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A B S T R AC T Our previous in vitro studies have dis-
closed that the thin ascending limb of Henle (tALH)
possesses some unique membrane characteristics. In
those studies we failed to demonstrate active trans-
port of soditum clhloride by the tALH, altlhouiglh
it was shown that the isotopic pelrmeability to
sodium and chloride was uintustually high. However,
we did not examine the mechlanisnms by whicl
the apparent high permeation of sodium chloride
occurs. Thus the purpose of the present studies was
to elucidate the mechanism of soditum chloride trans-
port across the isolated tALH of the rabbit by con-
ducting four different types of studies: (1) compari-
son of the observed chloride and sodium flux ratios
to those predicted by Ussing's e(qtuationi uinider im-
posed salt concentration gradients; (2) kinetic evalua-
tion of chloride and sodium fluixes; (3) examination
of the effect of bromide on the kinetics of chloride
transport; and (4) experiments to test for the existence
of exchange diffusion of chloride. In the first set of
sttudies the predicted and the tlheoretical fluix ratios
of sodium were identical in those experiments in
which sodium chloride was added either to the perfti-
sate or to the bath. However, the observed chloride
flux ratio, lumen-to-bath/bath-to-lumen, was signifi-
cantly lower than that predicted from Ussing's equa-
tion when 100 mMsodium chloride was added to
the bath. In the second set of experiments the ap-
parent isotopic permeability for sodium and for
chloride was measured under varying perfusate and
bath NaCl concentrations. There was no statistical
change in the apparent sodium permeability co-
efficient when the NaCl concentration was raised by
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varying increments from 85.5 to 309.5 mM. However,
permeation of 36C1 decreased significantly with an
increase in Cl from 73.6 to 598.6 mM. These events
could be explained by a two component chloride
transport process consisting of simple diffusion and
a saturable facilitated diffusion process with a Vmax
= 3.71 neq mm-' min-'. In the third set of studies
it was shown that bromide inhibits transport of
chloride and that the magnitude of inhibition is de-
pendent on chloride concentrations. The fourth set of
studies ruled out the existence of exchange diffusion.

In conclusion, these studies indicate that sodium
transport across tALH is by simple passive diffu-sion,
while chloride transport across tALH involves at
least two mechanisms: (1) simple passive diffusion;
and (2) a specific membrane interaction process
(carrier-mediated) wlich is competitively inhibited
by bromide.

INTRODUCTION

The thin ascending limb of Henle (tALH)l plays
an important role in the over-all operation of the renal
countercurrent multiplication system. In our earlier
study (1), we failed to demonstrate the existenice of
activ,e transport across the tALH, buit we did slhow that
its passive pernmeability characteristics are differ-
ent fromii those of the descending limb of Henle (2, 3). Tlle
tALH is highly permneable to Na+ and Cl-, moderately per-
ieable to uirea, and viittially impernmeable to the osmiiotic
flow of water. Moreover, the permeability to chloride
was noted to be much higher than the permeability
to sodium.

The purpose of the present investigation is to
extend the previous studies by examining in detail
the nature of the passive transport mechanisms that
regulate NaCl transport out of the in vitro perfiused

' Abbreviations used in thlis paper: bl, bath to luimeni;
lb, lumen to bath; PD, potential difference; tALH, thin
ascending limb of Henle.
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tALH of the rabbit kidney. We have argued that
solvent drag of NaCl was unlikely since this segment
is impermeable to water (1). Therefore, the stuidies
were designed to differentiate among the other passive
transport mechanisms, i.e. simple passive difftision,
facilitated diffusion, exchange diffusion, and single
file diffusion.

The results of the current sttudies reveal that trans-
port of sodium occurs by simple passive diffusion,
whereas a specific passive mechanism with mem-
brane interaction is responsible, in part, for the trans-
port of chloride.

METHODS

Isolated segments of the thin ascending limb of Henle
were perfused in vitro by the same general techniques pre-
viously described (1). All nephron segments were ob-
tained from 1.5-2.5 kg female New Zealand rabbits, which
were maintained on a normal laboratory diet. Four groups
of studies were conducted.

