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Anita T. Layton, Thomas L. Pannabecker, William H. Dant-
zZler, and Harold E. Layton. Two modes for concentrating urine in
rat inner medulla. Am J Physiol Renal Physiol 287: F816—+839, 2004.
First published June 22, 2004; 10.1152/gjprenal.00398.2003.—We
used a mathematical model of the urine concentrating mechanism of
rat inner medulla (IM) to investigate the implications of experimental
studies in which immunohistochemical methods were combined with
three-dimensional computerized reconstruction of renal tubules. The
mathematical model represents a distribution of loops of Henle with
loop bends at al levels of the IM, and the vasculature is represented
by means of the central core assumption. Based on immunohisto-
chemica evidence, descending limb portions that reach into the
papilla are assumed to be only moderately water permeable or to be
water impermeable, and only prebend segments and ascending thin
limbs are assumed to be NaCl permeable. Model studies indicate that
this configuration favors the targeted delivery of NaCl to loop bends,
where a favorable gradient, sustained by urea absorption from col-
lecting ducts, promotes NaCl absorption. We identified two model
modes that produce a significant axial osmolality gradient. One mode,
suggested by preliminary immunohistochemical findings, assumes
that aquaporin-1-null portions of loops of Henle that reach into the
papilla have very low urea permeability. The other mode, suggested
by perfused tubule experiments from the literature, assumes that these
same portions of loops of Henle have very high urea permeabilities.
Model studies were conducted to determine the sensitivity of these
modes to parameter choices. Model results are compared with extant
tissue-slice and micropuncture studies.

renal medulla; urine concentrating mechanism; countercurrent sys-
tem; sodium chloride transport; urea transport; mathematical model

THE MEANS BY WHICH MAMMALS produce an osmolality gradient
along the corticomedullary axis of the inner medulla (IM) of
the kidney remains undetermined despite many decades of
sustained investigation (27, 57). Most researchers believe that
the IM gradient, like the outer medullary (OM) gradient, is
generated by means of a countercurrent multiplication mech-
anism involving the renal tubules and that washout of the
gradient is prevented by means of vascular countercurrent
exchange.

The most frequently cited explanation for the IM urine
concentrating mechanism (UCM) is the passive hypothesis
proposed in 1972 by Kokko and Rector (31) and by Stephenson
(63). However, this hypothesis depends on specialized loop of
Henle transepithelial transport properties that appear to be
inconsistent with measured values from perfused tubule exper-
iments: when these experimental values are used in mathemat-

ical models, a significant axial' osmolality gradient cannot be
generated (35, 39, 46, 66, 77). Attempts to salvage the passive
hypothesis, by means of models using discrete, distributed
loops of Henle (35, 39) or by means of representation of the
preferential interactions that arise from three-dimensional
medullary structure (67, 69, 78), have not been generally
successful.

Recently, a new hypothesis involving the generation of an
external osmolyte, namely, lactate, has been proposed (13, 68).
In principle, such a mechanism can be highly effective (19),
and model studies suggest that such a mechanism could con-
tribute to the IM gradient (13, 68). Also recently, hypotheses
involving pelvic peristalsis have been revived (27); functional
significance for the peristalsis is suggested by maor time-
dependent alterations of flow patterns in loops of Henle and
vasa recta (VR) and, in antidiuretic states, by bolus flow of
tubular fluid along the inner medullary collecting duct
(IMCD) (54, 62).

New experimental studies combining the techniques of im-
munohistochemical localization and computerized three-di-
mensional reconstruction are providing new insight into the
transport properties of long loops of Henle in rat IM (49, 50).
These studies, which are summarized below (see HYPOTHESES:
TWO CONCENTRATING MODES), Suggest that in the IM, descending
thin limbs (DTLs) have terminal segments of significant length
that have limited water permeability; that these DTLs are NaCl
impermeable except for ashort prebend segment; and that most
loop of Henle segments are nearly urea impermeable.

The goal of this study is to describe and evaluate, by means
of mathematical modeling, two hypothetical concentrating
modes for the IM that are based on the new studies. Both
modes are similar to the passive hypothesis previously de-
scribed by Kokko and Rector (31) and by Stephenson (63), in
that NaCl absorption from loops of Henle is driven by inter-
gtitial urea that diffuses from the collecting duct (CD) system,
and the mixing of this NaCl and urea raises the interstitial
osmolality. However, both modes depend on locally high rates
of NaCl absorption around the bends of the long loops of
Henle, and both modes depend on active NaCl absorption from
the CDs, which ensures that urea-rich fluid is absorbed from
the portion of the CD system that is deep in the IM.

