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Abstract

Molecular sieving of albumin by ascending vasa recta. Evi-
dence exists to support the presence of an extravascular pool of
albumin in the renal medullary interstitium. This study used
microperfusion in vivo to measure the transport of *I-labeled
albumin from descending (DVR) and ascending vasa recta
(AVR) to the papillary interstitium. Perfusions were per-
formed during furosemide diuresis with a buffer containing
FITC-labeled dextran (FITC-Dx) 2 X 10° mol wt and *I-al-
bumin. Perfusate albumin and collection pressure were ad-
justed to induce either zero transcapillary volume flux (Jv) or
high volume flux. When Jv was zero, the collectate-to-perfus-
ate ratios of FITC-Dx (R,, ) and '**I-albumin (R,,,) in the DVR
and AVR were identical implying that diffusive efflux of albu-
min was immeasurably small. In contrast, when Jv was in-
creased, paired comparison of R,;, and R, in the same AVR
revealed a difference, 1.58+0.06 vs 1.72+0.08, respectively (P
< 0.01). AVR perfusions in hydropenic animals showed simi-
lar results, R,;, = 1.70+0.07 and R, = 2.00+0.07 (P < 0.01).
These data suggest that albumin transport across vasa recta in
vivo is likely to be governed by solvent drag. The reflection
coefficient of the AVR wall to '*I-albumin is estimated to be
0.78. (J. Clin. Invest. 1992. 90:30-34.) Key words: microcircu-
lation » micropuncture » microperfusion ¢ urinary concentration
rat

Introduction

In 1958, Lassen, Longley, and Lilienfield reported that autora-
diograms of coronal sections taken from the kidneys of dogs
injected with '3'I-albumin showed intense medullary labeling.
Similar experiments were also performed in which *'Cr-labeled
red blood cells and iodinated albumin were injected and the
renal vasculature flushed or ligated ( 1, 2). Those investigations
suggested the existence of a large extravascular pool of albumin
in the renal medulla. Injection of albumin labeled with various
markers including radioiodine (3), FITC (4, 5), and Evans
blue dye (5, 6) supported the presence of interstitial albumin.
Histochemical methods have been used to examine the path-
way by which macromolecules gain access to the interstitium.
Tracers as large as catalase (240,000 mol wt) and ferritin
(500,000 mol wt) crossed the fenestrations of cortical peritubu-
lar capillaries and ascending vasa recta (AVR)! (7, 8).
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The functional implication of macromolecular leakage into
the medullary interstitium is obscure. The fact that a marker
crosses capillary fenestrations does not provide insight into the
magnitude or even the direction of net protein flux in vivo. The
evidence that macromolecules gain access to the medullary in-
terstitium is provocative, raising interesting and important
questions with regard to the control of thermodynamic driving
forces responsible for the removal of solutes and water by the
microcirculation. An essential consideration in the formula-
tion of a descriptive model of such transport processes con-
cerns the absence of lymphatics from the inner medulla (9,
10). Without lymphatic drainage, any transport of albumin
could lead to an elevation of interstitial oncotic pressure.

To determine whether the descending vasa recta (DVR)
(continuous endothelium) or AVR (fenestrated endothelium)
transport albumin (11), these vessels were perfused in vivo
with a buffer containing !*I-labeled albumin. To assess the
relative contributions of diffusion and convection to albumin
transport, perfusions were performed under conditions of near
zero volume flux or high volume flux. Diffusive efflux of albu-
min from perfused descending or ascending vasa recta was too
small to detect, however, convective transport across the AVR
wall was readily demonstrated.

Methods

Female Munich-Wistar rats weighing 70-120 g were obtained from
Harlan Sprague Dawley, Inc., Indianapolis, IN. The animals were al-
lowed free access to food and water until the time of the experiment.
Anesthesia was obtained by an intraperitoneal injection of thiopental,
50 mg/kg body wt. The rats were placed on a heated table and body
temperature maintained between 36 and 38°C as measured by rectal
probe. For infusions and bolus injections, the jugular vein was cannu-
lated with polyethylene-50 tubing that had been tapered by pulling over
a flame. A tracheostomy was performed, the left femoral artery cannu-
lated for blood pressure monitoring, and a bladder catheter inserted to
measure urine flow from the right kidney. The papilla of the left kidney
was prepared for micropuncture as previously described (12, 13). After
surgery, a 30-min equilibration period was permitted to elapse before
microperfusion was performed.

