have been adv ance d recent ly

regarding the s a tur ability of early PCT b ic a rb on at e re absorption

under physiological cond it i on s as load is in cre a s ed ( 8, 10).
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Whil e microp er fusion studies have demons t rated s a tur ability of

a c id if ic at i on in the l a t e PCT in v i v o ( 5, 6), the early PCT has

not be en exam in ed. An o the r is su e which has not yet be en

address e d is whether chl or i d e transport in the early PCT can

in cre as e when f l ow r is e s (11). Fl ow-dependence of ch 1 or ide

transport has been found to occur in some (12-14), but not other

(14-16), microp er fusion studies of the l at e PCT in v iv. o.

In add it i on to the quant it at i v e and poss ible k in et ic di f –

ferences with regard to luminal determin ants of ani on transport

in the early versus 1 at e PCT, the re may a 1 so be axial differences

in control of transport by per it ub ul a r fact or s. It has been

proposed, for inst ance, that a l k al emi a suppress e s 1 at e, but not

early, acid if ic at ion ( 17, 18). Such differ ential regul at i on has

be en posited be cause of the findings that bic arb on at e absorption

in the l at e PCT determined by in v i v o microp er fusi on was marked ly

inhibited during met ab ol ic a l k a los is (19), where as total bic arbo

nate re absorption over the entire 1 ength of the PCT determined by

free-flow microp uncture was not sub stant i a l l y al t e red by a l k a

l emia (20).

The first purpose of the p r es ent studies was to comp are the

f low-dependency of bic a rb on at e, chl or ide, and w at er re absorption

in the early versus 1 at e super fic i a 1 PCT. Ani on and water trans

p or t w as examined over the ent i r e 1 ength of the tub ul e by the

ret r og rade, sequential free-flow microp uncture technique (dev e

1 oped in this lab or at or y) as single nephr on g 1 ome rul a r filtration
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r at e (SNGFR) was system at ic a l l y alter ed in increments of about 10

n 1 /min. Axial PCT transport during the volume - contracted, low

SNGFR cond it i on of hydrop enia was compared to proximal transport

during the normal -SNG FR cond it i on of euv ol emia and final l y to the

high-SNG FR cond it i on induced by administ ration of e i the r a trial

n at r i u retic h or mone (ANF) or g lu cag on. The use of v as o a c ti v e

hormon e s , ANF and g lucag on, for this purpose is predic at ed on the

as sumption that they raise SNG FR but do not independent l y alter

proxim a l transport. The l ack of direct effect by ANF on the

proximal tub ul e is supported by sever a l l in e s of evidence: (1)

the re are no extra-g 1 ome rul ar c or t ic al ANF recept or s (21 , 22);

(2) the second mess enger for ANF, cyclic GMP, is not produced by

the PCT e i the r in v i v o (23) or in v i t r o (21 , 24, 25) and the PCT

has no particul at e g u any late cycl as e (21, 25); (3) and a l l micro

puncture and microp er fusion studies to date both in v iv. o (26-29)

and in v i t r o (30) have fail e d to show any direct effect by ANF on

so lute or volume transport in the PCT independent of f l ow rate.

Similar ly, glucag on causes no increase in its second messenger,

cy c 1 ic AMP, in the proxim a 1 tub ul e (24, 31) and do e s not affect

proximal sodium transport (32).

Our second purpose was to t e s t the p r edict i on that acid if i

cat i on in the 1 at e, but not early, PCT is suppress ed by a ll: al emia

( 17, 18). For this purpose, bic arb on a t e re absorpt i on in the

e a r I y and 1 at e PCT was comp a red during norm a l and a l k a lot ic

cond it ions at comparable filter ed bic arb on at e loads.
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METHODS

Free-flow microp uncture studies were per formed in 27 Munich

Wis tar r a ts. We employed the technique previous ly devel oped in

this l ab or at or y by which multiple punctures are made sequent i a l l y

a long the ent i re 1 ength of the super f ic i a 1 PCT in a r et r og r a de

f a s h i on , from the end - p r ox in a l tub ul e to Bowman's sp a c e (4).

This technique permits as sessment of the axi a 1 p r of il e s of bic ar

b on at e, ch 1 or id e and volume transport.

Protocols
*

The first f our protocol s were d e s i gned to system at ic a l l y

a l t e r SNG FR from sub norm a 1 to norm a l to super norm a l l eve 1 s to

as sess the effect of changes in lum in a 1 f l ow r a t e on segment a 1

an i on and w at er re absorption. The l as t protocol , in which

chronic met ab ol ic a l k a los is was induced, was per formed to perm it

compar is on of segment a 1 b ic arb on at e re absorption in alk a lot ic and

normal animal s with similar fil t e red bic arb on at e loads.

Group 1 : Hydro pen i a. The results of studies in 10 hydro

penic rats on a normal diet have be en reported previous l y (4) and

are repe at ed her e for comp ar is on with the other groups. Surgi -

cal ly-indu ced plasma volume 1 oss was not replaced so that SNG FR

was sub normal (33).

Group 2: Euvo le mi a. 6 r at s were studied in which the

plasma volume c on traction in curred by the micropuncture prepara
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to r y surge ry was c or rected by is on cot ic p 1 a sma in fusion, as

p re v i ous l y described ( 8,33). Is on cot ic p 1 a sm a obtained from

d on or sibling r at s maintained ident ic a l l y to the r at under study

was given as an infusion of 1.3% body weight over 45 m in and then

as a sustaining infusion of 5 p 1 /mi n to maintain a normal plasma

volume and SNGFR.

Group 3 : ANF. Foll owing the achievement of the euv ol emic

st at e in 5 rats, an in traven ous infusion was begun of synthetic,

r at ANF (Auric ul in B, 25 amino acids: arg 12% t O tyr 120 residues,

gener ously provided by Dr. J. Lewicki, Cal if or ni a Biotechnology,

In c., Pal o Al to , CA). ANF was given as a b ol us of 5 p. g/kg

foll owed by a sustaining r a t e of 0.5 p. g/kg/m in in a bic a rb on at e

Ring er's solution at a r a t e (30 p 1 /mi n) suffic i ent to replace

ur in ary so lute and v o lume 1 oss e s (23, 26, 29). ANF used in this

manner causes a stable state of g 1 ome r u lar hyper filt ration ( 23,

26, 29).

Group 4 : Gluca gon. The same p r ot oc ol as Group 3 was fol -

I owed except that g luc a g on was given as a b ol us of 10 p. g/kg

foll owed by a sustaining rate of 1.0 pg/kg/min at 50 p 1 /min.