Flux ratio studies (Group I). The purpose of this series
of studies was to examine whether the unidirectional flux
ratios (lumen/bath) of 22Na and 36C1 were the same or differ-
ent from those that would be predicted by the Ussing's
equation (4) by using the simultaneously measured trans-
tubular potential difference. Two subsets of studies
were performed. In each case the solutions on both sides
of the membrane were isosmolal to each other. In one set
the bath was prepared by adding 100 mMNaCl to com-
mercially available rabbit serum, while the isosmolality of
perfusing ultrafiltrate was achieved by the addition of an
osmotically equivalent amount of mannitol. In the second
set of experiments 100 mMNaCl was added to the per-
fusinig ultrafiltrate, while 100 mMmannitol was added to
the bathing rabbit serum. The results of these studies were
compared to those of previously published studies (1),
in which tubules were perfused with an isosmolal ultra-
filtrate of the same rabbit serum as used for the bath (no
NaCl gradient). In each case the bidirectional sodium
fluxes were determined simultaneously by using 22Na and
24Na. The bath-to-lumen and lumen-to-bath chloride fluxes
were also obtained in these same tubules by using 36C1
first in the perfusate and then in the bath, or vice versa.
The chloride flux measurements were obtained sequentially
instead of simultaneously since only one chloride isotope
is practical for this type of study. In each experiment
transtubular PD was measured simultaneously by tech-
niques previously published (5, 6).

Kinetic analysis of sodium and chloride transport (Gro)up
II). The isotopic permeability coefficient and unidirectional
efflux of 22Na and 36C1 were examined in tubules perfused
with solutions containing different concentrations of
NaCl. In each case the perfusate and the bath were identi-
cal in composition except that 5% (vol/vol) calf serumiii was
added to the bath. The compositions common to these
solutions were: KCI 5.0, NaHCO3 11.9, Na acetate 10.0,
Na2HPO4 0.32, MgCl2 1.0, CaCl2 1.8, D-gluicose 8.3, L-
alanine 5.0 mM. To the parent solution either 63, 137,
287, 449, or 599 mMNaCl was added to achieve the different
concentrations of NaCl. Sucrose was added in appropriate
amounts to the first two solutions to make their osmolality
the same as that of the solution to which 287 mMNaCl
was added. It was not possible to use a single tubule for
Na and Cl flux measurement at all five concentrations of

NaCl. This would have been ideal but not practical becauise
of the length of time inherent in these types of experi-
ments when both the perfusate and bath are changed.
Therefore, two sets of experiments were conducted. The
same tubules were used for the lower three conicentrationis
of NaCl (63, 137, and 287 mM) while another set of tubules
was use(l for the higher conicenitrationis of NatCl (449 ainid
599 mM). In the lower concentrationi sttidies both Na
and Cl fluxes were measured. Since Na' but not Cl- tranis-
port followed the simple laws of diffusioni over this widle
Na+ concenitration range (63-287 mNI), the chlaracteristies
of Cl- transport only were evaluated at all five conicentra-
tions of NaCl. To assture complete exchalnge of perfusate,
each perfusate was exchanged at least three times by
techniques previously described (6) before a new set of data
was collected.

Effect of bromide on thze kinietics of chloride transport
(Group III). In this set of experiments the kineties of Cl
transport were examined for the same solutionis as used in
Group II experiments except that 100 mnM NaBr was
added to the perfusate and the batlh during the experi-
mental periods. Tubules were first perfused with Br-free
soltution, then with solutioni containing 100 mMNcaBr, anid again
by Br-free solution to obtain recovery periods. In eaclh case
compositions of the bathing media were identical to those
of the perfusate except that the former contained 5%
(vol/wt) calf serum. Three 10-min collections were obtained
by using each perfusate. Isotopic 36C1 flux from lumeni to
bath was determined during eaclh period. The compositionis
common to the artificial solutionis uised in this grouip of
experiments were: KCI 5.0, NaHCO3 5.0, Na acetate 5.0,
Na2HPO4 0.32, MgCI2 1.0, CaCl2 1.8, D-gluicose 8.3, anid L-
alanine 5.0 mM. Chloride concentration was varied by a(l(l-
ing 65, 140, or 290 mMof NaCl to the parenit soluttioni.
100 mMNaBr was added to eachi "experimental" solnition.
To negate possible contribution of osmotic gradienits to thle
observed restults, 182 mMof sucrose (instead of NaBr) was
added to the control solutionis.