Animals subjected to furosemide and saline diuresis received a
bolus injection of 0.14 mg/ 100 g body wt of furosemide in a volume of
0.2 ml/ 100 g body wt of saline followed by 2.3 ug/min per 100 g body
wt of furosemide in 60 ul/min per 100 g body wt of saline (12). Ani-
mals maintained in the hydropenic state received only 15 ul/min per
100 g body wt of saline. Blood pressure and urinary flow rate were
determined with each experiment. Values observed were similar to
those previously encountered (12, 13).

1. Abbreviations used in this paper: A, AVR, ascending vasa recta; D,
DVR, descending vasa recta; FD, furosemide diuresis; FITC-Dx,
FITC-labeled Dx; HD, hydropenia; HJv, high volume flux; Jv, trans-
capillary volume flux; 0Jv, zero Jv; R,;,, collectate-to-perfusate ratio of
125L.albumin; R,,, collectate-to-perfusate ratio of FITC-Dx.



Experimental design

The purpose of these experiments was to measure the loss of '’I-albu-
min from the lumen of AVR or DVR to the papillary interstitium
under conditions of near zero volume flux (0Jv) or high volume flux
(HJv). To accomplish this task, microvessel segments were isolated
between two paraffin blocks and perfused with the desired buffer as
previously described ( 14). Transcapillary volume flux (Jv) can be con-
trolled by altering intracapillary Starling forces during microperfusion.
Due to the high hydraulic conductivity of AVR wall, Jv is very large
when these vessels are perfused with 0.1 g/dl albumin at collection
pressures of 15 mmHg (14) and near zero with 5.0 g/dl albumin (15).
Table 1 summarizes experimental groups and the Starling forces em-
ployed to control volume flux across isolated vessel segments. The num-
ber of animals and vessels studied is also given. To eliminate concern
over variation in interstitial NaCl and urea concentrations and the
potential effects of transcapillary gradients of these solutes, most perfu-
sions were performed under conditions of furosemide and saline diure-
sis (FD) (12). In one group, hydropenic conditions (HD) were main-
tained.

Microvessel isolation and perfusion

Individual vasa recta were blocked with paraffin and punctured twice,
once at the papillary tip for microperfusion and a second time near the
base to collect samples for analysis. Vessels were only perfused if a
length, free of branch points, could be easily traced along the papillary
surface. A paraffin block was placed near the papillary base (AVR) or
tip (DVR) and the vessel observed to assure that the red blood cells
became completely stagnant. If a branch point existed upstream of the
block blood flow continued unabated through the branch. Such hidden
branch points were rarely identified. A second paraffin block was
placed as far from the first as possible (14). All perfusions were per-
formed at 7.5 nl/min using a nanoliter infusion pump calibrated be-
fore and after these experiments. To control intracapillary pressure
during perfusion, the hydraulic pressure in the collection pipette lumen
was adjusted (14). The distance from the perfusion to collection sites
was measured with an ocular micrometer.

Groups 0Jv-FD /A and 0Jv-FD /D ( zero volume flux-furosemide di-
uresis/ascending vasa recta or /descending vasa recta). As shown in
Table I these perfusions were performed using 5.0 g/deciliter (dl) albu-
min in perfusate buffer (see below) with the collection pipette pressur-
ized to 10 mmHg. The purpose of these experiments was to determine
whether diffusion of '*I-albumin from vasa recta to the interstitium
could be detected under conditions of zero volume flux.