Both hypothetical modes appear to be capable of producing
asignificant corticomedullary osmolality gradient along the IM
while maintaining reasonable urine flow and free water absorp-

1A quantity or process distributed aong the corticomedullary axis is
frequently said to be “axial.”
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TWO MODES FOR CONCENTRATING URINE

tion rates. We call the two modes the “pipe mode’ and the
“solute secretion mode” (SS mode), based on differing as-
sumptions about their urea transport properties in terminal
portions of descending limbs. In the pipe mode, low solute
permeabilities of the terminal descending limb allow little
solute transport, and the principal solute delivered to the loop
bend is NaCl. In the SS mode, substantial urea enters the
terminal descending limb, and most of that urea is absorbed
along the ascending thin limb (ATL); i.e., the loop of Henle
acts as a countercurrent urea exchanger.

HYPOTHESES: TWO CONCENTRATING MODES
Experimental Findings on Which Our Modes Are Based

It is our objective to perform a computer-assisted, three-
dimensional functional reconstruction of the rat renal 1M, with
emphasis on the thin limbs of Henle's loops (51). The recon-
struction is based on serial transverse sections in which cross
sections of tubules are labeled and distinguished by means of
antibodies to appropriate transport molecules; the labeled mol-
ecules are detected by indirect immunofluorescence (49). Cur-
rently, we are using antibodies raised against 1) the water
channel aquaporin-1 (AQP1), for DTL identification and func-
tion; 2) the CIC-K1 chloride channel, for ATL identification
and function; 3) the water channel aguaporin-2 (AQP2), for
CD identification and function; and 4) the heat shock-related
protein aB-crystallin, for identification of segments that do not
express these channels. The initial reconstruction has involved
the central region of the IM.

While this functional reconstruction was being performed,
several findings involving the thin limbs of Henle' s loops (49)
have suggested to us the modes for urine concentration that are
described herein. First, the DTLs of Henle's loops that have
their bends within the first millimeter below the OM-IM border
lack AQP1 and presumably are largely impermeable to water
(Fig. 1A). Second, all the DTLs of loops that have their bends
below this first millimeter express AQPL for about the first
40% of their length below the OM-IM border. After this point,
for about the last 60% of their length, they lack AQP1 expres-
sion (Fig. 1B). Thus the longer the long loop, the longer the
segment that does not express AQP1. Presumably, this 60% of
each DTL is impermeable to water or has a moderate water
permeability as found in some perfusions of rat DTLs from the
deep IM (5), although it is not certain that these measurements
involved only the AQP1-null segments. Third, expression of
CIC-K1 chloride channels begins abruptly with a prebend
segment on the descending side of the loop and continues
uniformly along the entire length of the ATL. The length of the
prebend segment is nearly uniform and is thus independent of
the length of the loop: the prebend segment aways begins
~165 um before the loop bend (Fig. 1C) (49). AQP1 and
CIC-K1 are not colocalized in any segment or subsegment of
the loops of Henle within the IM (49). We assume, based on
previous studies with isolated, perfused rat ATLs (14), that the
entire region expressing CIC-K1 and lacking expression of
AQP1 (prebend segment and entire ATL) has a high perme-
ahility to Cl~ (and Na*) and virtually no permeability to water.

We have not yet examined in detail the expression of
possible urea transporters along the thin limbs of Henle' s loops
in the IM. However, a few preliminary sections show no
evidence of expression of the ureatransportersUT-A1, UT-A2,

F817

Fig. 1. Computer-assisted reconstruction of loops of Henle from rat inner
medulla (IM) showing expression of aquaporin-1 (AQPL; red) and CIC-K1
(green); gray regions express undetectable levels of AQP1 and CIC-K 1. Loops
are oriented along the corticomedullary axis, with the left edge of each image
nearer the base of the IM. A: thin limbs that form a turn within the first
millimeter beyond the outer medulla (OM)-IM boundary. Descending seg-
ments lack detectable AQPL. CIC-K1 is expressed continuously along the
prebend segment and the ascending thin limb (ATL). B: loops that form aturn
beyond the first millimeter of the IM. AQP1 is expressed along the initial 40%
of each descending thin limb (DTL) and is absent from the remainder of each
loop. CIC-K1 is expressed continuously along the prebend segment and the
ATL. Boxed areais enlarged in C. C: enlargement of near-bend regions of 4
thin limbs from box in B. CIC-K1 expression, corresponding to DTL prebend
segment, begins, on average, 165 pm before the loop bend (arrows). Scale
bars: 500 pm (A and B); 100 pm (C).