Exchange diffusion sttudies (Groulp IV). The penneab ility
coefficient of 36C1 was measured both witlh anid witlhouit
chloride in the bathing media. The perftisate in this series
of experiments remained unchanged and conitained: NaCl
140, K2SO4 25, NaHCO3, 5.0, Na citrate 1.4, Na2HPO4
0.32, Ca acetate 1.8, MgSO41.0, D-glucose 8.8 and L-ananaiine
5.0 mM. During control periods the bath was identical to
the perfutisate excel)t that it containied .5% (vol/vol) calf
serum. The subsequent experimental periods were con1-
ducted by using a bath in which all of the NaCl was
replaced by mannitol. In each tubule the :fCl permeability
coefficients were determined during three conitrol and three
experimental periods.

The permeability coefficients, or lumen-to-bath (lb) isotopic
fluxes normalized by ion concentration, were calculated
according to the following equation (7) and expressed in
terms of centimeters per second.

P,b=i A In[ln(V'/V o)
where P = permeability coefficieint (cm/sec), ,7 = perfuisioni
rate (nl/min), VO = collection rate (nl/imin), A = surface area
(cm2), C, = concentration of isotope in the perftisate (epmii/nil),
CO = concentration of isotope in the collected fluid (cpmii/nl).
When net fluid movement was zero, the following equation
was used (7):

Plb= V' In (C/C,)A
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TABLE I
Analylsi.s of Bidirectional Sodium and Chloride Flixes

twh1etn a NaCl Concentration Gradient Was Iiflp)osedl

Perftisatte

Bath

across the tALH Epithelium

Ultrafiltr-ate
+

iiiiiiliiitol

Reguilar serutmiii
+

NaCI

D/ba[Na],, 10 5 CIII/.s

ba/I[Na] b, 10-5 CojI/s
1lb
11)1
bl

PD, mV

zF
exp-VAT

RT

Number of experiments

(Pb/[Cl ], 10 -5 cm/s

'bClI/[Cl lb, 10 5 cmIs

lb/1hI

PD, mV

zF
exp -AT

RT

Number of experiments

17.9±3.5

27.8±4.8

UltrIifi Itr ate
+

Regular serum
+

111,11111itol

31. 1±4.8

22.7+3.9

rates (12.9±0.7 nii/min) Nvere uised in the p)resent series of'
studies to prevent tracer equilibrium.

Sodium concentration of the perfusate and the l)athing
mediumiii was determined by ani IL flamiie p)llotoimeter
(Instrumentation Laboratory Inc., Watertown, Mass.), and
chloride concentration was determined by a Buchler-
Cotlove chloridometer (Buichler Instruiments, Inc., Fort Lee,
N. J.).

The data of each tubule were obtained as a m11ean11 of two
or three collection periods. The results were expriessed as a
mean±SEof the number of tubules (n) stuidied. The statistical
analysis was performed using either a paired or nonpaired
t-test.

RESULTS

0.65+0.04 1.40+0.05 Flux ratio studies (Groupi) I). The resuilts of these
flux ratio sttudies are stummnarized in Table I. Wlhen

-10.9+0.73 +9.3± 1.7 the NaCl concentration of the balth was increased by
addition of 100 mMNaCl to the bath, the ratio of

0.67+0.02 1.42+0.04 lb/bl of Na was 0.65±0.04 as calctulated fiomil the
uinidirectional soditum fluixes (Table I). This valtue is

7 7 not significantly different from the predicted valtue of
0.67±0.02 as calculated by the Ussing's fluix ratio

143.9±9.4 128.3+19.3 equiation by uising the liquiid-jtnetion-corrected PD
of -10.9±0.73 (Table I). However, similairly ob-

124.6±7.7 154.7±13 8 tained lb/bl ratios for chloride are significantly differenit
1.16±0.05 0.81+0.05 from each other (P < 0.001): the observed 11)/1)1 fluix

ratio was 1.16±0.05, while the predicted 11)/1)1 clhloride
-10.8±0.49 +9.1±0.69 fluix is 1.50±0.03 as caleulated fromii the PD of -10.8