Groups HJv-FD/A and HJv-FD /D (high volume flux-furosemide
diuresis/ascending vasa recta or /descending vasa recta). These perfu-
sions were performed with 0.1 g/dl albuminat 15 mmHg during furose-
mide diuresis to measure convective transport of '2I-albumin from the
vasa recta lumen to the papillary interstitium under conditions of high
volume flux.

Group HJv-HD/A (high volume flux-hydropenia/ascending vasa
recta). These perfusions were performed with 0.1 g/dl albumin at 15
mmHg during hydropenia to measure '*I-albumin flux. This group
was included to determine if the results observed with group HJv-FD/
A could be reproduced in the absence of furosemide.

Table I. Microperfusions Performed

Group Vessel Cp Pc Na/Nv
g/dl mmHg

0Jv-FD/A AVR 5.0 10 10/19

0Jv-FD/D DVR 5.0 10 7/10

HJv-FD/A AVR 0.1 15 10/21

HJv-FD/D DVR 0.1 15 8/14

HJv-HD/A AVR 0.1 15 10/22

Abbreviations: Cp, albumin concentration; Pc, collection pressure;
Na/Nv, number of animals/number of vessels.

Perfusate buffer. For perfusions performed during furosemide di-
uresis the following buffer was used: NaCl 161 mM; NaH,PO, 0.29
mM; Na,HPO, 1.71 mM; KCl 9.0 mM; MgCl, 1.0 mM; CaCl, 1.0
mM; urea 50 mM; Hepes 5 mM, pH 7.4 (12, 13). For hydropenic
perfusions, concentrations of NaCl, urea, and potassium were based
upon measurements of vasa recta plasma composition at the tip of
hydropenic Munich-Wistar rats under identical experimental condi-
tions (12, 15). NaCl 322 mM; KCI 28 mM; urea 360 mM: NaH,PO,
0.29 mM; Na,HPO, 1.71 mM; CaCl, | mM; MgCl, | mM; Hepes 5
mM; pH 7.4. 'l-albumin (see below) and FITC-labeled dextran
(FITC-Dx), 2 X 10® mol wt, 5 mg/ml (Sigma Chemical Co., St. Louis,
MO), were added to the perfusate.

Asin previous studies, FITC-Dx served as a marker for the determi-
nation of transcapillary volume flux (13-15). In this laboratory,
batches of FITC-Dx are routinely subjected to gel chromatography to
examine their size distribution. All 2 X 106 average molecular weight
FITC-Dx species to date have eluted near the void of a Sepharose 4B
column (Pharmacia Inc., Piscataway, NJ). The tight binding of FITC to
the dextran molecule has also been verified (13 ). FITC-Dx and '*I-al-
bumin markers were dialyzed at weekly intervals (see below).

lodination of albumin. BSA (A7906; Sigma Chemical Co.) was la-
beled with I (New England Nuclear, Boston, MA) using lodo-beads
(Pierce Chemical Co., Rockford, IL). 140 ul of PBS containing 0.4
g/dl BSA was combined with three beads and 2 mCi of '%I. The mix-
ture reacted for 15 min after which iodinated BSA was isolated from
free '*’I by eluting from a 2-ml Sephadex G25 column (Pharmacia Inc.)
with perfusate buffer. The void fractions were dialyzed against the de-
sired perfusate buffer. Binding of '*’I to albumin was verified using
equilibrium dialysis and gel chromatography. Exhaustive dialysis of
perfusate buffer and reexamination of binding was performed at
weekly intervals. The rate of leakage of '2°I from albumin was too small
to quantitate with accuracy. It was < 1% per week when examined by
equilibrium dialysis. '*’I-albumin was also subjected to gel chromatog-
raphy on a 60-cm Sephadex G200 column at weekly intervals. It always
eluted as a single peak near the void fraction.

