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6 M. Steinhausen and G. A. Tanner

1. Introduction

The surface of the kidney presents a unique opportunity to study fun-
damental processes in the living animal. Here blood vessels and kidney
tubules are accessible to direct microscopic observation. This situation has
been used to elucidate kidney functions under normal and pathological
conditions.

A number of observations on function in the intact kidney can be made
through the microscope. We can observe the flow of blood in the renal
microcirculation on the cortical surface. We can identify proximal and
distal tubules, and measure their widths. We can follow the flow of tubular
fluid with the use of dyes. We can watch fluid reabsorption in tubular
segments isolated by oil droplets. With photography, these observations
can be recorded and quantitated. In this monograph, we will survey the
methods and results of in vivo microscopy of the kidney cortex. We will
consider the advantages and limitations of these methods, and discuss their
contributions to our understanding of kidney physiology.

A general discussion of kidney function may be found in Ref. [127].
The reader is also referred to several recent reviews and books on the kidney
[28, 41, 43, 66, 72a, 84, 95, 120, 128, 136, 140, 194, 203, 204, 210, 216].

General Techniques

The study of mammalian kidney function by in vivo microscopy is more
than 60 years old. Ghiron [64] was the first to observe the functioning
mouse kidney through the microscope. Edwards and Marshall [46] presented
the first drawing of the renal surface of the rat as seen through the incident
light microscope. They noticed that proximal tubule lumens of the rat
kidney dilated during a sulfate diuresis. Walker and Oliver [199] were first
to apply micropuncture techniques to the mammalian kidney.

The kidney is routinely exposed for visual observation in micropuncture
studies. Most observations of renal cortical function in vivo have been made
in the rat. However, observations have also been made in other mammals,
e.g. mouse, guinea pig, Psammomys, hamster, dog, cat, and monkey. The
experimental approach is basically similar in all species, but in the larger
animals, the kidney must be decapsulated in order to see the tubules.

The kidney is surgically exposed in the anesthetized animal. It is usually
dissected free from perirenal fat and is supported in a spoon-shaped holder
to minimize disturbing respiratory movements. A notch in the holder pro-
vides space for the blood vessels and ureter which enter and leave the
kidney at the hilus. The reader is referred to the monograph by Windhager
[215] and to the article by Gottschalk [127] for discussion of micropuncture
techniques.
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Microcirculation and Tubular Urine Flow 7

Certain difficulties inherent in studies of renal function by in vivo
microscopy must be kept in mind. First, renal tubules and blood vessels
are tightly enmeshed in a complex structure. Second, blood and tubular
urine flow patterns within the kidney differ from those visible on the sur-
face. Third, interference with the normally extremely high blood flow
through the renal cortex leads to changes in function and structure. Finally,
observations are made on anesthetized animals, which have often been
subjected to extensive surgery!. Because of these problems, we must be
cautious in applying results from in vivo microscopy to whole kidney
function in the normal animal.

Stereomicroscopes are most often used for observing the kidney in
micropuncture studies. The magnification with these microscopes is usually
limited to 100-200 powers. Greenough objectives, used in the Leitz stereo-
microscopes, are recommended because they provide high magnification
and high resolution. We have also used a large Zeiss double-headed operating
microscope (objective =50 mm) with a zoom lens. This microscope, how-
ever, tends to swing about the microscope stand, so additional support on
the operating table is necessary. Photomicrography with stereomicroscopes
is not optimal, because only strongly contrasted phenomena (e.g. Sudan
black stained castor oil injected into a tubule) can be visualized. The weakly
contrasting surface of the kidney is best photographed with incident light
darkfield illumination using Leitz Ultropak objectives. For high magni-
fication incident light fluorescence microscopy, immersion objectives with
a combination of illumination and observation beams (e.g. Leitz Fluopak
system) are suitable. Microcinematography can also be done [163, 167, 170,
178, 191]. For high frequency microcinematography [170], a high light
intensity is needed, and heat absorbing filters are required to avoid dam-
aging the kidney.

Histological techniques are a valuable supplement to in vivo observations
of renal function. Casts of the renal vasculature and tubule system are
especially helpful in defining the three-dimensional architecture of the
kidney. Figure 1 shows a cast preparation from a fixed and cleared rat
kidney. The vascular system was filled with red latex from the renal artery
and the renal tubule with white latex by micropuncture of the renal sur-
face. Only the proximal convoluted tubule is filled, and filling of the venous
portion of the renal vasculature is lacking. Figure 2 shows a diagrammatic
drawing of a superficial cortical nephron based on such cast preparations.
The renal microvasculature of such a nephron includes: afferent arteriole
(vas afferens), glomerulus, efferent arteriole (vas efferens), welling or
source point, peritubular capillary network, and venule. The renal corpuscle
(Malpighian body) consists of the glomerular capillary tuft surrounded by

1 We have recently developed a new kidney chamber which permits microscopic
observation of the kidney surface in the unanesthetized rat ([174a]; see also p. 34).
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8 M. Steinhausen and G. A. Tanner

Fig. 1. Cast of a surface proximal convoluted tubule and its associated blood supply.