±0.49 (Table I).
1.50±0.03 0.71+0.02 When the perfiisate concentrationi of NaCI was inl-

creased by the addition of 100 mMNaCl to the ultra-
7 6 filtrate, lb/b] Na ratio was 1.40±0.05, wlielch again

was not statistically differenit from the predicted 11)/1)1
Abbreviations: (), unidirectional flux in cm/s, 1, lumen; b),
bath; lb, lumen-to-bath; bl, bath-to-lumen; Ib/bl observed uini-
directional flux ratios, exp - AT, theoretical lb/bl ratio uising
Ussing's equation (6).

Equations 1 and 2 gave essentially the same answers since
the transtubular fluid movement was approximately zero
during each experiment.

The permeability coefficient (Pb,, cm/s) was calcutlated
by (1):

p_C0* [ P16 1

Cb I - exp (-AP,bV) j

where Cb* = cpm/nl of isotope in the bath, and V = the
mean flow rate, (V, + VO)/2 (nl/min). Perftusion rate, Vi,
was measured by using '251-idothalamate ( 1). 22Na and
24Na were couinted by using a Packard model 3365 three-
channel gamma spectrometer, and 36C1 and 1251 were as-
sessed with a Packard model 2420 liquiid scintillation
counter (Packard Instrtument Co., Inc., Downers Grove,
Ill). When 24Na was used in combination with other iso-
topes, 24Na was couinted immediately after the samples were
obtained, while the other isotopes were couinted 15 days
later to allow for complete decay of 24Na. Short segmiien-ts
of tubutles (0.27+0.02 mm) and relatively fast perfuision
1056 M. Irnai and J. P. Kokko
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FIGURE 1 Flux ratio analysis of soditumii aind chloride tranis-
port across the tlhin ascending limb of Henle. The ob-
served fluix ratios normalized by concentrationi of respec-
tive ions (vertical axis) are plotted againist the fluix ratios
predicted by transtubular PD (horizontal axis). SI and Sb
denote Na+ or Cl- concenitration in the luimen anid the
bath, respectively.
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Table II
Permeability Coefficient and Flux of Sodium as a Function

of NaCl Concentration of the Perfusate and Bath

[NaCI] 75.5 159.5 309.5

mM

DNa/[Na], 10-5 cm/s 21.7 23.2 26.5

+4.7 ±2.8 ±3.1

(DNa, neq mm-' min-' 0.70 1.40 3.09

±0.15 +0.17 ±0.35

N 7 7 7

Abbreviations: (Na, flux of sodium; (DNa/[Na] = PNa = perme-
ability coefficient of sodium; NaCl concentration of perfusate
and bath are equal, see text.

Na ratio of 1.42+0.04 (Table I). Although the isotopi-
cally obtained lb/bl Cl ratio was 0.81+0.05, this value
was not statistically different from the electro-
physiologically predicted value of 0.71±0.02 (Table I).

To analyse the data more in detail, the observed
flux ratios were plotted against what would be pre-
dicted on the basis of the Ussing equation (Fig. 1).
The data obtained from our previously published
paper (1), in which there was no transtubular electro-
chemical gradient, as well as our current experimental
results, are depicted in Fig. 1. This pooled data was
used to calculate the regression lines. The slope of
the line of Na, 0.9756, is not different from 1.0 and
thus is close to the line of identity. On the other hand,
the regression line for chloride clearly deviates from
the line of identity having a slope of 0.4201 (P
< 0.005). These data strongly suggest that sodium is
transported by simple passive mechanism, whereas
chloride transport does not follow the principles of
simple passive diffusion.

Kinetic analysis of sodium and chloride trans-

port (Group II). Table II summarizes the results of
experiments in which isotopic sodium permeability
was examined as a function of luminal concentra-
tion of sodium. The luminal and bath sodium con-

centrations were 75.5, 159.5, and 309.5 mM, respec-
tively. It is evident from these results that the
normalized isotopic sodium flux (4PNa/[Na]) does not
change with variation in luminal sodium concentration.
Thus, sodium fluxes across the tALH follow the principles
of Fick's law.