Analytical methods

Microanalysis of FITC-Dx. The method used to measure FITC-Dx in
collectate and perfusate is similar to that previously described, with
minor modifications (13). Samples of perfusate and collectate were
placed into a siliconized petri dish under water-equilibrated mineral
oil. 7.5 ul of PBS was loaded into 50-u1 microcaps ( Drummond Scien-
tific Co., Broomall, PA) that had been cut in half. Using volumetric
constriction pipettes, 1-nl volumes of samples were dispensed into the
PBS. The ends of the microcap were flame sealed and centrifuged back
and forth for mixing. Fluorescence was measured using a photon
counting microscope detection assembly (model D104B; Photon Tech-
nology International, South Brunswick, NJ) with the photomultiplier
tube charged to 950 V. Background fluorescence was subtracted from
that measured in the perfusate and collectate to determine the fluores-
cence, Co and C,, respectively. The rate of volume efflux (Qv, nl/min)
from the capillary to the papillary interstitium was calculated from the
change in concentration of FITC-Dx from perfusate to collectate and
the perfusion rate, Qo.

—ol1-%
Qv—Qo[l Cl] (l)

Transcapillary volume flux is expressed per capillary length (L), Jvl
(nl/[min-mm]) (determined as Qv/L). Alternatively, volume flux
can be given per unit of vessel wall surface area, Jv (see below).

To measure '**I-albumin, the same cuvettes used to measure fluo-
rescence were counted on a gamma counter (model 5500; Beckman
Instruments, Fullerton, CA ). Counts exceeded background by a factor
of 8-10. The protein assay was performed by the microadaptation of
the Lowry method (12, 16).

Using these assays, the coefficient of variation for measurement of
nine pipetted 1-nl samples of FITC-Dx and '**I-albumin was 0.045 and
0.039, respectively.
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Theoretical analysis. The following demonstrates that the design of
the HJv experiments provides a particularly powerful means for deter-
mining the sieving (or reflection) coefficient of the capillary wall to
albumin.

Since the oncotic pressure of 0.1 g/dl albumin is nearly zero and
hydraulic pressure is expected to vary little along the perfused capillary
(14), it can be assumed that Jv is independent of axial location.

Q.

Jo = TipL @)

where Jv is transcapillary volume flux expressed per unit of surface area
(cm/s), D and L are the diameter and length of the perfused capillary,
respectively. The flow rate (Q) at any position (x) is given by

0-0.-of}) ®)

Transcapillary albumin flux (Ja) is described by the equation of
Patlak (17).

C‘ - C.ie_ﬂ
J.=J0 e (4)
6=1-g, 8= 16 (5a, 5b)
P,

C, and C,; are the '*’] albumin concentration in the lumen and intersti-
tium, respectively. o, and Pa are the reflection coefficient and perme-
ability of the vasa recta wall to albumin.

Conservation of albumin requires

£ €Q)--5ID (6)

If 8 in Eq. 4 is large, exponential terms approach zero and convec-
tion dominates as the mode of albumin transport. In that case, Eq. 4
becomes

J.=CJ.8 )

To justify the transition from Eq. 4 to Eq. 7 it is reasonable to require
that the exponentials in the numerator and denominator of Eq. 4 to be
< 0.05 or 8 > 3. Assuming the high volume flux perfusions satisfy this
criterion, Egs. 2, 3, 6, and 7 can be combined and integrated to yield

G _ amieuiaea (8)

‘a0

Note that Ca/Cao and Qo/(Qo — Qv) are equal to the collectate-to-
perfusate ratio of '*’I-albumin (R,;,) and FITC-Dx (R,, ), respectively,
so that a theoretical plot of R, vs R, should appear as shown in Fig,. 1.
Eq. 8 can be rearranged

In(Rap) = o,In(R,,) %)

A plot of the natural logarithm of R, vs R,, is expected to be linear,
with a slope of ¢, and intercept at the origin. The power of Eq. 9 is
apparent. ¢, can be determined from the collectate-to-perfusate marker
ratios alone, without concern over the pericapillary interstitial '>*I-al-

Figure 1. Theoretical
results of single capillary
perfusions for high vol-
ume flux conditions.
The family of curves is
calculated from Eq. 8
for values of o, = 0.4,
b YRy 5 2.0 25 0.6, or 0.8. The graph
Rox depicts the

collectate-to-perfusate
ratio of albumin (R,y, ordinate) vs FITC-Dx (R,,, abcissa). The
dashed line is the line of identity, corresponding to ¢, = 1.
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bumin concentration or knowledge of vessel length and diameter. Fur-
thermore, R, and R,;;, are measured in the same samples, eliminating
pipetting as a source of error.