The kidney was made transparent by treating it for a few seconds with concentrated

KOH. The inset shows a three dimensional depiction of a proximal tubule. The tubular

fluid flow direction is shown by arrows and is numbered numerically. The letters mark

the sequence of proximal tubular loops, starting from the glomerulus. The vas afferens
is dilatated for technical reasons (cf. Table 16). (From Steinhausen et al. [173])

the blind end of the proximal tubule (Bowman’s capsule). An ultrafiltrate
of blood plasma is formed by the glomerulus and flows down the tubule,
where it is changed into urine. The tubule consists of proximal convoluted
tubule, loop of Henle, and distal convoluted tubule. Distal convoluted
tubules join via connecting tubules to form the collecting tubules.

In vivo observation of the kidney cortex surface provides a limited view
of renal structures. Glomeruli are usually absent from the surface of the mam-
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Microcirculation and Tubular Urine Flow 9

Fig. 2. Schematic drawing of a superficial nephron and its blood supply.
(From Steinhausen [169])

malian kidney. Occasional superficial glomeruli are encountered in the guinea
pig [199], immature mouse [76], rats [160], Munich strain Wistar rat [26, 75,
170] and squirrel monkey [109, 187]. Afferent arterioles have not been ob-
served at the renal surface, and only the branching point of the efferent
arteriole (welling point) is visible. Most of the tubule loops on the kidney
surface (about 94 % in the rat) belong to proximal convcluted tubules; the
rest are distal convoluted tubule loops [160, 199]. An average of 5.2+ 0.6 SE
(n=>56) loops of a proximal convoluted tubule are visible on the surface,
but this is less than 20 % of the total length of this tubule segment [173].
Loops of Henle and medullary collecting ducts can be visualized only by
exposing the renal papilla. Cortical collecting tubules are inaccessible to
in vivo observation. Lymph vessels are absent from the superficial cortex
in most of the rodent kidneys studied [92]. Despite strenuous efforts, the
interstitial space remains as invisible to intravital microscopists as the soul
to Virchow.

II. Measurements of Tubular Lumen Diameter
A. General

In the normal intact functioning kidney, the kidney tubule lumens are all
open. By contrast, in kidneys fixed for histology, tubule lumens are often
collapsed. Lumen collapse reflects continued fluid reabsorption at a time when
glomerular filtration has ceased (Fig. 3[175]). Rapid fixation of kidney
tissue is essential to preserve normally open lumens. Fixatives may be ap-
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Microcirculation and Tubular Urine Flow 11

plied intravitally directly on the surface of the kidney [94, 117, 132, 133],
by perfusing individual nephrons with fixing fluid [115, 189], or by per-
fusing the kidneys with fixative solution in vivo [42, 72, 115, 145, 192].
Rapidfreezing of the kidney has also been used [7, 17, 77, 100, 175]. Con-
clusions about tubular diameters in vivo from fixed tissues must be judged
cautiously, because of possible alterations due to insufficiently rapid fixation
and changes produced by processing of the tissue for histology.

The most reliable measurements of tubular diameters under different
physiological conditions are obtained by in vivo microscopy and photo-
graphy. Clear, sharp pictures, taken at a high magnification, are needed
for accurate measurements; blurred pictures will give unreliable results. The
tubules are not constant bore tubes, and wide or narrow portions of the
same tubule can be selected. In assessing diameter changes with the incident
light microscope, comparison of lumen diameter at the same place under
various conditions provides the most reliable data.

The lumen diameter of a tubule is determined by three factors. The
first factor is the difference between internal and external hydrostatic pres-
sures. The distending internal hydrostatic pressure in a tubule is determined
by a) the rate of fluid delivery (hence the glomerular filtration rate), b) the
rate of tubular reabsorption of fluid, and ¢) the downstream pressure and
resistance to fluid flow. The external hydrostatic pressure (the interstitial
fluid pressure) acts to oppose distension, and is normally a few mm Hg
[129]. The second factor influencing lumen diameter is tubular distensibility.
Welling and Grantham [209] studied this in isolated rabbit kidney tubules.
They found that the tubular basement membrane determines the overall
distensibility of the tubules. The elastic modulus for tubular basement
membrane corresponds closely to that of tendon collagen, indicating a
considerable toughness. The tubule wall becomes increasingly stiff as it
is stretched. The third factor is the amount of tubular cell hydration. Tu-
bular epithelial cell swelling will act to diminish the diameter of the tubule
lumen. In experimental acute kidney failure induced by temporary ischemia
[31] or by mercury [91], such cell swelling in the proximal pars recta may
nearly obliterate the lumen. The resulting increase in flow resistance may
contribute significantly to the renal insufficiency.