or UT-A4 in thin limbs below the first millimeter of the IM
(Pannabecker TL and Dantzler WH, unpublished observa-
tions). These observations appear to agree in general with the
expression pattern indicated in other types of immunocyto-
chemical studies (48, 71), although Wade et a. (71) reported
colabeling of UT-A type protein and AQP1 in DTLs from the
base of the IM. Preliminary studies also show no expression of
the urea transporter UT-B1 in IM thin limbs (Pannabecker TL
and Dantzler WH, unpublished observations). This was ex-
pected because other data indicate that this transporter is found
only in descending VR, not in thin limbs (3). These preliminary
observations suggest that the AQP1-null segment of the DTLs
does not express any of these known urea transporters, al-
though a full reconstruction needs to be completed. Moreover,
these observations suggest that the AQP1-null segment of the
DTLs has a very low permeability to urea. However, this urea
permeability has yet to be measured directly, and a high urea
permeability could be found in these DTL segments and in the
ATLs as the result of an unidentified transporter.

Pipe Mode Hypothesis

The pipe mode corresponds to the low urea permeability
limit of the loop of Henle: those portions of the loop of Henle
that are AQP1 null are assumed to have nearly zero urea
permeability. The key elements of the pipe mode are these:

1) The DTL AQP1-null segment is assumed to be nearly
impermeable to NaCl and urea and to have only a low-to-
moderate permesbility to water.
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2) Because permeabilities to NaCl and urea are low, their
transepithelial fluxes are small, and therefore the DTL AQP1-
null segment functions much like a conduit or a “pipe” with
respect to NaCl and urea. However, this segment’s moderate
water permeability allows it to maintain an approximation to
interstitial osmolality, as indicated by micropuncture experi-
ments (8, 52).

3) At the prebend segment, the DTL permeability to NaCl
increases greatly, and that high permeability is sustained along
the ATL. The prebend segment and ATL are assumed imper-
meable to water.

4) Because of urea absorbed from the IMCD (and especialy
urea absorbed from the innermost IMCD), the interstitial urea
concentration is large and the concentrations of electrolytes
small. Thus a large transepithelial gradient favors NaCl ab-
sorption around the loop bend. A fortiori, this is the case for
those loops that reach deep into the papilla.

5) Along the ATL, NaCl continues to be absorbed; indeed,
the ATL serves as a near-equilibrating segment for NaCl, but
as fluid ascends the ATL, the gradient favoring its absorption
diminishes, owing to NaCl that is absorbed from loop bends
that turn nearer the OM-IM boundary.

6) This mode concentrates principally by the vigorous net
absorption of solute, namely, NaCl, from loop bends, which is
unaccompanied by water absorption from loop bends.

7) The VR carry away solutes and water absorbed from CDs
and loops of Henle. The VR form a countercurrent exchange
configuration that maintains a high interstitial urea concentra-
tion and that prevents washout of the axial interstitial osmola-
lity gradient.

8) Active absorption of NaCl from the IMCD, accompanied
by water absorption, raises CD tubular fluid urea concentration
and reduces the load presented to the concentrating mechanism
in the inner portions of the IM. More generally, active NaCl
absorption from the IMCD serves to promote, modulate, and
spatially distribute urea absorption from the CD.

9) Even with low urea permeabilities (~1 X 10> cm/s),
substantial urea enters the loop of Henle, perhaps sufficient to
account for micropuncture data.

SS Mode Hypothesis

The SS mode corresponds to the high urea permeability limit
of the loop of Henle: those portions of the loop of Henle that
are AQP1 null are assumed to have very high urea permeability
so that near-equilibration with the interstitium can be main-
tained. The key elements of the SS mode are these:

1) The DTL AQP1-null segment is assumed to be nearly
impermeable to water and NaCl; however, in this mode, the
segment is assumed highly permeable to urea.

2) Because permeability to water and NaCl along the AQP1-
null portion of the DTL is low, NaCl concentration changes
little along the DTL; however, because urea permeability is
high, urea enters the DTL and tubular fluid urea nearly equil-
ibrates with the interstitial urea concentration. Thus substantial
ureaissecreted intothe DTL, and DTL tubular fluid osmolality
increases substantially. Indeed, if interstitial NaCl concentra-
tionislessthan DTL NaCl concentration, DTL osmolality may
exceed interstitial osmolality.