Group 2 : Chronic Met abolic Alka los is . As previous ly

described (20), 6 rats were maint ained for 2 weeks on a standard

liquid elect rolyte-deficient diet (40 ml/d a y) supplement ed with

Na2SO4 (2.6 me q/d) and inject ed with 0.5 mg/d deoxy cort icos t er one

a c et at e i .m. Surgical ly-induced plasma volume 1 oss e s were reple
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nish ed p r i or to microp uncture. R at s p r ep a red in this way have

hyperb ic arb on at emi a with reduction in SNGFR.

Micropuncture. Technique

The r at s were p r ep a red for microp uncture a s p r evious ly

de scribed ( 4, 20, 23, 26, 33, 34). Br i e f l y, the an im a 1 s were

an e s the t if ed with In a ct in ( 100 mg/kg, i.p.) and p 1 a c e d on a

the rm os t at ic a l l y c on trol l ed ( 3.7 °C) m i crop un c tur e t ab I e.

Cath et e r s (PE-50) were inserted into the femor a l art ery for blood

sampling and into a jugu lar v e in for inul in in fusion. A trach e o –

st omy was per formed. The abdomen was opened by a mid 1 in e in ci

si on , the kidney was stabil iz ed and b a the d in w armed s a 1 in e

(37 °C), and the ure t e r was c annul at ed. A 20-m in equil ib r at i on

was a l l owed to el apse.

A surface glomer ul us was then located. A small pipe t t e (3 - 5

plm CD) was in s ert ed in to Bowman's sp a c e and a sm a l l drop 1 et of

oil st a in ed with Sudan black was inject ed. The cours e of the

inject ed oil drop let was c are fully observed and mapped. Only

g 1 ome rul i f o l l owed by at 1 e a st six to sev en surf a c e proxim a 1

convolutions were used. The local iz at i on pipe t t e was withdrawn

and 1 h was a l l owed to el apse, which we have previously shown is

suffic i ent time for the hole in Bowman's sp a c e to se a 1 (4). The

p l a sm a volume in Group s 2-4 was then rep 1 en i s h ed as de scribed

above and a *H-methoxyinul in infusion commenced (25-50 gCi bolus,

then 50 - 100 p. Ci / h in bic arb on a t e Ring er's solution at 0.8 - 1.6

ml/h).
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Foll owing an equil ib rati on time of at l east 1 hour, sequen

t i a 1 , t imed 3 - 8 m in col l ections were begun using 7-9 pm CD glass

pipe t t e s. They started at the end-proximal convolution and

worked in a retrograde fashi on to Bowman's space. Because of the

special inter est in the se studies in early PCT transport , c are

was taken to obtain at 1 east on e s ample with in the e s tim at ed

in it i a 1 mm of the tubule.

After 5 h , to a l l ow the tub ul e punct ur e s i t e s to se a l ,

Mic r of il (Cant on Biomedical Products, Boul der, CO) was inject ed

into Bowman's space to fill the entire tub ul e. At a 1 at er time,

the kidney was in cub at e d for 30 - 40 m in in 6 N HC1. The c as t of

the tub ul e was d is sect ed, with the multiple puncture sites id en

t if i ed using the initial local iz at i on map, and it then was photo

graph ed. The entire a c c e s sible p r oximal tub ul e length (g 1 ome r u -

l us to the l as t puncture site) and the 1 ength to each puncture

site were me as u red and re c or ded.

Analysis

The volume of col l ected tub ul e fluid samples was determined

by injecting them into constant-b or e cap i l l ary gl as s tubing with

a known volume per 1 ength and me a sur ing the length occupied.

A l i quot s of the flu i d were used to me a sur e i nu 1 in by

sc intil 1 at i on count i ng, total CO2 by microcal or imetry (35), and

ch 1 or id e by the microti trime tric method of Rams a y et al. (36), as

prev i ous l y described ( 4, 20, 23, 26, 33, 34). For e a se of
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present a ti on, bic arbon at e is used to represent total CO2 content

of tubular fluids and urine under physiologic cond it ions.

Calculations

The SNG FR was estimated as the product of the flow rate at a

given point multiplied by the c or responding inul in concent ration

r at i o ( tubular f l u id/p l a sma w at er). SNG FR v a 1 u e s in the text

refer to me an determinations but ther e were no systematic changes

in SNG FR as a function of 1 ength or time, a s p r e v i ous l y docu

ment ed (4). Water r e absorpt i on at a give n point was the flow

r at e at that point sub tracted from the SNG FR. B. i car b on a t e and

chl or id e re absorption were the filter ed load (ani on concent ration

in Bowman's space multiplied by the SNGFR) minus the an i on de l i

v ery at that point (an i on c on c e nt r a ti on mul tip li e d by the flow

r at e). Re absorption at a given length (e.g., 1 mm) was estimated

by interpol at i on between the two closes t me a sured d at a points to

that length for each tubule. The fract i on a l r e absorption for a

given nephr on mm segment was c al cul at ed as the an i on or volume

re absorption of that mm segment divided by the de l iv ery of an i on

or v o lume to that segment. A l l d at a are express ed as me an it SEM.

St at is ti ca 1 comp a r is ions between group s were made using the

unpair ed t-test.
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RESULTS

General

As shown in Table 1, a l l group s h ad similar v a 1 u e s for

animal weight and for total length of the access ible superficial

PCT ( about 5 mm). Me a n w a lu e s for SNG FR in Group s 1, 2, and 3 - 4

differed from each other by increments of approximate 1 y 10 n 1 /min

while plasma an i on concent rations were stable. In Group 5 with

chronic met ab ol ic alkalos is , hyperb ic arb on at emia and glome rul ar

hyp of il t r a ti on were p resent. No differ en c e s in p 1 a sm a prote in

concent ration or hem a to cr it were found be tween groups. B lood

pressure was stable during the observ at i on period in each group,

though about 5 - 10 mmHg less in Group s 3 and 4 th an in Groups 1

and 2.