It follows that for Eq. 9 to be applied to analyze these experiments,
rates of transcapillary volume flux must be sufficiently high for 8 in Eq.
4 to be large. After presentation of the data, this issue will be examined
in the Discussion section of this report.

Statistical analysis. Experimental results are reported as mean+SE.
Statistical comparisons use paired or unpaired Student’s ¢ tests as ap-
propriate.

Results

R, and R,;, and the capillary segment lengths are shown for
each group in Table II. For Groups 0Jv-FD/A and 0Jv-FD/D
only, the collectate-to-perfusate ratio of albumin was deter-
mined for both '*I-albumin and for “chemical” albumin by
the micro-Lowry method.

Transcapillary volume flux. The Starling forces chosen for
the HJv groups ( Table I, collection pressure = 15 mmHg, albu-
min concentration 0.1 g/dl) successfully induced a high rate of
transcapillary volume flux across AVR (groups HIv-FD/A,
HJv-HD/A) but not DVR (Group HJv-FD/D) (Fig. 2). This
result corroborates the difference in hydraulic conductivities
previously observed for these two vessel types (13, 14). When
perfusion was performed with 5.0 g/dl albumin, R, was indis-
tinguishable from unity demonstrating that volume efflux was
eliminated as intended for these groups (Table 11, groups 0Jv-
FD/A, 0Jv-FD/D).

Transcapillary albumin flux. No difference was found be-
tween the collectate-to-perfusate ratios of FITC-Dx and '?*I-al-
bumin or chemical albumin for the zero volume flux perfu-
sions (Table II, groups OJv-FD/A, 0Jv-FD/D). This implies
that diffusion of '*I-albumin from DVR or AVR lumen to
papillary interstitium was undetectable by this experimental
method. Similarly, R, and R, were indistinguishable when
volume flux across DVR segments was increased to 1.2 nl/
(min-mm) (Table II, HIv-FD/D). In contrast, in the AVR
under conditions of high volume flux, '?5I-albumin was con-
centrated to a lesser degree than FITC-Dx and paired compari-
son of R, and R, revealed a highly significant difference be-
tween these markers (Table II, groups HJv-FD/A and HJv-
HD/A). This result demonstrates molecular sieving of
12[.albumin across the AVR wall during both furosemide di-
uresis and hydropenia. The results of individual perfusions are
shown in the top and bottom panels of Fig. 3 where R, is
plotted as a function of R, for all AVR perfusions. The devia-
tion of points from the line of identity at higher values of R,
conforms to expectations based upon the theory provided in
the Methods (Eq. 8 and Fig. 1).

Reflection coefficient of the AVR wall to albumin. In view of
the similarity of the results obtained during high volume flux
perfusions of the AVR during furosemide diuresis and hydro-
penia, the data from the 43 perfusions were combined and
plotted logarithmically (Fig. 4). Consistent with theory, the
regression line has an intercept that is statistically indistinguish-
able from zero (Methods, Eq. 9). The slope of the regression
line in Fig. 4 provides an estimate of o, (0.78). When exam-
ined individually, a slope and intercept of 0.79 and 0.035 are
obtained for the group HJv-FD/A, and 0.88 and —0.097 for
group HJv-HD/A data, respectively. Combining the data in
Fig. 4 to yield the best estimate of ¢, seems the best approach
because these intercepts are not statistically different from zero
and the slopes are not significantly different from one another.