3) At the prebend segment, the DTL permeability to NaCl
increases greatly, and the high permeability to ureais sustained

TWO MODES FOR CONCENTRATING URINE

along the prebend segment and ATL. Thus the prebend seg-
ment and ATL are assumed to be highly permeable to both
NaCl and urea, but they are assumed to be impermeable to
water.

4) Because of urea absorbed from the IMCD (and especialy
urea absorbed from the innermost IMCD)), the interstitial urea
concentration will be large and the concentrations of electro-
lytes small. Thus a large transepithelial gradient will favor
NaCl absorption around the loop bend. A fortiori, this is the
case for those loops that reach deep into the papilla.

5) Along the ATL, NaCl continues to be absorbed; indeed,
the ATL serves as a near-equilibrating segment for NaCl, but
as fluid ascends the ATL, the gradient favoring its absorption
diminishes, owing to NaCl that is absorbed from loop bends
that turn nearer the OM. Also, as urea-rich fluid flows up the
ATL, it is opposed by a decreasing interstitial urea concentra-
tion, and urea is absorbed, thus decreasing the ATL urea
concentration and maintaining a near-equilibrium with the
interstitial urea concentration.

6) As in the pipe mode, the SS mode concentrates princi-
pally by the vigorous net absorption of a solute, i.e.,, NaCl,
from loop bends, which is unaccompanied by water absorption.
However, unlike the pipe mode, the loop of Henle functions as
a highly effective countercurrent urea exchanger.

7) The VR carry away solutes and water absorbed from
CDs and loops of Henle. The VR form a countercurrent
exchange configuration that maintains a high interstitial urea
concentration and prevents washout of the interstitial osmo-
lality gradient.

8) As in the pipe mode, active absorption of NaCl from the
IMCD raises CD tubular fluid urea concentrations and reduces
the load presented to the concentrating mechanism in the inner
portions of the IM.

Transport and Structural Properties That May Support
the Hypothesized Modes

AQP1-positive DTL segment. As noted above, our studies
have shown that loops of Henle reaching beyond the first
millimeter of the IM have an AQP1-positive DTL segment that
makes up ~40% of the IM portion of the DTL. We hypothe-
size that water absorbed from this segment will tend to raise the
tubular fluid NaCl concentration before that fluid reaches the
AQP1-null DTL segment. A resulting higher NaCl concentra-
tion in tubular fluid at the loop bend will favor more vigorous
absorption of NaCl from the loop bend and ATL. Although our
base-case model studies (in resuLTs) show no significant net
water absorption from the AQP1-positive DTL segment, we
consider it likely that more complete experimental information
and more detailed model formulations will support net water
absorption from that segment.

If the AQP1-positive DTL segment is sufficiently permeable
to urea, transepithelial gradients may favor urea secretion into
this segment. Such secretion could support the pipe mode by
contributing to a urea-cycling pathway that conveys the se-
creted urea to the IMCD by means of tubular fluid advection
along the distal nephron. Urea secretion into the AQP1-posi-
tive DTL segment could support the SS mode by contributing
to the accumulation of ureain the papilla; indeed, the DTL and
ATL may sequester urea and, by participating in countercur-
rent urea exchange with the VR, the DTL and ATL may help
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maintain the axial intertitial urea gradient and thereby help
promote NaCl absorption from loop bends and ATLSs.

Loop of Henle distribution. The loop of Henle distribution,
with bends at al levels of the IM, will tend to distribute
vigorous near-bend NaCl absorption all along the corticomed-
ullary axis, thus providing a concentrating effect distributed all
along that axis. Those water-impermeable loops that turn
within the first millimeter below the OM-IM boundary present
no load on the concentrating mechanism if no net solute is
secreted into them. However, Na™ absorption from these loops
may promote water absorption from longer loops, which have
an initial AQP1-positive segment, and thus raise the NaCl
concentration in the longer loops (as described above). More-
over, the approximately exponential decrease in loop popula
tion, as a function of depth, will balance the local load
presented by the CD and VR with a degree of NaCl absorption
that is sufficient to produce a concentrating effect at each
medullary level.

The interstitium. The interstitium is the medium for com-
munication among the tubules and VR; however, the extracel-
lular gelatinous interstitial matrix and the lipid-laden cells that
predominate in theinterstitium of the IM may hinder axial fluid
and solute movement and may thereby effectively eliminate
axial advection and diffusion in the interstitium (41).