In the foll owing description of results, d at a will be pre

sent ed by mm in c rements. To be c on c is e, transport r a t e s in the

third-to-fifth mm of the late PCT have been cons o l id at ed in the

figures since results for these segments were r el at iv e ly homo

geneous. The impact of alter ing luminal f l ow rate or per it ubular

a ni on compos it i on on segment a 1 b ic a rb on a t e , ch 1 or id e or w at er

transport will be displayed in three ways: (1) absolute trans -

port as a function of 1 ength; (2) ab so lute transport as a fun c

tion of de l iv e red load; and (3) f ract i on of the de l iv e red load

re absorb ed as a function of the de l iv e red load. The re were no

st at is tical differences in any of the transpor t d at a between the

hyper filtrati on Groups 3 and 4.
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F low-Dependence of Bi carbonate. Transport

As shown in Tab le 2 and Fig s. 1A and 1B, a progress i v e

in cre as e in lumin a 1 f l ow rate in Groups 1-4 result ed in l e s ser

depress i on in the luminal bic arb on at e concent ration and tubular

fluid/g 1 ome rul a r u 1 trafil t rate (TF/UF) concent ration ratio as a

function of 1 ength.

In the trans it i on from hydrop en i a to euv ol emia (Group s 1 and

2), the r is e in f il t e red bic a rb on a t e load (740 + 3 1 to 1 13 5 + 9

pe q/min) result ed in a prop or ti on a l increase in bic arb on at e re ab

s or p ti on in the first mm of the PCT, from 3.54 ± 2 1 to 520 + 1.2

pe q/mm’m in (p<0.001) (hex a g on s and square s , F i g s. 2 and 3).

Fr action a l r e absorpt i on the refore remained constant at 0.5 in the

in it i a 1 mm segment (hexagons and squares, Fig. 4). In the second

mm, the in cre a se in f l ow r a t e result ed in a sm a l l er r is e in

transport and f raction a l r e absorption of the de l iv e red load fel 1 .

In the third-to-fifth mm, b ic arb on at e re absorption was lower than

in the first mm in hydrop enia, express ed in both absolute (Fis.
2 and 3) and f r act i on a 1 (Fig. 4) t e rms , but in cre as ed in prop or -

t i on to load in euv ol emia.

When ANF (Group 3) or g lu cag on (Group 4) caused a fur the r

increase in SNG FR and f il t e red bic arb on at e load (to 14 24 + 24 and

1430 + 3 6 p eq/min, respect i v e l y), bic arb on a t e r e abs or p ti on

remained static in the first mm of the PCT, 542 + 14 and 547 it 29

pe q/mm’m in (triang l e s , F i g s. 2 and 3). The re for e , f ract i on a 1
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re absorpt i on de c 1 in ed in this segment to about 0.4 (triang l e s ,

Fig. 4). A similar response, though at lower lev e l’s , was

observed in the second mm. In qual it at iv e contrast, the third

to -f if thmm of the PCT show ed a fur the r in cre as e in ab so lute

bic a rb on a t e transport in response to the in cre as ed de l iv e red

b i car b on a t e load with on l y a slight f a l l in the fraction of

del i. e. ed 1 o a d r e absorb e d for e a ch mm. The p r es ent free – f l ow

bic arb on at e re absorptive d at a in the late (third-to-fifth mm) PCT

agree quite we l l with previous microp er fusion d at a (dotted 1 in es

in Fig s. 3 and 4) (6).

*-

During chronic met ab ol ic a l k a los is (Group #), the r is e in

glome rul ar ul tº filtrate bic arb on at e concent r at i on was of f set by

the fall in SNG FR (Tab 1 e 2), so that the fil t e red bic a rb on at e

load ( 1437 it 28 p eq/min) was not sign if i cant l y differ ent than

that of Group s 3 and 4 which had norm a l a c id-b as e s t at us. As

sh own in Table 3 and Fig. 5, bic arb on at e re absorption was similar

in the alk a lot ic group (c i r cle s) in the first mm, 56.5 + 1.2

pe q/mm’m in , comp a red to the norm a 1 pH group s (triang les). The

same was true for the second mm. However, bic a rb on at é re absorp

tion was signific antly reduced (p<0.05) by 20-40% in the alk alo

tic anim a 1 s in each of the third-to-fifth mm segments d e s p it e

higher luminal bicarb on at e concent rations (Table 2). As a result

of this inhibition of 1 at e PCT acid if ic at i on, cumul at iv e absolute

bic arb on at e re absorption a long the entire PCT 1 ength was sign if i

cant l y (p<0.05) reduced in Group 5 (11 15 + 46) comp a red to the
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Group s 3 and 4 (120 1 + 33 and 1 180 + 3 9 p eq/min).

B ic arb on at e transport as a function of load in the first mºn

in a l l f iv e g roups are comb in ed in Fig. 6. It is app a rent that

a c id if ic at i on can r is e to v ery high lev e l s , to a b out 550

pe q/mm."min, but then s a tur at e s when load is raised fur the r by an

increase in f l ow or concent ration.

F low-Dependency of Chloride Trans port

The trans ep i the 1 i al chl or id e concent r at i on grad i ent t end ed

to decre as e s light ly as flow, and filter ed chloride load increas ed

in Group s 1 to 2 to 3 and 4 (Table 2 and Fig s 1A and 1B) and

incre as ed somewhat in the alk a lot ic Group 5 animal s (Fig 1C).

Comp a red to hydrop en i a ( so l id he x a g on s), when f il t e red

ch 1 or i de load was in cre as ed in e uv ol emi a (Group 2), ch 1 or ide

transport in the first mm almost trip led, to 585 + 21 p eq/mm’m in

(sol id squares, Fig s. 7 and 8), and fract i on a 1 chl or id e re absorp -

t i on act u a l l y in cre a se d to 0.12 (Fig. 9). This f l ow- indu c e d

st imul at i on of ch 1 or id e transport occur red to a simil a r d e g ree

but at a less er de l iv e red chl or id e load in the second mm (stip -

pl ed symbol s , F igs. 8 and 9). Ch 1 or id e transport was changed

rel at iv e l y l i t t le in respons e to the in cre as e in f l ow up to

e uv ol emic values in the third-to-fifth mm of the PCT in Groups 1

and 2 (open hex a g on s and square s , F i g s. 7 and 8). Fr act i on a 1

chl or id e transport in the se groups the re f or e de c 1 in ed (Fig. 9).

With a further increase in luminal flow rate and chloride de 1 i
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very foll owing ANF or glucag on administ ration (Groups 3 and 4),

no fur the r augment at i on of absolute ch 1 or i d e re absorption was

obs e r v e d in e i t he r the e a r l y or 1 at e PCT (op en and so l id

triang les, Fig s. 7 and 8) and hence f raction al chl or id e reabs or p

tion as a function of de l iv e red chl or ide load de c 1 in ed in a 1 1 PCT

segments (Fig. 9). The r el at iv e l y modes t 1 o a d - dependence of

chl or i d e transport in the l at e PCT is in re as on able a greement

with microp er fu si on studies in which the 1 at e PCT has been per -

fused at varying r at e s with sodium chl or id e-containing solutions

( dot t e d 1 in e s , F i g s. 8 and 9) (12). Ch 1 or id e t ran s p or t in the

first mm in Group 5 was similar to Group 1 (Table 3 and hexagons

and c i r c 1 e s , F i g s. 7 and 8) at comp ar able f il t e red loads, sug

gest i ng that a lik al emi a did not obvious ly affect this transport

system.