Table I1. Collectate-to-Perfusate Marker Ratios

Rab Rab
Group Ropx ('#1) (Lowry) Length vl

um nl/(min-mm)
0Jv-FD/A 0.98+0.03 0.97+0.03 0.97+0.04 62031 -0.8+0.7
0Jv-FD/D 1.02+0.03 1.06+0.03 1.01+0.02 793453 -0.1+£0.3
HJv-FD/A 1.72+0.08 1.58+0.06* — 666+47 5.1£0.5
HJv-FD/D 1.13+£0.04 1.14+0.06 — 728+39 1.2+0.4
HJv-HD/A 2.00+0.07 1.70+£0.07* — 666+35 5.60.2

Entries are reported as mean+SE. * P < 0.01 R, vs Rp,.

Discussion

A body of evidence suggests that macromolecules, particularly
albumin, equilibrate between the microcirculation and renal
medullary interstitium. The presence of a pool of extravascular
albumin in the renal medulla has been confirmed by several
studies (1-7). The present work was performed to examine the
relative contributions of convection (solvent drag) and diffu-
sion to albumin transport across the papillary vasa recta. The
method used, free-flow microperfusion of single capillaries in
vivo, has inherent limitations. First, if the rate of transport
from lumen to interstitium is too low, a difference in mass flow
rate between the point of perfusion and collection will not be
measurable. Second, for albumin to escape from the capillary
lumen, it must be consecutively transported across the capil-
lary wall and through the pericapillary interstitium. Other in-
vestigators have examined the transport characteristics of the
interstitium with respect to macromolecules (18, 19). Those
studies demonstrate that as molecular weight rises, the intersti-
tium provides an increasingly significant barrier to diffusion.
The current experimental design overcomes the latter problem.
Assuming that convection-dominated transport across the cap-
illary wall has been achieved, analysis (Eqgs. 3-9) with respect
to the estimation of ¢, does not depend upon knowledge of
interstitial '?*I-albumin concentration.

Diffusive transport of albumin. An attempt was made to
measure diffusion of albumin from lumen to interstitium.
When DVR and AVR segments were perfused at 7.5 nl/min
with buffer containing 5.0 g/dl BSA at 10 mmHg, transcapil-
lary volume flux was not significantly different from zero and
efflux of '?’I-albumin could not be detected (Table II, groups
0Jv-FD/A, 0Jv-FD/D). If the capillary wall rather than peri-
capillary interstitium is the major barrier to diffusion, albumin
permeability (Pa) would be calculated from

Q 1
P, DL ln( Ralb) (10)
Figure 2. Transcapillary
volume flux for AVR
6.0 perfused during hydro-
_ sof penia (HD) or furose-
’E o mide diuresis (FD) and
< DVR during furosemide
E 30 diuresis. In all cases,
~N
= 20l vessels were perfused
3 with buffer containing
10 0.1 g/dlalbuminata
0.0 . VR VR collection pressure of
HD FD FD 15 mmHg.

Assuming that a 5% change in '?’I-albumin concentration (R,
= 0.95) could be confidently detected by current methods, the
minimum value of Pa that might be resolved is 1.5 X 10~ cm/s
(assuming Qo = 7.5 nl/min, D = 20 um and L = 660 um). It is
likely that Pa for the DVR and AVR is less than this or that the
interstitium represents a greater barrier to diffusion of '*’I-al-
bumin than the capillary wall. Given that the extent to which
perfusion rate can be decreased is technically limited, these
experiments demonstrate that free-flow microperfusion might
be an inadequate method to measure diffusive albumin efflux
in vivo.

Convective transport (solvent drag) of albumin. Methods
for inducing a high rate of transcapillary volume flux in the
AVR have been established (14) and exploited to examine mo-
lecular sieving of albumin. Collectate-to-perfusate ratios of a
high molecular weight (2 X 10°) fluoresceinated dextran and
1251-albumin were compared (Fig. 3). Sensitivity of the method