MATHEMATICAL MODEL

Our mathematical model of the IM, which is based on the
central core (CC) formulation introduced by Stephenson (63),
includes loops of Henle and a CD; the loops of Henle and the

Decrease in loop population
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Fig. 2. Schematic diagram of IM model, showing loops of Henle, collecting
duct (CD) and central core (CC). The number of loops decreases as a function
of medullary depth. Six representative loops are shown, but the numerical
formulation of the model uses 300 discrete loops of Henle to approximate a
continuously decreasing distribution. Each DTL that reaches beyond the first
millimeter of the IM is divided into the LDL2 (which makes up 40% of the
DTL), LDL3, and a prebend segment. A DTL that turns within the first
millimeter of the IM is divided into LDL 2s (S denoting short) and a prebend
segment. Flow from each model DTL enters directly into its associated ATL.
The CD system is represented by a composite CD with decreasing luminal
surface area. The DTLs, ATLs, and composite CD interact with a common
compartment, the CC.
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CD interact in a common tubular compartment, the CC. The
DTLs, ATLs, CD, and CC are represented by rigid tubules that
are oriented aong the corticomedullary axis, which extends
from x = 0 at the OM-IM boundary to x = L at the papillary
tip (see Fig. 2). The model is formulated for three solutes:
NaCl, urea, and a nonreabsorbable solute; NaCl is represented
by Na*. The nonreabsorbable solute, denoted NR, is assumed
to be present only in significant amounts in the tubular fluid
of the CD; therefore, in the model, NR is represented only
in CD tubular fluid. The model predicts fluid flow, solute
concentrations, transepithelial water and solute fluxes, and
fluid osmolality as a function of medullary depth, in the
tubules and in the CC.

Because short loops of Henle turn in the inner stripe of the
OM, mostly within a narrow band near the OM-IM boundary
(12), only long loops are included in our model. We assume
that 12,667 long loops of Henle (one-third of atotal of 38,000
loops of Henle) and 7,300 CDs (12) extend into the IM. The
long loops appear to form loop bends at all levels of the IM;
thus the population of loops decreases as a function of increas-
ing medullary depth. That decreasing loop population can be
represented by a model formulation having continuously dis-
tributed loops (34) (see Figs. 2 and 3A); in such a formulation,
tubular concentration profiles in loops turning at differing
levels are assumed to differ, and transmura fluxes are
weighted at each medullary depth according to the number of
loops of a particular length remaining at that depth (see Eq. A8
in the apreNDIX). Measurements in the rat (12) indicate that the
fraction of long loops of Henle decreases nearly exponentially
along the IM; based on those measurements, we approximated
the fraction w; of loops remaining at IM depth x by

X 2
w(x) = [1 — 0.95<L) ]e“(x’”. (1)

Because the CDs undergo successive coal escences along the
IM, the population of CDs aso decreases as a function of
increasing medullary depth. In the model, al CDs are merged
into a single composite tubule, and the effect of the coales-
cences on tubular surface area is represented by decreasing the
tubular radius as afunction of increasing medullary depth. That
radius is decreased through multiplication by the fraction of
CDs wcp remaining at medullary level x. Based on measure-
ments in the rat (12), that fraction was approximated by

Wep(X) = [1 - 0.9616@ }ez-f’w”. (2)

The loop of Henle and CD population fractions, as approxi-
mated by Egs. 1 and 2, are shown in Fig. 3A.

The model equations, which are summarized in the aprENDIX,
embody the principle of mass conservation of both solute and
water and represent transmural transport processes, which are
described by single-barrier model equations that approximate
double-barrier transepithelial transport. Transmura solute dif-
fusion is characterized by solute permeabilities, and active
transport is approximated by a saturable expression having the
form of MichaglisMenten kinetics. Transport equations for
water represent osmotically driven fluxes. Boundary conditions
prescribe flows and concentrations in the DTLs and the com-
posite CD at the OM-IM boundary, i.e., at x = 0.
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Fig. 3. Spatidly distributed model properties. A: fractions of loops of Henle or
CDs remaining as a function of IM depth. B: CD urea permesability as a
function of IM depth. C: CD maximum Na* active transport rate as a function
of IM depth.
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Base-case parameters for transtubular transport are given in
Table 1. The model DTL of a loop of Henle that reaches
beyond the first millimeter of the model IM was divided
structurally and functionally into three segments. The first
segment, which we call LDL2 and which spans the initial 40%
of the DTL, was assumed to be highly water permeable but
NaCl impermeable. (We reserve the notation LDL1 for the
portion of along descending limb that passes through the OM,