Flow-Dependence of Water. Transport

As SNG FR rose from hydrop eni a to euv ol emia (Group s 1 and 2),

absolute water re absorption in the first mm of the PCT incre as ed

marked ly, from 5.9 + 0.4 to 10.1 + 0.4 n. 1 / mm’m in ( Tab 1 e 3 and

h ex a g on s and square s , F i g s. 10 and 1 l). The fraction of w at e r

re absorb ed in the first mm act u a l l y r os e s light l y as f l ow

in cre as ed, from 0.21 to 0.25 (Fig. 12). A quant it at iv e l y less

f low-dependent response in absolute water re absorpt i on was

observed in the remain i ng PCT (Fig s. 1 0 and 1 l) so th a t w at e r

re absorpt i on as a fract i on of de l iv e red volume 1 oad for the

third - to -f if thmm de c 1 in ed (Fig. 12). A fur the r in cre as e in

SNG FR by ANF and g lu cag on (Group s 3 and 4) e v ok ed no change in
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absolute water re absorption in the first mm and only small incre

ment s in re absorpt i on in the remain i ng PCT (triang l e s , F i g s. 10

and 11) so that f raction a l r e absorption of del iv e red volume 1 oad

de c 1 in ed in a 1 1 mm studied (Fig. 1 2). The r el at iv e l y poor load

dependence of water transport in the 1 at e PCT a grees reas on ab ly

we l l with d at a previous l y obtained by in v i v o microp er fu si on

(d ot t e d 1 in e s , F i g s. 11 and 12) (6).
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DISCUSSION

The se studies examined the response of the early versus 1 at e

PCT transport systems for bic a rb on a t e , ch 1 or id e and w at e r to

alter at i ons in luminal flow rate and to luminal and per i tubular

anionic composition. In the following discussion, the early PCT

w ill refer p r in c ip a l l y to the first mm of the super f ic i a 1 PCT.

Maunsbach has stated that the initial mm of the r at PCT contains

exclusively si ce 1 1 s (1). The third-to-fifth mm of the acc e s -

sible super fic i a 1 PCT, which will subsequently be referred to as

the 1 at e PCT, contains on ly S2 ce l l s (1). The trans it i on from S1

to Sz ce l l sis not abrupt according to Maunsbach (1). The second

mm of the PCT probably contains a mixture of both c e l l types and

would the refore be expected to exhibit transport character is tics

in term ediate between the early and l at e PCT, as was observed in

the present studies.

Axial Hetero gene it y of Bi carbonate Re absorption : Response to

Alter at ion in Luminal Flow Rate

B ic arb on at e re absorption in the r at 1 at e PCT is effected by

prot on secret i on and exhibits s a tur at i on kinetics (5, 6, 11, 17,

17 - 20 ). Major ind ep end ent d e term in ants of a c id if ic at i on in the

1 at e PCT include the lumin a 1 b ic arb on at e concent ration (5), lumi

nal f l ow rate (6), and per i tubular bic arb on at e concent ration/pH

(19). The p r es ent free – f l ow microp uncture study as we l l as

other s ( 8, 10 ) quant it at iv e ly demons t rated the flow-dependence of
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bic arb on at e re absorption in the l at e PCT previous ly shown using

in v iv. o microp er fusion (comp are dotted line represent i ng previous

microp er fusion data and symbols represent i ng present data in the

third - to -f if thmm of the PCT in Fig s. 3 and 4). While micro

per fu si on studi e s ind ic at e that b ic a rb on at e absorption in the

1 at e PCT is s a tur able at about 200 p eq/mm’m in ( 5, 6, 19), this

1 eve 1 c annot be reached under physiologic free – f l ow conditions

due to insufficient bic arb on at e de l iv ery r at es even foll owing ANF

and g luc agon (Group's 3 and 4).

With incre a sing bic arb on at e load caused by signers. hyper

filtration induced by e i ther ANF or glucag on, bic a rb on at e re ab

s or p ti on in the early PCT qual it at iv e l y re's embled that in the

1 at e PCT by show i ng s a tur at i on k in et i c s (Fig s. 3 and 6). The

s a tur ability of early PCT b ic arb on at e re absorption in the physio

1 of ic range of f il t e red bic a rb on at e loads is cons is tent with the

c on c 1 us i on re a ched by Corm an et a l. (10), though they did not

direct ly me a sure bic arb on at e r e absorption in the early PCT, but

is in app a rent c on tradic ti on with the c on c 1 us i on of Maddox and

Gennar i (8). In the 1 at t er work, how ever, a system at ic examin a -

tion of bicarb on at e re absorption in the initial mm of the PCT at

high b ic a rb on at e de l iv e r i e s was not under taken. At a fil t e red

bic a rb on at e load of 1200 - 1600 p eq/min, Maddox and Genn a r i

report ed that bic a rb on at e re absorption at 1 mm of tubule 1 ength

was about 550 p eq/min, in excell ent agreement with our results.

when filtered bicarbonate load exceeded 1600 p eq/min, they pre

sent ed on 1 y three d at a points for bic arb on a t e re absorpt i on in
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the first mm; one of the points was be low and two were above the

1 in e describing bic arb on a t e re absorpt i on at f il t e red load of

1200 - 1600 p eq/min.

There are two inter esting differences between the acid if ic a

tion r a t e s in the early and 1 at e PCT. The first difference is

that the lev e l of s a tur at i on of bic a rb on a t e t ran s p or t is

achieved in the early but not l at e PCT by the fil t e red bic arbo

n at e load that occurs in a normal euv ol emic animal. An increment

in f il t e red bic a rb on a t e load above norm a 1 (e.g., as indu c e d by

ANF or g lu c a g on) results in fur the r bic a rb on a t e r e abs or p ti on

so 1 e 1 y in the 1 at e PCT. Maint en ance of p r oxim a 1 g 1 ome r u lo -

tub ul a r b a l ance for b i car b on a t e r e abs or p ti on ( f l ow-depend ent

acid if ic at i on) at super normal flow r at e s is the refore a function

of the 1 at e but not e a r l y PCT. The second, more imp or t ant ,

d if f erence is that the absolute magnitude of the bic a rb on at e

re absorpt iv e cap a city in the early PCT, about 550 p eq/mm’m in, is

2.5-3 time s the maxim a l r at e in the 1 at e PCT (5, 6, 19). In

fact, e a r 1 y PCT a c id if ic at i on cap a city is more th an an or d e r of

magnitude higher than maxim a l r at e s which have be en report ed in

any dist al nephr on segment under normal cond it ions (2, 3).