B. Proximal Tubule Lumen Diameter

Some controversy surrounds the in vivo measurement of proximal lumen
diameter. We believe that the “white zone” which is brightly illuminated
in intravital microscopy corresponds to the brush border (Fig. 3). We find
its breadth to be 2-3 pm, and it shines particularly brightly in early proxi-
mal tubules. With the electron microscope, Maunsbach [16] and Rost-
gaard and Thuneberg [145] found brush border microvilli 3-4 pm long in
early and 1-2 um long in late proximal convoluted tubule segments. Leyssac
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12 M. Steinhausen and G. A. Tanner

Fig. 4. In vivo microphotograph of the renal cortex surface of a rat during passage
of the fluorescent dye lissamine green-rhodamine

[102] believes that the outer not the inner margin of the “ white zone” is the
limit of the lumen. He interprets the ““white zone™ as due to reflection of
light at the brush border-tubular fluid interface. We cannot agree with this
for the following reason: We obtain the same measurement of tubular lumen
diameter both when we visualize a segment of proximal tubule in dark
field and subsequently when we photograph the same segment during the
passage of a fluorescent dye. With fluorescence microscopy there is no
incident light reflection (Fig. 4). Thus, the ‘“white zone” corresponds to
the brush border, and its inner margin defines the proximal tubule lumen.

Table 1 surveys data from the literature on the diameter of the proximal
tubule lumen of nondiuretic rats measured with a variety of techniques.
Tables 2 and 3 report the effects of diuretic agents and increased ureteral
pressure, respectively, on proximal lumen diameter in the rat. Table 4
summarizes proximal lumen diameter measurements in other species.

Under control conditions of antidiuresis, proximal lumen diameter in
the fully grown rat is about 20 microns (Table 1). Lumen diameter in-
creases with the size of the rat as shown by data of Steinhausen et al. [175]
and Leyssac [100] (Table 1). Proximal lumen diameter is increased by in-
jection of oil for a split-drop determination, so measurements in this con-
dition do not give normal values [166]. The diameter measurements by
Brunner ef al. (Tables 1 and 3) were made in tubules dilated by castor oil
injection.
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Table 1. Lumen diameters of proximal tubules of rats under nondiuretic
control conditions

13

Diameter Rat strain Weight Sex Technique Reference

(W (g)

14-24 Wistar 160-300 Incident light Wahl et al. [198]
microphotography

15.7+1.18 ca. 200 Incident light Thurau and
microphotography Deetjen [191]

16.4+1.8 Wistar 70-80 3 Incident light Steinhausen
microphotography etal [175]
(kidney surface
rinsed with Tyrode)

22.8+0.66 Wistar 300-330 3 Incident light
microphotography
(kidney surface
rinsed with Tyrode)

19.8+0.62 Albino 250-340 3 Incident light Steinhausen [166]
microphotography
(kidney surface
rinsed with
mineral oil)

17.0+0.4 Fw49 200-300 3 Incident light, Krause er al. [90]
graduated ocular

18.54+0.4  Albino 250-350 3 Incident light Koch et al. [89]
microphotography

18.74+0.3 Wistar 220-270 3 Incident light Baines et al. [8]
microphotography

19.0+1.3 Albino 95-110 3 Snap-freezing Leyssac [100]

27.14+0.7 250-300 3

19.3 Albino Incident light Walther and
microphotography Schoeppe [202]

19.3+0.5 Albino 180-220 =S In vivo fixation with  Langer er al. [94]
osmium, histology,
electronmicroscopy

19.4+0.4 180-240 Incident light Wahl ez al. [197]
microphotography

19.54+1.4  Albino 230-290 Incident light Deetjen [40]
microphotography

19.6 +2.01 180-220 % Calculated from Heller and

GFR, reabsorption,
passage time, etc.

Noviakova [80]

Values are means + SE.
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14 M. Steinhausen and G. A. Tanner

Table 1 (continued)

Diameter Rat strain Weight Sex Technique Reference

w (®

19.8+0.2 Wistar 270-390 2 In vivo fixation, Walther and
histology Lindemann [201]

20 Wistar 150470 & Incident light, Gottschalk and
estimated Mylle [68]

20.4 Wistar 302, 345 ¢, & Snap-freezing, Baines and
microdissection de Rouffignac [7]

21.44+0.3 Wistar Incident light Malyusz et al. [112]

21.6+0.6 Sprague- 160-350 & Snap-freezing Hayslett ez al. [77]

Dawley

24.042.71 200-250 ¢ Incident light Heller and
microphotography Novakova [81]

24.44+0.24 Albino 250-320 & Incident light, Wiederholt
microperfusion etal. [211]
(24 nl/min)

26-28 Albino ca. 250 & Incident light Bojesen and
(includes brush border) Leyssac [16]

33.6 +2.2SD Sprague- Incident light Brunner et al. [29]

Dawley microphotography;

split-drop experiment

A reduction in glomerular filtration rate leads to a decrease in prox-
imal lumen diameter in the cat [176]. Similar findings were reported by
Rector et al. [138] in the rat, but Wahl ez al. [197] have published opposite
results. Because of the suggestion [61, 63] that changes in tubular geometry
might affect tubular fluid reabsorption and thereby play a role in glomerular-
tubular balance, proximal diameter measurement have aroused considerable
interest. A detailed discussion of this subject may be found in the article
by Gertz [127].