Table 1. Base-case transtubular transport parameters

TWO MODES FOR CONCENTRATING URINE

asegment that is not represented in this model.) The second IM
segment, which we call LDL3 and which corresponds to the
AQP1-null segment of the DTL, was assumed to be imperme-
able to NaCl but to have a water permeability of 400 pm/sin
the pipe mode, based on micropuncture experiments in rat
DTLs from the deep the IM (5), and to have no water perme-
ability in the SS mode, consistent with our finding of no AQP1
expression and with micropuncture experiments in chinchilla
indicating a water permeability of 50 wm/s in DTLs from the
deep IM (5). The third segment, which corresponds to the
prebend segment, is a 166.7-pm-long terminal portion of the
DTL that was assigned the transport properties of the ATL (the
length of 166.7 wm, rather than the length of ~165 pwm found
in experiments, ensures that each prebend segment begins at a
numerical grid point; a transition at a grid point allows the
accurate representation of an abrupt change in tubular proper-
ties). The ATL was assumed to be water impermesble but
highly NaCl permeable.

The DTL of a loop of Henle that turns within the first
millimeter of the model IM was assumed to be water imper-
meable; it is divided functionally and structurally into two
segments. The first, which we call LDL2s (S denoting short)
and which we assumed to be NaCl impermeable, extends to the
second segment, the prebend segment, which was assumed to
be functionaly like its associated ATL, which we designate
ATLs.

Our base-case urea permeabilities in loops of Henle differ
substantially between the two modes. Our preliminary exper-
imental results (see above, HYPOTHESIS. TWO CONCENTRATING
MODES) suggest that urea permeability in most segments is
essentially zero. However, in the pipe mode we used a value of
1 X 10~° cm/s to allow some urea entry, because micropunc-
ture studies suggest urea entry into DTL (52). Based on
findings by Wade et a. (71) of apparent colocalization of
AQP1 and aUT-A ureatransporter, we assumed that the LDL 2
segment has a moderate permeability of 13 X 107° cm/s, a
value suggested by microperfusion measurements (47).

In the SS mode, we assumed that all IM [oop segments have
at least a moderate permeability to urea and that the urea
permeabilities of LDL3, the prebend segment, and the ATL are
very large. The LDL2s, ATLs, and LDL2 were assigned a
permeability of 13 X 10> cmV/s (47). The urea permeabilities
of the LDLS3, the prebend segment, and the ATL were sug-
gested to us by the high permeabilities measured in the long
loops of Henle of chinchilla (6). The permeability of the

LDL2s LDL2 LDL3 ATLs ATL* CD
Ps, wm/s

Pipe mode 0(49) 2200 (14) 400 (5) 0(14) 0(14) 750 (58)

SS mode 0(49) 2200 (14) 0(49) 0(14) 0(14) 750 (58)
Pna 1075 cmis 0(49) 0 (49) 0(49) 80 (14) 80 (14) 1(60)
Pureas 1075 cm/s

Pipe mode 1 13 (47, 71) 1 1 1 1to 1107t (22, 59)

SS mode 13 (47) 13 (47, 71) 100 (6) 13 (47) 150 (6) 1to 110t (22, 59)
Vimax, Na, NMol-cm~2-s~1 0 0 0 0 0 9—2.5—0% (75)

Parameters are given by, based on, estimated from, or suggested by references given in parentheses. Pr, Pna, Purea: permeability to water, Na, and urea,
respectively; Vimax, na, Na™ maximum transport rate. * A prebend segment is assumed to have the same transport parameters as its contiguous short ATL (ATLs)
or ATL. tParameter increases exponentially as medullary depth x increases from 2.5 to 5.0 mm. fArrows indicate that parameter varieslinearly between the given

values as medullary depth x increases; see details in text.
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TWO MODES FOR CONCENTRATING URINE

prebend segment and ATL was taken to be 150 X 10~° cm/s,
lower than the measured value of 170 X 10> cm/s in chin-
chilla ATL, but about an order of magnitude larger than
reported values in rat of 14-23 X 10~° cm/s (14, 47). The
permeability for LDL3 was taken to be 100 X 1075 cm/s,
about twice the value of 48 X 10~ cm/s reported in chinchilla
for the lower DTL (6). Our value for urea permesbility in
LDL 3 supports the effective function of the SS mode and may
not be unreasonable, because results from microperfusion stud-
ies of DTLs may have been skewed by tubules that spanned
more than one functional segment.