The p r es ent studi e s did not e lucid at e whether such high

r at e s of acid if ic at i on in the early PCT were effected by amp 1 if i

cation of the same processes resident in the 1 at e PCT. S.1 cells

have great er membr an e surf a c e are a ( 1) and could pot ent i a l l y

contain more of the same lumin a 1 and per it ub ul ar transport ers
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required for acid if ic at i on in the S2 cells. It is also possible

that the early PCT might recruit a differ ent mech an i s m for

b o os t i ng bic a rb on a t e re absorption (37). Fur the r work will be

required to ident if y the mechanism(s) responsible for the higher

e a r l y PCT a c id if ic at i on p r o c e s s and to prov i d e a more p r e c is e

def inition of the kinetics of transport in this segment than can

be obtained using free-flow micropuncture techniques.

When taken to get he r , the microp uncture and microp er fu si on

d at a have shown that bic a rb on a t e re absorption of the entire

super fic i a 1 PCT can eventual l y be s a tur at ed in response to pro

gress iv e ly in cre as i ng lumin a 1 f l ow. If maxim a l r at e s of trans -

p or t in each of the five mm segments are sequent i a l l y taken as

550, 350, 200, 200 and 200 p eq/mm *m in from Fig. 3, a maxim a 1

re absorpt i v e cap a city of the ent i r e PCT would be approxim a t e ly

1 500 p eq/min. This r at e o f b ic a rb on a t e r e absorpt i on is nev er

reached under physiologic free-flow cond it ions because the r equi

s i t e SNG FR (> 75 n 1 /mi n) and f il t e red bic a rb on a t e 1 o a d (> 2000

pe q/min) can not be a cu t e l y a chieved. At l owe r , physio l og ic

SNG FRs, bic a rb on at e re absorpt i on in the ent i r e proxim a 1 convo

luted tub ul e demonstrates v ery good f l ow-dependence ( 8, 17, 33).

Never the less, it would seem reas on able to conside r bic arbon at e

transport kinet i cally similar ( load-dependent but sat ur able) to

transport process e s for other sodium co-transport ed so lutes in

the PCT ( e.g., glucos e and amino acids).
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Axial He tero geneity of Bi carbonate Re absorption : Re sponse to

Alkalemia.

In a greement with p r evious predictions from this lab or at or y

( 17, 18), 1 at e but not e a r l y PCT b ic a rb on a t e re absorpt i on was

found to be inhib it ed by a l k a l emia. The suppress e d r a t e of

bic arb on at e re absorption in the l at e PCT during a 1k al emia in the

present studies agreed very we l l with that previously defined by

in v i v o microp e r fusion, about 80 p eq/mm."min (19). Inhibition of

b i carb on at e re absorption was obser v e d d e s p i t e c on current high

lumin a 1 b ic arb on at e concent ration (2-3 times normal ), pot assium

deficiency, and extrace l l ular volume contraction ( 5, 17). Alka

1 emi a r e s et s the maxim a l r a t e o f l at e PCT a c id if ic at i on and

prohibits fur the r s timul at i on by yet higher luminal bic arb on at e

concent ration (19). Alkal emi a suppress e s 1 at e PCT acidification

( 19, 38, 39), p r e sum ab l y by impa i r i ng bic a rb on a t e exit from the

ce l l (due to the hyperb ic a rb on at emia or possibly the re absorb at e

a l k a l inity) resulting in c e l l u lar a l k al iniz at ion (R. J. Al per n,

pers on a 1 communication). The reas on for the r el at iv e s p a ring of

the early PCT from this inhibit or y effect of a l k al emia is unknown

but c e r t a in ly des e r v i ng of fur the r study. It should be not ed.,

how ever, that when more p r ol ong ed met ab ol ic a l k a los is and hypo

kal emia occurs in as sociation with tubular hyper trophy, the quan

t it at iv e and perhaps qual it at iv e effects of a l k al emi a on s e g -

ment a 1 bicarb on at e re absorption can be a l t e red (40).

The results considered collectively suggest that bicarbon at e

re absorption during chronic met ab ol ic alk a los is may be maximal in
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both the early and l at e PCT. In the e a r l y PCT, bic a rb on at e

re ab s or p ti on was a l r e a dy at a maxim a l l e v e 1 ( about 550

pe q/mm “mi n) during the norm a 1 st at e (Group s 2-4) and was not

r educed by a l k a l emia (Group 5); in the 1 at e PCT, bic arb on a te

re absorption was reduced by a 1k al emia and r ender ed unre spons iv e

to fur the r s timul at i on by a high l um in a 1 b ic a rb on a te

concent ration and de l iv e ry. The the s is that absolute b ic a rb on at e

re absorption over the entire proximal convoluted tub ul e length is

at a maxim a l l eve 1 during chronic met ab ol ic a l k a los is is

supported by obser v at ions that an increase in SNG FR and filter ed

bic arb on at e load by volume expansion (20) or by ANF (34) result ed

in no re absorpt iv e s timulation. It has ther efore been proposed

that the glome rul ar hyp of il tra ti on which occurs during chronic

met ab ol ic alk a los is (20, 34) is critical for the maint en ance of

the alk a lot ic state by p r eventing fil t e red bic arb on at e load from

exceeding the PCT re absorptive capacity.

Axial Hetero geneity of Chloride. Transport

Chl or id e transport in the late PCT is effect ed by par a l l el

act iv e and p as s iv e process e s (9, 11, 41, 42). Trans c e l l ul ar

transport of chl or id e i s elect r on eutral and exquis it el y sens it iv e

to the per it ub ul a r prote in c on cent r a ti on (9, 11, 41 ). Para

ce l l u lar chl or id e transport is gover ned by the magnitudes of the

junctional chl or ide perme ability and the trans ep i the lial electro

chemic a 1 g r a di ent , p r incip a l l y the ch 1 or id e c on cent r at i on

gradient (9, 11). Contradict ory microp er fusion evidence has been

present ed on whether active chl or id e transport in the late PCT is

102



22

(1214) or is not ( 1.4 - 16) f l ow-dependent. Even when found , the

magnitude of the r is e in chl or id e transport is small compared to

the increas e in chl or i de load, similar to the present free – f l ow

results ( comp are dotted line represent ing previous microp er fusion

data and symbol s represent in g present data in the third-to-fifth

mm in Fig s. 8 and 9) (12). A rig or ous statement r e g ar ding f l ow

dependence of 1 at e PCT ch 1 or id e transport is not possible for

sever a l r eas on s. First, the trans ep i the l i a 1 chl or id e g radients

in the se studi e s were not equiv a l ant (the 1 at e PCT trans -

ep i the l i a 1 ch 1 or id e g radi ent de c 1 in ed from about 23 to 20 to 18

me q/L in hydrop en i a , euv ol emia, and ANF and glucag on groups,

respective ly, and was >30 me q/L in the microp er fusion studies).