Diuretics, by inhibiting fluid reabsorption, generally induce an increase
in proximal tubular hydrostatic pressure and diameter (Table 2). The degree
of dilation usually parallels the intensity of the diuresis. Due to the limited
capacity of the collecting duct system [69], a large increase in urine flow
leads to a rise in tubular hydrostatic pressure and diameter. The extent
of dilation also depends on possible effects of the diuretic agent on glo-
merular filtration rate and interstitial fluid pressure. Cortell et al. [37] found
that proximal lumens dilated more during a furosemide-induced diuresis
than during a mannitol-induced diuresis of similar magnitude, a difference
which they ascribe to a greater increase in interstitial fluid pressure during
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Table 2. Lumen diameters of proximal tubules of rats during diuresis

Diameter Diuretic Ratstrain Weight  Sex Technique Reference
(W) (&)
16.2+1.36 Mannitol ca. 200 Incident light Thurau and
Deetjen [191]
22.740.8 Furosemide Albino 230-290 Incident light Deetjen [40]
23.6+2.11 Saline 180-220 =  Calculated Heller and
Novikova [80]
25.04+0.7 Hydro- FwW49 200-300 3 Incident light Krause er al. [90]
chloro-
thiazide
26.6 Saline Wistar 190-450 5  Calculated Arrizurieta-
Muchnik er al. [4]
27.6+0 Incident light
27.1+0. Saline Sprague- 160-350 5 Snap-freezing Hayslett er al. [77]
Dawley
27.6+0.9 Tyrode Albino 250-340 3 Incident light Steinhausen [166]
27.74+0.55 Mannitol Wistar 300-330 5 Incident light Steinhausen
et al. [175]
33.14+0.5 DOCA and Wistar 180-220 = Incident light MaAlyusz er al. [112]
salt hyper-
tension
35 Hypertonic Wistar 150-470 5 Incident light Gottschalk and
dextrose Mylle [68]
38.0+1.3 Furosemide FW49 200-300 3 Incident light Krause er al. [90]

Values are means + SE.

Table 3. Lumen diameters of proximal tubules of rats during increased

ureteral pressure?

Diameter Ureteral Diuretic  Rat strain  Weight Sex Reference
) pressure (2
(mm Hg)
25.6+0.84 40 — Albino 250-340 < Steinhausen [166]
37.44+0.96 40 Tyrode
35.0+0.28 25 — Sprague- Brunner er al. [29]
Dawley

39.6+0.30 40

Values are means + SE.

? Diameters were measured from incident light microphotographs.
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16 M. Steinhausen and G. A. Tanner
Table 4. Lumen diameters of proximal tubules of other mammals
Species Diameter Condition Weight Technique Reference
(w)
Mouse 23.84+ 1.2 Mannitoland 10 - 18 g Snap-freezing  Bordier
Stop flow etal [17]

Psammomys 12.7+ 0.6 Antidiuresis 81 -117 g Snap-freezing, Baines and

microdissection de Rouffignac
[7]

Cat 17.2+ 0.7 Antidiuresis 2.5 - 2.8 kg Incident light  Steinhausen
microphoto- et al. [175]
graphy

17 23 Tyrode 1.45- 2.5kg Steinhausen
et al. [176]

25.7-27.7 Mannitol 2.5 - 2.8kg Steinhausen
et al. [175]

Dog 24.6 Antidiuresis  13.0 -21.2 kg Incident light  Knox et al. [88]
microphoto-
graphy

28.0 Furosemide
30 Antidiuresis ca. 24 kg Incident light  z. Winkel
microphoto- et al. [218]
graphy
35 Elevation of
ureteral
pressure
(60 cm H,0)

a mannitol diuresis. With a maximal diuresis, most observers would accept
a dilatation of the lumen of about 40 % of the control value.

An increase in ureteral pressure will increase tubular pressure and
thereby dilate proximal lumens (Table 3). The effectiveness of this measure
depends on the urine flow rate. A combination of increased ureteral pressure
and diuretic most rapidly produces a persistent massive dilation of the
tubules. An increase in outflow resistance, caused by too narrow a ureteral
cannula, may also induce tubular dilation [36].