The CD urea permeability was assumed to be 1 (in units of
105 cm/s) for the first half of the model IM (i.e., for x €
[0, L/2]); for the second half of the IM (x € [L/2, L]), CD urea
permeability was assumed to increase exponentially, according
to the formula

(x—L/2) __ 1

Pep, wea(X) = Po + (P = Po) e _q (3

where Py and P, are the initial and terminal CD urea perme-
abilities, 1 and 110, respectively, and o« = 7; the CD urea
permeability profile is shown in Fig. 3B. This profile was
constructed to be consistent with experiments in antidiuretic
rats showing high urea permeabilities in the terminal CD (22,
59) and to ensure sufficient urea delivery to the deep medulla
to support the hypothesized modes (see above).

The CD Na® maximum transport rate (Vimax, na) WaS as-
sumed to be 9 nmol-cm~2-s™ for the initial three-tenths of the
model IM; it linearly decreases to 2.5 nmol-cm~2-s™* for the
next two-tenths, and linearly decreases to O nmol-cm~2-s 1
along the remainder of the IM; the Vimax, na profile is shown in
Fig. 3C. Substantial evidence, recently summarized by Wein-
stein (75), indicates that the IMCD is capable of brisk active
Na* absorption. The profile for Vinax, na Was chosen to ensure
that substantial urea was absorbed from the CD (by means of
maintaining a sufficient transepithelial urea gradient) and that
the solute load reaching the terminal CD was consistent with
experimental evidence for moderately antidiuretic rats (see
below). The Michaelis constant for CD Na*t active transport
was set to 40 mM (10). All tubules were assumed to have no
active urea transport: although active urea transport has been
found in the CD (23), the rate of such transport appears to be
small relative to passive fluxes.

The osmotic coefficients ¢y were set to be 1.84 for NaCl and
NR and 0.97 for urea (74). The reflection coefficients o, « for
all solutes were set to be 1 for al tubules (56). The partial
molar volume of water V,, was set to 0.018136 cm®/mM for
37°C (74).

Axial length L of the model IM was taken to be 5 mm, an
appropriate value for the rat kidney (26). Tubular diameters
were assumed to vary as a function of medullary depth.
Luminal diameters for loops of Henle were based on measure-
ments by Koepsell et al. (29): DTL diameter decreases linearly,
starting at the OM-IM boundary (i.e., a x = 0), from 15 to 11
pm, and then abruptly increases to 13 pm at the prebend
segment and remains at that value to the point of loop bend;
along the ATL, the diameter increases linearly from 13 to 20
pm at the return to the OM-IM boundary. CD diameter, based
on measurements by Knepper et al. (26), increases from 20 to
25 pm. CC diameter was assumed to be 20 um at x = 0, and

F821

CC cross-sectional area decreases with medullary depth at the
same fractional rate as the CD population decreases (Eq. 2).

The boundary water flows and solute concentrations that
were specified for the DTL and CD at the OM-IM boundary
(i.e,, x = 0) are given in Table 2. DTL boundary water flow
was assumed to increase linearly as a function of the length of
the loop, based on evidence that juxtamedullary glomeruli have
higher SNGFRs than glomeruli that are likely to give rise to
short-looped nephrons (55). Because the boundary values have
not been measured directly by experiment, our choices (espe-
cialy those for the CD) were influenced by general consider-
ations based on relevant measurements (e.g., the composition
of urine and of tubular fluid in distal tubule) (1, 52) and were
chosen to provide urea delivery rates sufficient for the concen-
trating modes. Indeed, CD inflow rate and concentrations at the
OM-IM border, and the magnitudes and spatial distribution of
Na* and urea transport along the IMCD, were chosen, in part,
by means of an informal optimization procedure. Many trial
calculations were conducted using various combinations of the
CD boundary conditions and transport properties. Based on the
experience gained, the conditions and properties were chosen
to obtain model urine osmolalities and flow rates that are
consistent with experimental findings. We believe that this
optimization procedureisjustified by the substantial regulatory
control exhibited by the CD system in response to physiolog-
ical needs.

The SL SI-Newton method, which was previously devel oped
and tested for models of the UCM (32, 33), was used to obtain
steady-state numerical solutions for this model study. A spatial
discretization of 300 subintervals was used; thus 300 discrete
loops of Henle were represented, each having a loop bend at a
distinct numerical grid point. All calculations were performed
by means of computer programs written in FORTRAN and
executed in double precision on a computer system with two
Intel Pentium IV 1.8-GHz processors and with 1 GB of RAM.