A small flow - induced change in active transport might have been

off set by a direct i on a l l y opposite change in chl or id e diffusion.

Second, per it ub ul a r fact or s may a 1 so have been changed, which

could affect active chl or id e transport. Never the less, while a

definitive mech an is tic conclusi on cannot be reached, in spection

of Fig s. 7-9 rev e a l s that the r el at iv e l y low r a t e o f absolute

chl or id e re absorption in the 1 at e PCT under free – f l ow conditions

(<300 p eq/mm'min) increased only modes t ly, with a de c 1 in e in the

fºr action re absorbed, as de l iv ery rose.

Ch I or i d e transport in the early PCT diffe red from that in

the l at e PCT both quant it at iv e ly and qual it at iv e l y. First, ther e

was a marked augment at i on in ch 1 or id e transport in trans it i on

from the low f il t e red ch 1 or id e loads of Group s 1 and 5 to the

norm a l l eve 1 of Group 2 (Fig s. 7 and 8), unre 1 at e d to chemic al
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concent ration gradi ent s. The fract i on a 1 chl or id e re absorpt i on

a c tu a l l y rose to as high as 0.12 (Fig. 9). In de e d', a s ch 1 or i de

load increas ed to the euv ol emic level , most of the increment in

ab so I u t e ch 1 or i d e re absorpt i on for the ent i r e PCT, 54.4 p eq/min

(from 140 4 + 1 89 to 1948 + 1.75 p eq/min), was a t t r i but ab I e to

enh an cement of ch 1 or i d e t ran s p or t in the in it i a 1 mm (3.79

pe q/min). A fur ther increase in chl or ide load with ANF or g luc a

g on indu ced no more chl or id e transport, indic at i ng app a r ant

s a tur at i on of this process. Puzzling a spects of the 1 o a d -

dependent ch 1 or id e re absorpt iv e response in the early PCT include

the fact that the fractional r at e of transport actual ly increas ed

as de l iv ery rose and transport in the second m r equired a lower

de l iv e re d 1 o a d for a ugment i ng transport than the first mm.

Second, the maximum rate of chl or id e re absorption in the first mm

was very high, 585 peq/mm."min, similar to the r at e of bic arb on at e

re absorpt i on in this segment and even riv a l l ing the r a t e of

chl or id e transport in the thick a scending limb of Henle (43).

The mech an i s m ('s) responsible for this robust and f l ow

dependent chl or ide re absorpt iv e process in the early PCT was not

defined in the p r es ent experiment s. The e a r l y PCT may poss ess

more of the p r es ent l y unident if i ed transport e r s that effect

ch 1 or id e transport in the 1 at e PCT (e.g., more apical NaCl co

transport er's or par a l l el exchangers such as Na+/H* and C1 T/CHT or

Na"/H" and C1 T/ format et with appropriate increase in per it ub ul ar

tr a n s p or t systems) ( 4.2, 44). A 1 t e r n at iv e l y, a d if f er ent

mech an i s m may be responsible for this ear 1 y f l ow-depend ent PCT
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chl or id e transport. For inst ance, ther e may substantial electro

d if f us i on of ch 1 or i d e in the early PCT, d r iv en by the 1 um en

neg at iv e pot ential difference gener at ed by sodium-coup led organic

re absorption. Such a mechanism for chl or id e transport coup led to

electrogenic or g an ic re absorption has been thought unlike ly for

the rabb i t e a r 1 y PCT (9) be cause a lume n - n e g at iv e pot ent i al

difference in the setting of a high sodium/ch1 or id e perme ability

would simply result in sodium recy c 1 ing. However, appropriate

perm e abil it y me a surements have not yet be en per formed in the

r at.” Such a mech an i s m would ex p 1 a in the e a r l y PCT chl or ide

transport f l ow-dependence and s a tur ability (since transport of

glucos e and other or g an ic so lu t e s is f l ow – d e p end ent and

s a tur able). Cl e a r ly, fur the r study of this imp or t ant transport

mechanism is required.

Axial Hetero geneity of Water Transport

Water re absorption in the PCT is effected principal l y by the

osmotic gradi ent (luminal hypot on icity and possibly per i tubular

hyper tonic i ty) gener at ed by re absorption of sodium bic arb on at e,

sodium chl or ide, and organic solutes (11 , 45). Flow-dependence

of v olume re absorption in the PCT has been of great investig at iv e

inter est for may y e a r s (46). In the 1 at e PCT during micro

per fusion, water re absorption increases with load. However, the

prop or ti on a lity between water r e absorption and de l iv ery has of ten

be en found not to be we l l maint a in ed (46) (i.e., g 1 ome r u lo

tub ul a r b a l ance has been 1 ess than perfect), in accord with the

present results (comp are dotted 1 in es represent ing microp er fusion
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d at a and symbol s represent in g present free-flow d at a in Figs. 11

and 12). In any event, the absolute r at e of w at er re absorpt i on

(<3 n1/mmºmi n) and the re absorbed fraction of water de l iv e red in

the l a t e PCT as a function of w at er de l iv ery (<0.1) were r el a

t iv e l y low under all free-flow cond it ions.

In the early PCT, on the other hand, a r is e in SNG FR and

f il t e red so lute loads from a hydrop enic to a euv ol emic lev e 1 was

a c comp an i t d by ex c e l l ent 1 o a d - depend ent so lute t ran s p or t and

w at er r e absorption. W at er r e abs or p ti on in cre as e d to 1 0. 1

n 1 /mm’m in in the eu vol emic state , a rate 4-5 times higher than

observed under normal conditions in the 1 at e PCT (58). This water

re absorptive r at e exceeds that which normal l y occurs in any other

segment of the ent i r e nephr on. In add it i on , the in cre as e in

ab so lute w at er r e a b s or p ti on in the early PCT in the trans it i on

from the hydrop e nic to e uv ol emic state was prop or t i on a 1 to the

in cre a se d SNG FR; maint en ance of ex c e l l ent f ract i on a l w at er

re absorpt i on at a high lev e l (0.20 - 0.25). G 1 ome r u lo - tub ul ar

b a l ance was perfect and ful I y a quarter of the g 1 ome r u lar

ul trafil t rate was re absorb ed in the first mm of the nephr on under

cond it ions of low-to-normal SNGFR.