A
Furosemide P
25t Lt
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o o ° °
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Figure 3. (A) Experimental results of AVR perfusions performed
during furosemide diuresis. The collectate-to-perfusate albumin ratio
(Rap) is shown as a function of R, for perfusions performed with
5.0 g/dl albumin (filled circles, group 0Jv-FD/A) and 0.1 g/dl albu-
min (open circles, group HIv-FD/A). The dashed line is the line of
identity. (B) Experimental results are shown for AVR perfusions
performed with 0.1 g/dl albumin in hydropenic rats (open circles,
group HIv-HD/A).
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1.0 slope = 0.78 Figur.e 4. The nat}xral
Ny = 43 logarithm of R,y is
~ o8 K -t_’_.' plotted as a function of
3 os o o o?%¢'8 o | the natural logarithm
T o4 T ¢ of Ry, for a total of 43
. s 08 high volume flux AVR
o2r . ‘ ’ perfusions performed
0.0 L either during furose-
6o 02 o4 06 08 10 pide diuresis (filled cir-
in( Rpx )

cles) or hydropenia
(open circles). Accord-
ing to Eq. 9, the slope of the dashed regression line is an estimate of
o, for the AVR wall.

was increased by measuring both markers in the same capillary
and identically pipetted samples of perfusate and collectate. A
highly significant difference in the collectate-to-perfusate ratios
of 12]-albumin and FITC-Dx was observed in rats subjected to
furosemide diuresis (HJv-FD/A) or maintained in a hydro-
penic state (HJv-HD/A, Table Il and Fig. 2). From these data,
the reflection coefficient of the AVR wall to albumin (o,) was
estimated to be 0.78 (Fig. 4).

Validity of this analysis requires 8 > 3 (Eqgs. 4-7). Assum-
ing an AVR diameter of 20 um (20), Jv for the HJv-FD/A and
HJv-HD/A groups was 13.4 X 107°+1.4 X 107 and 14.9
X 1073+0.6 X 1073 cm/s, respectively. To satisfy 8 > 3 with g,
= (.78, Pa must be less than 1 X 1073 cm/s. The analysis pro-
vided above coupled with measurements of albumin permeabil-
ity in other capillary beds (Pa < 1077 cm/s) (21) suggests that
this criterion is very likely to be fulfilled.

In the DVR, presumably due to its low hydraulic conductiv-
ity (13), a high rate of volume flux was not be achieved (group
HJv-FD/D, Table 1I). In view of this, it is not surprising that
convective albumin efflux across the DVR wall could not be
measured (Table II, Group HJv-FD/D). Based on ultrastruc-
tural differences between their endothelia, it seems likely that
the DVR reflection coefficient to albumin is higher than that
for the AVR. Due to inherent insensitivity of current methods,
however, the results in Table II cannot be taken to imply that
the DVR wall has a reflection coefficient to albumin of unity.

Mechanism of transcapillary equilibration of albumin in
vivo. In the hydropenic Munich-Wistar rat, under experimen-
tal conditions in which the ureter has been excised to access the
papilla for micropuncture, it has been observed that plasma
protein concentration falls during transit from papillary tip to
base in the AVR (22-24). Those experiments have been inter-
preted to demonstrate AVR uptake of water from the papillary
interstitium. This is consistent with the need of the microcircu-
lation to reabsorb water deposited by the loops of Henle and
collecting tubule (22-24). Perfusion rates in these experiments
were similar to blood flow rates in vivo and diffusion of albu-
min was found to be undetectable. These experiments there-
fore corroborate that the fall in AVR plasma protein concen-
tration observed in vivo is likely due to water uptake rather
than significant albumin efflux.

It also follows that if convection is the dominant mode of
albumin transport across the AVR wall during hydropenia,
AVR will remove albumin from the papillary interstitium
rather than deposit it there. Thus high concentrations of albu-
min in the medullary interstitium observed in vivo may origi-
nate from descending vasa recta or the sparce capillary plexus
interposed between DVR and AVR. This is consistent with
current data concerning the DVR because, given the absence of
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lymphatics in the inner medulla, the rates of transport responsi-
ble for interstitial albumin accumulation might very well be
too low to measure by present methods. A detailed mathemati-
cal simulation of such a convective albumin exchanger would
be required to accurately define its function.
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