C. Distal Tubule Lumen Diameter

Table 5 summarizes distal lumen diameters in the rat. Distal tubule
lumens are narrower than proximal lumens, reflecting their lower distending
internal pressure. A small change in internal or external pressure will pro-
duce a large change in distal tubular diameter. For example, an increase in
internal hydrostatic pressure from 7 to 12 mm Hg will double the lumen

— 290 —



Microcirculation and Tubular Urine Flow 17

Table 5. Lumen diameters of distal convoluted tubules of rats

Diameter Condition Rat strain, Technique Reference
(w Weight (g),
Sex
9.35+2.65 Antidiuresis ca. 200 Incident light Thurau and

Deetjen [191]
18.8 +2.28 Mannitol

169 4+0.3 Antidiuresis Wistar, In vivo Walther and
270-390, fixation, Lindemann [201]
z histology

18.1 +1.31 Antidiuresis Wistar, Incident light Steinhausen
300-330, microphotography et al. [175]

2

30.4 +1.71 Mannitol

diameter [37]. With an osmotic diuresis, distal tubule diameters increase
relatively more than proximal diameters. An increase in interstitial fluid pres-
sure may cause collapse of distal tubules. This is probably the explanation
for the temporary collapse of distal tubules after terminating acute renal
artery occlusion [163] (Fig. 3). During acute temporary interruption of glo-
merular filtration, distal tubules, in contrast to proximal tubules, do not
collapse (Fig. 3), probably due to the lower rate of fluid reabsorption in the
distal tubule [175].

II1. Tubular Passage Time
A. Techniques

1. Measurements by Intratubular Dye Injection

Tubular passage time, or tubular transit time, is the time it takes for
fluid to move along a given segment of the nephron. The first measure-
ments of tubular passage time were obtained by micropuncture and in-
jection of dye into a loop of a proximal tubule. Thurau and Deetjen [191]
used the dye indigo carmine for this purpose. Solomon [156] attempted
this measurement with dyed oil droplets. The results from both of these
studies were variable, and it is likely that the tubular urine flow rate was
uncontrollably altered with this technique.

2. Measurements by Intravascular Dye Injection
The introduction into renal physiology of the dye lissamine green (LG)
made possible the routine measurement of passage times on the kidney
surface [160]. This dye is given as a bolus injection intravascularly, is
filtered by the glomeruli, and passes as a colored wave down the nephron.
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Fig. 5. Low power microphotographs of the renal cortex surface of a rat during a LG

passage time determination. The welling points are marked by different symbols.

(a) 2.5 sec after LG injection: The dye appears in the welling point and peritubular

capillaries. (b) 5 sec after LG injection: The dye passes through the early proximal tubules,

which are located at a distance from the welling point. (¢) 12 sec after LG injection.

(d) 15 sec after LG injection: The dye passes through the late loops of the proximal
convoluted tubules, which are located around the welling point

Fig. 6. Low power microphotographs of the renal cortex surface of rat during a LG pas-
sage time determination. (From Steinhausen [160].) (a) Dye passage from the welling
points to the peritubular capillaries. (b) Dye passage through the early proximal tubule
loops, i.e. those near the glomeruli. (¢) Dye passage through the middle of the proximal
convoluted tubules. (d) Dye passage through the late proximal tubule loops. (¢) Dis-
appearance of dye from the renal surface, as the dye traverses the loop of Henle.
(f, . h) Dye passage through distal convoluted tubule loops, marked by arrows
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Table 6. Synonyms, structural formulas, and molecular weights of dyes
related to lissamine green SF (From Parekh et al. [131])

M. Steinhausen and G. A. Tanner

Synonyms

Structure formulae

Molecular weights

Lissamine Green SF

Acid green G
Acilan green SFG
Light green SF
(yellowish)

Sulfo green J

FD + C Green No. 3

Fast green FCF
CI Fast green No. 3

Lissamine Green V

Acid green

Alkali fast green A
Kiton green V
Naphthalene green V

Lissamine Green BN

Acid green SS
Java green S
Water green SX
Wool green S

Kiton Pure Blue V

Alphazurine 2G
Brilliant acid blue VS
Disulphin blue VN
Patent blue V

ey

sof

so¥

sof

OH

@
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B 3
(CHA):NOC@:N(CHs)z
&
OH
ofs sof

[ ®
(Csz)zNOC@:N(Csz)z

sof

Na®

Na

Na®

®
1

L = O
C;H, C.H,
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809
C,H, C.H,
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The progression of the dye can be observed and photographed by incident
light microscopy (Figs. 5, 6). Passage times can be estimated from the ap-
pearance and disappearance times of the dye in the individual structures on the
kidney surface. A critical analysis of this widely used method will be under-

taken in this section.
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€ (Img7)
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637 nm KITON PURE BLUE V

640 nm  LISSAMINE GREEN V
*623 nm FD + C GREEN
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Fig. 7. pH dependence of dye extinction at the absorption maxima of some dyes related
to lissamine green SF. (From Parekh er al. [131])

B. Properties of Lissamine Green

There is not one lissamine green dye, but several. The lissamine greens
are triarylmethane derivatives. Three lissamine greens and two related dyes
are listed in Table 6; this table gives common synonyms, structural
formulas, and molecular weights [131]. All of these dyes are non-toxic
and have quite similar properties in animal experiments [35, 137].