The early PCT r e abs or bed a gre a t e r fract i on of de l iv e red

volume than the 1 at e PCT and t ended to exhibit be t t e r g 1 ome rul o

tub ul a r b a l ance in the low - to-norm a 1 SNG FR range. How ever, a

fur the r increase in SNGFR with ANF or glucag on rev e a led no higher

w at er re absorpt iv e cap a city and f ract i on a l w at er re absorpt i on
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then declined. This lack of f l ow-dependent r e absorption in both

the early and 1 at e PCT when the SNG FR r os e above normal caused a

d is prop or t i on at el y large fraction (-80%) of the increment in

fil t e red sodium and water load to be transmitted out of the PCT.

The se find i ng s emph as iz e the compl ic at ed nature of w at er

re abs or p ti on in the PCT: (1) the re is an ax i a 1 g r a di ent in the

cap a city for so lute and water re absorption; (2) the re appears to

be a heter og en e o us, non-line ar, water re absorpt iv e response as a

function of 1 ength to a change in luminal f l ow and a ni on compos i

tion; (3) and ther e can be differ ential regul at i on of solute and

w at er r e absorption in the early versus 1 at e tubule by per it ubular

fact or s. Such complex k in et ics and d e term in ants of transport as

a function o f l ength may explain some of the d is p a rity in

reported results regarding f l ow-dependency of who le PCT v o lume

re absorption (4 6).

In c on c 1 us i on , the early super f ic i a 1 PCT is d is ting u i s h ed

from the 1 at e PCT by having high cap a city, f l ow-respons iv e but

s a tur able, a ni on and volume r e absorpt i v e process e s r el at i v e ly

unaffect ed by a 1k al emia.
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Table 1. General Characteristics

Animal Tubule Plasma

Weight Length SNGFR [HCO3].
Plasma

[c1" )
(meg/L)

1.

2.

3.

Hydropenia
Euvolemia

ANF

Glucagon
Alkalosis

(g) (mm) (nl/min) (meg/L)

216+3 4.83+0.07 28. 7+0. 7 24.1+0.5

217+6 4. 98+0.10 41.5+0.4 24.1-E0.5

213+3 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-E0. 6 41. 3+0.9

105+1

109+1

104+1

104+1

93+1
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Table 2. Anion Concentration and Delivery Rates as a Function of PCT Length

Anion Concentrations

Bowman's

Group Space lst m 2nd mm 3rd m 4th m 5th m

Hcož (mea/L)

1. Hydropenia 25.7+0.7 16.9-i-0.8 10.4+0.6 8.6+0.6 6.8+0. 7 5.7+0.3
2. Euvolemia 27.3+0.2 19. 6+0.4 13.9-E0. A 10.8+0.5 8.6+0.3 6.4+0.4
3. ANF 27.8+0.5 21.5+0.5 17.1--0. A 14.3+0.3 11.5+0.2 9. 1+0.3

4. Glucagon 28.2+0.6 21. 3+0.7 16.7+0.7 14.4+0.7 11. 7+0.3 9. 3+0.4

5. Alkalosis 46.6+1.5 36. litl. 4 28.5+l. 2 27.0+1. 1 25.5-tl.0 23.9-E0.8

cl (mea/L)

1. Hydropenia 118.6+0.6 138.9-El. 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+l. 3 132.9-2.2 132.2+2. 1 134.1+2. 1 135.5-2.5
3. ANF 107.6+1.2 121. lit0.7 123. 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-El. 1 124.9-l. 5
5. Alkalosis 96.8+0.6 115.4+1.4 125.9–0. 7 127. 2+1. 3 129.7+2.8 133.1+5.1

Delivery Rates

Bowman's
Group Space 1st m 2nd mm 3rd mm 4th mm 5th m

HCO3 (peg/min)
-

1. Hydropenia 740+31 385+24 1994-16 151-E15 110+15 86+15
2. Euvolemia 1135+9 615+18 382+15 272+15 196+10 133+10

3. ANF 1424+24. 882+14 628+17 484+9 359-E6 266+13

4. Glucagon 1430+36 883+25 622+34 485-E30 358+13 263-El2
5. Alkalos is 1437+28 871-E28 569+21 481-El.9 396-E18 323+17

Cl (peg/min)

1. Hydropenia 33634-88 3157+118 2674+97 2392-E87 2144+79 1952+70
2. Euvolemia 4704+37 414 litá.3 3634+39 3311+4.7 3056-E61 2802+55
3. ANF 5503+56 4966+48 4524+42 4209+38 3907+4.8 3661-I-49

4. Glucagon 5443-E66 4886+44 4489+52 4157+50 3839--80 3547+112
5. Alkalos is 2992-E71 2794+58 2526-E69 2270+61 2016+63 1796+61

H2O (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 27.4+0.4 25.1+0.5 22.8+0.5 20.7+0.7
3. ANF 51.2+0. 7 4.1.0+0.3 36.7+0.2 33.9-E0. 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 28.4+0.7
5. Alkalosis 30.9-0.6 24. 3+0.7 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 Transport Rates as a Function of PCT Length

Group lst m 2nd mm 3rd m 4th m 5th m

HCO3 (peq/m-min)

1. Hydropenia 354+21 186+17 48+10 41+7 24+3
2. Euvolemia 520+12 233+22 109+11 76+6 73+10
3. ANF 542+14 254+16 l44-Ell 125+12 93+8

4. Glucagon 547+29 26 lit:38 137+17 127+17 95+17
5. Alkalosis 565+12 302--12 89+8 85+7 73+9

Cl (peg/m-min)

1. Hydropenia 206+55 483+94 282+42 248+40 19.2-i-35
2. Euvolemia 585+21 507+70 323+26 254+22 254+17

3. ANF 537+18 443+54 315+32 302+21 24.6+22

4. Glucagon 557+22 • 397+13 332+8 319-E38 291+45
5. Alkalosis 198+32 268+24 256+18 25.3+16 220+23

H20 (nl/m-min)