In contrast, the normalized Cl flux (4c)/[C1]) decreased
with increasing luminal chloride concentration, Table III.
When this finding is expressed in terms of flux, Fig. 2,
it is clear that the chloride fluxes fall below the line
that would be predicted by Fick's law (shaded area

of Fig. 2). From the results shown in Fig. 2, it can be
calculated that Vmax = 3.71 neq mm-' min-' while
the permeability coefficient for 36C1 = 92.9 x 10-5
cm/sec.

Effect of bromide on the chloride transport (Groul)
III). The effect of 100 mMNaBr on the unidirec-
tional efflux of chloride was examined to see if the
chemically similar ion may also inhibit 36C1 trans-
port. The results of these experiments are graph-
ically depicted in Fig. 3. On the vertical axis is
plotted the 36C1 flux expressed in units of 10-5 cm/
sec (normalized by C1- concentrations). It is quite
clear from these data that 3CI transport is inhibited
by the presence of NaBr. The inhibitory effect
of NaBr on 3CI flux is largest at the lowest Cl- con-

centration, Table IV.
Exchange diffusion studies (Group IV). The magni-

tude of the 36C1 permeability coefficient was meas-

ured in the complete absence of Cl- in the bath to
determine whether exchange diffusion is the mech-
anism responsible for the observed high permeability
to 36C1. The results of these experiments are sum-

marized in Table IV and show that with complete
removal of NaCl from the bath (mannitol replacement)

TABLE III
Permeability Coefficient and Flux of Chloride as a Function of

NaCl Concentration of the Perfusate and Bath

[NaCI] mM 75.5 159.5 309.5 448.6 598.6

4cJ/[Cl] 10-5 cm/s 187.9 165.1 122.2 115.1 103.6

±19.0 +15.0 +13.0 +14.1 +9.1

4)cl neq mm-' min-' 5.21 9.18 13.78 19.46 24.90

+0.53 +0.84 ±+1.46 ±2.38 ± 1.66

N 6 7 6 6* 6*

Abbreviations: I'c, flux of chloride; 4cj/[CI] = Pci = permeability coefficient of
chloride; NaCl concentration of perfusate and bath are equal, see text.
* Separate series of studies.
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the chloride fluix decreased from 7.12 to 3.98 neq
mm-' min-'. However, the luminal PD became
+4.64 mVwith mannitol stubstitution for NaCl; and
this newly generated diffiusion PD would act as an
inhibitory force for efflux of 36C1. To make an appro-
priate comparison of 36C1 fluxes, the 36C1 flux must be
corrected for the PD between the two experimental
conditions. When this correction was made, the
chloride efflux actually appeared to be somewhat
higher than it was before NaCl removal; however,
these differences were not statistically significant
(Table V). Thus, this group of studies would consti-
tute evidence against exchange diffusion.

DISCUSSION

The mechanism of solute transport across biological
memibranes max! be classified broadly as being either
active or passive in nature. Though a precise defini-
tion of active transport is difficult to express, it is

EFFECT OF BrK ON TRANSPORTOF 36C1 IN THE THIN ALH

NaCI 756mM
Perfusate,Bath NaBr

l lOOmM
0200 0mM2000
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FIGURE 3 Effect of bromide on 36C1 transport in the thin
ascending limb of Henle. C, E, and R indicate control,
experimental, and recovery periods, respectively.

45'
vmax 3.71 meq mm1i

PCI =92.9x105cm s

min-I / E

f-1 a

- y = 0.035x + 3.705

0 100 200 300 400 500 600
Cl- CONCENTRATION(mM)

FIGURE 2 Lumen to bath chloride flux (vertical axis) as a

function of ambient chloride concentration (horizontal
axis), A= shaded area which indicates a range of chloride
flux calculated from the mean and SE obtained at the lowest
chloride concentration based on the assumption that the
chloride transport is in accord with simple massive diffusion.
B = experimentally determined points+SE. C = parallel
line to B which indicates the simple passive component
of transport depicted by B. D = B minus C which reflects
the component of chloride transport which follows satura-
tion kinetics. Calculated Vmax= 3.71 neq mm-' min-'. No
exact Km can be obtained since only one point was ob-
tained at concentration of chloride that was below satura-
tion value. The calculated normalized C1- flux (normalized
by Cl concentration) = 92.5 x 10-s cm/s from line C.