Lissamine green SF (LG SF) was first synthesized in the Badische Anilin
and Soda-Fabriken (BASF) by Kohler in 1879 [155] and was used as a
textile dye and food color under the name ““light green SF”. The dye has
been used for staining proteins in electrophoresis methods [18, 38, 44], in
tumor studies [67], and as an intravital stain in cell research [86]. We be-
came aware of this dye through the work of Miiller [122], who used it in
his study of capillary permeability in the frog web.

The physical and chemical properties of LG SF and related dyes were
investigated by Parekh er a/. [131]. In addition to LG SF they studied the
following dyes (Table 6): FD + C Green No. 3 (FD +C 3), lissamine green
V (LG V), lissamine green BN (LG BN), and kiton pure blue V (KPB V).
When the color intensities of the dyes are compared in solutions of the
same concentration by weight at pH 7.35, they increase in the order LG SF,
FD4-C 3, LGBN, LG V, and KPB V (Fig. 7). Like most triarylmethane
dyes, LG SF changes its color intensity with pH [73, 131, 174], as is also
shown in Fig. 7. LG V and KPB V, however, do not change their extinc-
tions in the physiological pH range (Fig.7). For passage time determinations,
a dye should be readily filtered by the glomeruli, and hence bound to a mi-
nimal extent by plasma proteins. All of the dyes examined are reversibly bound
to plasma proteins. The ultrafiltrability of the dyes from fresh rat plasma was
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examined in vitro, and was found to increase roughly in the order LG SF,
FD+C3,LG BN, LGV, and KPB V. For example, at a plasma concen-
tration of 200 mg/100 ml dye, 28 % of LG SF is free (i.e. ultrafiltrable) and
56% of KPBV is free. LG SF shows the peculiar property of reacting ir-
reversibly with plasma proteins to form a colorless compound. This reac-
tion is advantageous when repeated i.v. injections of LG SF are given, since
the animal will not become intensely dyed. However, the formation of a
colorless compound makes the accurate determination of intratubular con-
centrations difficult. For a number of reasons KPB V is particularly re-
commended: a) it has a high color intensity, b) its extinction is pH insensi-
tive, ¢) it has a high ultrafiltrability, d) it does not form a colorless compound,
and e) it has a bluish tinge which provides a good optical contrast against
the red blood vessels of the kidney.

C. Necessary Conditions for Determining Passage Times
by Intravascular Dye Injection

There are three basic conditions which must be fulfilled for the accurate
determination of passage times by intravascular dye injection.

(1) All nephrons on the kidney surface must have a similar blood flow
rate, i.e. the dye passage should begin simultaneously in all surface nephrons.
Under normal control conditions this requirement is fulfilled, since the
dye arrives uniformly in all vessels on the kidney surface. This is because
there are no “resting’ or ‘“inactive” nephrons in normal, anesthetized
mammals. The situation is different, however, during experimental stimu-
lation of the renal nerves [178, 179]. In this case, some regions of the kidney
cortex surface are completely cut off from their blood supply, while other
regions are perfused almost normally. Under pathophysiological conditions
blood flow to the kidney surface may be quite non-uniform.

(2) The dye must enter the tubule lumens solely by glomerular filtration,
i.e. it must not be secreted. We have directly observed LG filtration in
superficial glomeruli [170). During passage of LG downstream, each loop of a
tubule is stained in turn [160], implying that there is no entry of LG into the tu-
bule lumen via tubular secretion. Popa et al. [137] found in clearance studies in
rats that the clearances of LG and related dyes, corrected for protein bind-
ing, are identical to the inulin clearance (e.g. Fig. 8). Since LG is not
secreted, it is clear that the tubular passage of this dye results from glo-
merular filtration.

(3) The injection of the dye must not alter the tubular urine flow. In
this regard, two possible sources of error require comment.

First, measurements of passage time will be inaccurate if the arterial
blood pressure changes upon injection of the dye. A fall in blood pressure
will decrease the tubular urine flow rate, and vice versa. Acute changes in
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Fig. 8. Means and standard errors of inulin and lissamine green BN clearances in experi-
ments on rats. The dye is not secreted by the kidney tubules

blood pressure can be avoided by using freshly prepared, isoosmolar, and
isohydric solutions of purified dye, and by using a minimum volume for
the bolus injection. In large animals (cats and dogs), the insertion of an
aortic cannula is recommended, so that high concentrations of dye can
enter the renal artery directly [176]. We monitor blood pressure routinely
during dye injections.

Second, the dye must not influence tubular fluid reabsorption since this
would also alter the tubular urine flow and change the passage time. The
finding that LG decreased the short-circuit current in the frog skin [35, 45]
and had diuretic and natriuretic effects in the rat [79, 143] suggested an
influence on tubular reabsorption. The natriuretic effects of LG were in-
vestigated further. It was found that these effects appeared only with
amounts of LG which exceed those necessary for passage time determinations
[60, 108, 119]. Elmer and Leyssac [48] found that a single LG injection
produced no immediate change in tubular reabsorption. We found that
commercial LG is often contaminated by large amounts of sodium sulfate,
and other unknown impurities, a fact not adequately considered by pre-
vious workers. The natriuretic effect of LG dyes can be minimized by
removal of these impurities [131; 131a].