1. Hydropenia 5.9=0.4 3. 8+0.4 1.7+0.2 1.7+0.2 1. 2+0.2
2. Euvolemia 10. lik0.4 4.1+0.5 2. 3+0.2 2. 3+0.1 2. l-E0.2

3. ANF 10. 2+0.5 4. 3+0.5 2.9-E0.2 2.6+0.2 2. li:0.1

4. Glucagon 9. 1--0.4 4.3+0.2 3.6+0.2 3.0+0.4 2. 3+0.3
5. Alkalosis 6.7+0.3 4. 2+0.3 2. 3+0.2 2.2+0.2 2.0+0.2
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FIGURE LEGENDS

1. Ax i a 1 p r of il e s for tub ul a r f l u id/ul trafil t r a t e (TF/UF)

c on cent r a ti on r a ti os for inul in , ch 1 or id e and b ic a rb on at e in

P an el A for eu v ol emic Group 2; P an el B for ANF and g lu cag on

hyper filtrati on Groups 3 and 4; and P an el C for a 1k a lot ic Group

5. So lid l in e s in each case depict me a n w a l u e s for hydrop en ic

Group 1.

2. Bic arb on at e transport as a function of PCT length for hydro

pe nic Group 1 (hex a g on s ), e uv ol em ic Group 2 ( square s ), ANF -

tre a t e d Group 3 (triang les), and g luc a g on-tre a t e d Group 4

(inverted triang les).

3. B i car b on a t e transport by e a ch PCT segment as a function of

the de l iv e red bic a rb on at e load to that segment for hydrop e nic

Group 1 (hex a g on s), eu v ol emic Group 2 ( square s), ANF - treat ed

Group 3 (triang les), and glucag on-tre a t e d Group 4 (invert ed

triang les). Dot t e d 1 in e de r iv e d from nic reperts, ion d at a of

A 1 per n e t al. (6).

4. Re absorbed fraction of de l iv e red bic arb on at e load by each PCT

segment as a function of the de l iv e red bic arb on at e load to that

segment for hydrop en ic Group 1 (hex a g on s), eu vol emic Group 2

(square s), ANF-tre at ed Group 3 (triang les) and glucag on-tre at ed

Group 4 (inverted triang les). Dotted line derived from micro

per fusion data of Alper n et al. (6).
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5. B ic arb on at e transport as a function of PCT length for normal

ANF – t r e a t e d Group 3 (triang les) and g lu cag on – t r e a t e d Group 4

(inverted triang les) compared with a 1k a lot ic Group 5 (circles).

6. B ic a r b on a t e transport in the first mm of the PCT as a

function of the fil t e red bic arb on at e load for hydrop enic Group 1

(hex a g on s), eu v ol emic Group 2 ( square s), ANF – t r e a t e d Group 3

(triang les), glucag on-tre at ed Group 4 (inverted triang les), and

a l k a lot ic Group 5 (circles).

7. Ch 1 or id e transport as a function of PCT 1 ength for hydrop enic

Group 1 (hex a g on s), e uv ol emic Group 2 ( square s ), ANF - treat ed

Group 3 ( t r i a ng 1 e s ), g lu c a g o n - t r e a t e d G roup 4 ( in v e r t e d

triang les), and a l k a lot ic Group 5 (circles).

8. Ch 1 or id e t ran s p or t by each PCT segment as a function of the

de l iv e red ch 1 or i de load to that segment for hydrop e nic Group 1

(hex a g on s), eu vol emic Group 2 ( square s), ANF – t r e a ted Group 3

(triang les), glucag on-tre at ed Group 4 (inverted triang les), and

a l k a lot ic Group 5 (circles). Dott ed line derived from microp er

fu si on d at a of Gre en et al. (12).

9. Re abs or bed fract i on of de l iv e red ch 1 or i de l oad by e a ch PCT

segment as a function of the de l iv e red bic arb on at e load to that

segment for hydrop en ic Group 1 (hex a g on s), eu vol emic Group 2

(square s), ANF - tre a t e d Group 3 (triang l e s ), glu c a g on-tre at ed
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Group 4 ( inver t e d triang l e s ), and a 1k a lot i c Group 5 (c i r c 1 e s ).

Dotted 1 in e de rived from microp er fusion d at a of Green et a 1.

(12).

10. Water transport as a function of PCT 1 ength for hydrop en ic

Group 1 (hex a g on s), e uv ol emic Group 2 ( square s), ANF – t r e at ed

Group 3 (triang les), and g lu cag on - tre a t e d Group 4 ( inv e r t e d

triangles).

11. Water transport by e a ch PCT segment as a function of the

de l iv e red w at er load to that segment for hydrop e nic Group 1

(hex a g on s), eu v ol emic Group 2 ( square s ), ANF – t r e a t e d Group 3

(triang les), and glucag on-tre at ed Group 4 (inverted triang les).

Do t t e d 1 in e d e r iv e d from microp er f us i on d at a of Al per n e t al.

(6).

12. R e absorb ed fr a c ti on of de l iv e red w at er load by e a ch PCT

segment as a function of the de l iv e red water load to that segment

for hydrop enic Group 1 (hex a g on s), eu vol emic Group 2 ( square s),

ANF - treat e d Group 3 (triang les), and g luc a g on - tre a t e d Group 4

(inver t e d triang les). Dot t e d 1 in e d e rived from mic roper fusion

d at a of Al per n e t al. (6).
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FOOTNOTES

1. Abb rev i at ions used in this paper: PCT, proximal convoluted

tub ul e ; GFR, gl ome rul a r f il tra ti on r at e ; SNG FR , sing 1 e nephr on

GFR; ANF, a trial na triu retic fact or.

2. The quant it y of or g an ic s re absorb ed in the e a r l y PCT can be

e stimated if it is as sum ed: (1) that the constituent s of the

re absorb at e be side sodium bic a rb on a t e and sodium ch 1 or id e are

p r in c ip a l l y or g an ic s so lu t e s ; and (2) that the re absorb at e is

approxim at e l y is osmotic (300 m.Cs m/kg H2O) (44). The or g an ic

solute f l ux can then be estimated as:

(300) (H2O reabsorption) - 2 (HCO3 + C1 T re absorption)

and was 65 6, 8 20, 902 and 52.2 pmol / mm."m in in the first mm of the

PCT in Groups 1-4, respect iv e l y. These organic so lute re absorp

tion r a t e s would be more than suffic i ent to a c count for the

quantity of chl or id e re absorbed if the par ace l l u lar pathway in

this nephr on segment were r el at iv e ly chl or ide-sel ective (9).
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