generally accepted that active transport has been
demonstrated if a menmbrane is capable of net trans-
port of solute in the absence of electrochemical driv-
ing forces (absence of transepithelial concentration or
potential gradients), or if the transport of solute is
not coupled to active transport of other constituents.
Although exceptions to this formulation may be made
(8), it is a useful working definition. In previous
studies we failed to demonstrate active transport
of NaCl (1) by the in vitro perfused tALH. Further-
more, the tALH was shown to be impermeable to
osmotic flow of water and quite permeable to sodium
and chloride (1). The isotopic chloride permeability
was about 3.8 times as great as the isotopic sodium
permeability (1). Thus, the purpose of this paper was
to define the nature of passive transport processes
that regulate sodium and chloride transport out of
the tALH.

Passive transport processes may be divided into four
general categories: (1) transport of solute in associa-
tion with bulk movement of fluid (solvent drag);
(2) simple passive diffusion following the principles
of Fick's law; (3) carrier-mediated transport mech-
anisms; or (4) single file diffusion. Since the tALH
courses through regions of large osmotic gradients,
it might be argued that solvent drag of fluid should
play a role in transport of solutes. However, because
this segment is impermeable to the osmotic flow of
water (1, 9, 10), it is not likely that solvent drag con-
tributes significantly to transport of solutes across the
tALH. The experimentally determined ratio of uni-
directional sodium fluxes was in accord with those
predicted by Ussing's equation (Fig. 1). In addition,
the isotopic permeability coefficient of sodium was
unchanged when the concentration of sodium was

1058 M. Imai and J. P. Kokko
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TABLE IV
Effect of NaBr (100 mnM) on the Lumtnen-to-Bathl Chloride

Fluix in the tALH*

PC] dIcl
N.CIl

concentration N C E (C-E) C E

mtMl I1 ()' (',,,/., )11'(/n1U8 1 Inj(

75.6 7 172.6 87.1 85.4 4.92 2.48

+9.2 +6.4 +4.0 +0.26 +0.18

150.6 7 114.9 72.1 42.0 6.53 4.09
+6.9 +5.8 +6.9 +0.40 +0.33

300.6 7 104.3 72.1 32.2 11.82 8.17
+3.6 +4.3 +2.9 +0.41 +0.49

Abbreviations: PCI, permeability coefficient of chloride; OCI
(lb), uiinidirectioinal flu.x of chlolride; C, control periods in which
perfusate does not contain NaBr; E, experimental periods in
which perfuisate contains 100 mMNaBr.
Recovery, values are not incltuded under control periods. The
reversible niatture of these experiments is illtustrated in Fig. 3.

varied (Table II). These findings strongly stuggest
that the transport of soditum across tALH is by
simiiple passive diffuision. However, the unidirectional
fluix ratios of chloride are not in accord with values
predicted bv Ussing's equiations (Fig. 1). This does
not necessarily imply that chloride transport is an active
process btut only that chloride transport occurs by a
mechanism that requires interaction with the tALH
epithelium. Indeed the data of Fig. 2 suggest that
36C1 transport is competitively inhibited by increasing
chemiiical concentration of unlabeled chloride stuggesting
the existence of some carrier mediated mechanism.
The data of Table II and Table III also exclude the
possibility of single file diffusion for Na+ and Cl;
if single file diffusion were to exist the permeability
coefficient of chloride should increase as the concen-
tration of luminal chloride was increased.

Carrier-mediated mechanisms, in turn, can be
divided into three types: (1) active transport; (2)
facilitated transport; and (3) exchange diffusion. In
ouir previotus report we were unable to show any
evidence for active salt transport (1). In those studies,
however, there was net transport of NaCl out of the
tALH when the segments were perftused with
isosmolal but hypernatremic solutions (isosmolality
of the bath was maintained by addition of urea) (1).
Thus those studies suggested, but admittedly did not
prove, that chloride was transported by a facilitated
transport mechanism instead of by exchange diffusion.
The present grotup of sttudies shows that 36C1 fluix did
not decrease with complete removal of NaCl from the
bath (Table V). If exchange diffusion was operative
in the transport of chloride, the chloride flux should

decrease vith the removal of NaCI from the bath. Thuis,
these restults stuggest that transport rate of 36C1 across
the tALH occturs by a facilitated tran-sport mechanism
and not by exchange diffusion.