In conclusion, the requirements for accurate passage time measure-
ments appear to be fulfilled by the method of intravascular bolus injection
of purified LG dye in animals with normal kidneys.

D. Passage Time Determinations with LG

While the kidney cortex surface is observed through a light microscope,
a bolus of LG is injected i.v. One can see and time the following events
(cf. Table 7, upper half):
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Table 7. Appearance and disappearance times on the renal cortex surface of intra-

vascularly injected lissamine green dye, and derived tubular passage times. Data from

nondiuretic control rats, cats, and dogs [162, 166]. The dye was injected as a bolus into
the jugular vein in rats, and into the aorta above the kidneys in cats and dogs

Rats Cats Dogs
(ca. 300 g) (ca. 1.5-2.5 kg) (ca. 24 kg)
N=14 N=15 N=14
I. Beginning of vascular 2.5+0.16 1.0+0.06 2.3+0.2
coloration
II. LG arrival in earliest 49+40.26 5.4+0.47 6.8+0.4
surface proximal tubule
loops
1II. LG arrival in the last 13.2+0.57 12.0+0.47 18.3+1.1

superficial loops of
the proximal tubule

1V. Disappearance of dye 21.2+1.56 17.0+1.2 25.84+2.0
from all surface
proximal tubules

V. LG arrival in first 442+4.14 49.0+3.7 56.14+3.9
superficial distal con-
voluted tubules

VI. Disappearance of dye 83.5+8.12 90.0+5.9 88.9+7.4
from over 90% of the
superficial distal
tubules

Glomerular-surface 2.44+0.19 44403 45+0.3
passage time

(IT minus I)

Passage time for the 8.3+0.42 6.6+0.4 11.54+0.8
proximal tubule visible

on the surface
(ITI minus IT)

Proximal passage time 10.7 +£0.51 11.0+0.3 16.0 +0.7
(IIT minus I)

Loop of Henle passage 31.0+3.66 37.0+2.6 37.8+2.5
time (V minus III)

Distal passage time 39.3+5.48 41.0+3.1 32.84+5.7

(VI minus V)

Values are means (in seconds) + SE.

I. Beginning of vascular coloration, starting from the welling point. At
this time, the dye has already passed the glomeruli. If a glomerulus happens
to be visible on the surface, one can observe that the dye appears in the
glomerulus an instant before it reaches the welling point [160].

— 298 —



Microcirculation and Tubular Urine Flow 25

II. LG arrival in the lumens of the earliest superficial proximal tubule
loops.

ITI. LG arrival in the last superficial loops of the proximal tubule. These
are usually situated in a circle around the welling point.

[V. Disappearance of dye from all surface proximal tubules.

V. LG arrival in surface distal convoluted tubules. Individual distal
tubules are colored early or late, depending chiefly on the length of the
distal convolutions [149, 160. 220]. In Table 7, only the earliest distal
appearance times are listed.

VI. Disappearance of the dye from over 90% of the superficial distal
convoluted tubules. During intense antidiuresis or other experimental con-
ditions, dye may linger in individual distal tubules. This approximate time
has proved useful.

The following tubular passage times can be calculated from the above
measurements (cf. Table 7, lower half):

From Il minus [: glomerular-surface passage time (i.e. the transit time
through the initial part of the proximal tubule hidden below the kidney
surface).

From 11l minus 11: passage time for the proximal tubule visible on the
kidney cortex surface.

From III minus [: proximal passage time. Gertz ef al. [63] suggested
this simple determination. Originally, we calculated proximal passage time
from IV minus II, taking into consideration the mean duration of dye colo-
ration of individual proximal loops [160].

From V minus [1I: loop of Henle passage time.

From VI minus V: distal passage time.

E. Accuracy of Passage Time Measurements

Measurement of passage times would be more exact if the dye stained
fluid moved as a sharply demarcated color front down the tubule. However,
this does not occur. One reason is that flow down the tubule is probably
laminar. We previously calculated a Reynolds number of 0.014 for the prox-
imal convolution; turbulence usually develops with numbers greater than
1200. As a consequence of laminar flow, the velocity of dye stained fluid is
higher in the center of the tubule lumen. If there were ideal laminar flow,
then the color front would be spread over several proximal loops during a
passage time of 10 sec [162]. This condition is probably not attained be-
cause the tortuous structure of the tubule prevents ideal laminar flow. Also,
flow down the tubule differs from simple Poiseuille flow because of ab-
sorption of fluid through the tubule walls. A second factor responsible
for lack of a sharp color front is radial diffusion. For distances equal to
tubular radii, diffusion of dye molecules from the center to the wall of the
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tubule probably takes place in less than half a second [124]. Radial diffusion
reduces the dye intensity of the color front as fluid moves down the tubule.
As a consequence of laminar flow and radial diffusion, neat color fronts are
not observed, but only more intensely stained moving zones of color are
seen’.