RESULTS

The model equations (aprenpix) were solved, using the
base-case model configuration, parameter sets (Table 1), and
boundary conditions (Table 2) to obtain steady-state model
solutions for the pipe and SS modes. Key results are displayed
graphically in Figs. 4 and 5, and they are compared with
micropuncture measurements in Table 4 (see piscussion). A
guantity expressed in units “per nephron” is the total of that
quantity per kidney (or the total of that quantity per kidney at
a specified medullary level), divided by the number of
nephrons per kidney.

Table 2. Boundary conditions at OM-IM boundary

Fv, Cna, Curea, CnNR, Osmolality,
Tubule nl/min mM mM mM mosmol/kgH20
DTL 5-7.5* 350 30 0 673.1
CD, pipe mode 2.4t 180 31454 20 673.1
CD, SS mode 2.2t 120 428.35 20 673.1

OM, outer medulla; IM, inner medulla; Fv, water flow rate; Ca, Cureas CnR:
Na*, urea, and nonreabsorbable solute (NR) concentration, respectively; DTL,
descending thin limb; CD, collecting duct; SS, solute secretion. * Inflow rate
increases linearly between the values given as IM loop length increases from
0to 5 mm. tFlow per CD; corresponding flows per nephron are ~0.461 nl/min
and ~0.423 nl/min for the pipe and SS modes, respectively.
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TWO MODES FOR CONCENTRATING URINE
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Base-Case Pipe Mode Model Results

The pipe mode model predicts a urine osmolality of 1,265
mosmol/kgH-O and urine flow rate of 0.0780 nl-min~ %
nephron—2 (2.96 wl-min~1-kidney 1, assuming 38,000 nephrons/
kidney). Model urine concentrations were 254, 597, and 118
mM for Na*, urea, and NR, respectively. These values are
consistent with experimental measurements from moderately
antidiuretic rats (52).

Fundamental results for the pipe mode, as a function of 1M
depth, are shown in Fig. 4. Figure 4A shows that osmolality
increases, with increasing depth, in the CD, CC, and longest
DTL (except near the OM-IM boundary and in the prebend
segment). In the CD, the osmoldlity increases from 673 to
1,265 mosmol/kgH-0, i.e., by a factor of 1.88. Along the
longest DTL, osmolality increases from 673 to 1,218 mosmol/
kgH>O at the beginning of the prebend segment, and then it
decreases to 1,073 mosmol/kgH2O at the loop bend.

Osmolality profiles for loops of Henle lengths of 1.0, 2.0,
3.5, and 5.0 mm are shown in Fig. 4B. The loops of Henle that
turn within the first millimeter of the IM are assumed to be
entirely water impermeable, and thus the osmolality in the
LDL2s of the 1-mm-long loop shows only a small increase,
which isdueto diffusive ureaentry. Beginning at the transition
to the prebend segment, osmolality decreases abruptly in all
loops, and a rapid rate of decrease continues around the loop
bend. Osmolality continues to decrease (as considered in the

tubular flow direction) along the contiguous ATL for a portion
of that ATL that is about one-third to one-half of its length. In
sufficiently long loops, ATL tubular fluid osmolality eventu-
ally exceeds that of its corresponding DTL at the same level;
however, because of the overapping of shorter loops that have
an ATL osmolality that is lower than corresponding DTL
osmolality, the osmolality of ATL fluid, taken as a whole at
each medullary level, is dilute relative to DTL fluid. Thus the
ATLs, taken as a whole, carry dilute fluid out of the IM. This
dilute ascending flow is a necessary mass-balance requirement
for concentrating urine in our modes, because the osmolalities
of flows entering DTLs and the CD at the OM-IM boundary are
fixed at a common boundary value and because the CC carries
fluid out of the IM that has only a very dlightly lower osmo-
lality at the OM-IM boundary than DTL and CD tubular fluid
at the boundary.

CC fluid is very dlightly dilute at the OM-IM boundary
(672 mosmol/kgH20) relative to DTL and CD fluid (673
mosmol/kgH>0) because urea and Na™ secretion into ATLS
is sufficiently large near the boundary to have a net diluting
effect on CC fluid; this diluting effect is apparent in Fig. 4A
along the first millimeter to the right of x = 0: CC osmo-
lality is initially decreasing with increasing medullary
depth, but ATL tubule fluid osmolality, along its flow
direction, is increasing. Electron microprobe measurements
performed at a corresponding medullary levels in antidi-
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