Additional evidence for a carrier-mediated trans-
port process for chloride is provided by the data
showing that inhibition of 36CI transport by bromide
is dependent on unlabeled chloride concentration (Fig. 3,
Table IV). We therefore stuggest that bromide may
be a competitive inhibitor of chloride transport.

Facilitated transport is a uiniquie passive transport
mechanism whichi has the following characteristics
(11): (a) the system operates in such a way as to
dissipate electrochemical gradients of the permeant
ion and requiires no other souirce of free energy;
(b) the rate of permeation of the ion in question
is greater than couild be expected from the number
of hydrogen-bonding groups present across the pene-
trating probe molecule; (c) the rate of permeation
may not be expected to be directly proportional to
the concentration but may reach a limiting (sattura-
tion) value as concentration is increased; (d) the rate
of peirmeation may be markedly redtuced by the
presence of molectules structurally analogouis to the
pemieant considered; (e) the rate of permeation may
also be markedly and specifically redtuced by the pres-
ence of stubstances differing chemically from the
penrmeant; and (f) the rate of permeation of permeant
measured as net flux may be different from that
determined isotopically as uinidirectional flux.

Although we did not specifically analyze all of the
above-mentioned criteria, we did show the presence
of features a, c and d, which are essential charac-
teristics in suggesting the existence of facilitated
transport. Facilitated transport, or carrier-mediated
transport in a more broad sense, is not uncommon in
the kidney. Soditum is partly transported by co-trans-

TABLE V
The Response of Lumen-to-Bath Chloride Flux 0CC(1b) to

Removal of Chloride * from the Bath: Evidence
Against Exchange Diffusion

Conitrol Experimiiental Recoverv

Cl- Perfusate, mM 140.0 140.0 140.0
Cl- Bath, mM 140.0 0 140.0

PD, mV -0.3±+0.3 +46.4± 1.7 +0.2±+0.2
4DCI (lb), 7.12±+1.01 3.98+0.83 6.54±+1.06

neq mm-l mmin-l (P < 0.002)t
10.80±2.31§

(P > 0.05)t

* Isosmolal replacement of bath NaCl by mannitol.
t Flux was corrected by PD as (RT/FAI) exp (FcPP/RT)
- 1 >Cl(lb).
§ The data are compared with the control value.
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port mechanisms with glucose (6, 12-14) and amino
acids (6, 15-18) in the proximal convoluted tubule.
Folic acid by the dog kidney (19) and uric acid by the
snake tubule (20) have also been reported to be trans-
ported by facilitated transport mechanisms. It is also
of interest to note that chloride is actively transported
in the thick ascending limb of Henle (21, 22). Since
basic kinetic characteristics of active transport are
essentially the same as those of facilitated transport
mechanisms, this may be taken as another example
of a Cl- specific membrane carrier. The principal
difference between active transport and passive
facilitated transport mechanisms is that the former
requires energy and is capable of net transport in
the absence of favorable electrochemical potential
difference.

In summary, the present studies have further char-
acterized the mechanisms regulating NaCl transport
out of the tALH. It was shown that sodium is trans-
ported by simple passive mechanisms while a carrier-
mediated mechanism exists in the tALH which facili-
tates the transport of chloride. The carrier-mediated
mechanism has a high capacity as noted by the
Vmax of 3.7 neq mm-' min-'. In addition, though we
could not obtain a precise estimate of the affinity of
this carrier system, it was shown that the maximum
value of Kmindicates that the carrier system has a high
affinity for chloride. At present the physiological
significance of the newly identified transport process
must remain conjectural. It is proposed that the
existence of this carrier-mediated transport mech-
anism for chloride allows a relatively efficient passive
transport of chloride out of the thin ascending limb
of Henle. Since it has previously been proposed that
the fluid entering the tALH has a NaCl concentra-
tion higher than the adjacent interstitium (23), this
facilitated transport mechanism would be partly
responsible for generating high interstitial osmolalities
which are necessary for formation of maximally
concentrated urine.
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