Some subjective factors may influence the accuracy of passage time
measurements. The experience and reaction time of the observer must be
considered. It is always best if a single observer measures passage times
under different experimental conditions. A minimal reaction time of 0.2 sec
must be allowed [193]; however, this error is small, since passage times are
determined from time differences. Animal preparation and microscopic
techniques will also influence passage time values.

There are several ways of increasing the accuracy of passage time
measurements. For visual observations, we have found that using an auto-
matic timer results in more accurate measurements than reading a stopwatch.
Also, changes in passage time are always most accurately recorded if the
same microscopic field is observed under different experimental conditions.
Finally, the accuracy of passage time measurements can be increased
practically at will by the frame-by-frame evaluation of a movie filmed
during dye passage. Accuracy then depends on the picture frequency, micro-
scopic enlargement, and photographic techniques.

F. Do We Measure a Mean Passage Time?

The passage time through an ““average’ nephron is not usually recorded.
Rather, extreme values are noted, e.g. the arrival of dye in the first proxi-
mal loop of a nephron situated very close to the surface, or the disappearance
of dye from a very long proximal convoluted tubule. In general, the larger
the microscopic field (or the lower the magnification), the greater the chance
of seeing more extreme values. The size of the microscopic field is partic-
ularly important in cases where there is a marked heterogeneity of ne-
phron function. Under control conditions, proximal passage times in dif-
ferent nephrons are similar, so a mean passage time is nearly approxi-
mated. However, in pathophysiological conditions, individual nephron
passage times may be markedly heterogeneous, and estimates such as “the
dye has passed most of the proximal tubules” are more appropriate. Loop
and distal passage times are quite heterogeneous even in the normal kidney,
due to differences in tubule lengths and the low volume flow rate. There-
fore passage times estimated here are even less representative of an ““average”
nephron.

1 Higher flow velocities in the center of the tubular lumen could also not be found

by analyzing a fluorescent color front using a high intensity television system (M. Stein-
hausen, H. Wayland and J. Fox. Pfliigers Arch. ges. Physiol., in press).
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G. Results of Measurements of Passage Times under
Control Conditions

Table 7 summarizes passage time measurements in rats, cats, and dogs
under nondiuretic control conditions. The data are partly taken from some
of our earlier studies [162, 166] and partly assembled from their protocols.
Passage times are similar in these different mammals. The longer tubule
length and greater tubule lumen diameter in the dog compared to the rat
(these factors prolong the passage time) are counterbalanced by a higher
single nephron glomerular filtration rate in the dog (this shortens the
passage time).

Table 8 surveys proximal passage time measurements (I1I minus I) in
rats under control conditions obtained by other authors. Most investiga-
tors have limited themselves to proximal passage time determinations, since
the proximal tubule is of special importance in glomerular-tubular balance

Table 8. Proximal passage times in rats during nondiuretic control conditions

Time (sec) Strain? Weight (g) Sex Technique Reference
7.1 £085SD S 200-250 3 10% LG, pH 7 Fllgraff er al. [58]
89 +£03SD S 10% LG, pH 2
8.4 +0.2 S 180-230 3 10% LG, Fiilgraff and
pH 7, 0.01 ml Meiforth [59]
9.0 +0.3 S 180-220 3 LG Greven and
Fulgraff [71]
9.0 +1.1 180-220 2 LG Heller and
Novakova [80]
9.0 +£0.20 S 190-260 LG, with Brunner er al. [29]
fluid-replacement
10.2 +0.26 LG, no
fluid-replacement
9.2 +0.4 CR 200-260 3 LG Cortell et al. [36]
9.2 +1.1 W 150-200 3,2 10% LG, pH 7.4, Armsen e al. [3]
0.02-0.03 ml
9.3 +0.3 S, LE 170-300 3 LG Anagnostopoulos
etal. [1]
9.4340.27 185-210 2 10% LG, 0.04 ml Heller [79]
9.6 +0.4 FWw49, CR 150-200 3 LG, 0.05 ml Hierholzer er al. [85]
9.6 +0.04 ca. 275 3 LG Buentig and
Earley [30]
9.6 +1.1 W 160-300 LG Wahl et al. [198]
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Table 8. (continued)

Time (sec) Strain?® Weight (g)  Sex Technique Reference
9.69+1.1 SD DI 150-300 3, ¥ 5% LG, buffered Schnermann
et al. [152]
9.7 +0.3 180-240 5% LG, buffered Wahl et al. [197]
9.73+0.42 190-220 = 5% LG, 0.02ml  Heller [78]
9.8 +0.5 S 240-310 5 10% LG, 0.05 ml Brenner et al. [22]
9.9 4+0.34 w 180-200 = 5% LG,0.05ml Stumpe et al. [182]
9.9 LG Fromter and
Hegel [56]
10.0 +0.12 S 180-220 3 LG Fiilgraff and
Heidenreich [57]
10.3 +0.3 w 180-220 * LG Malyusz et al. [112]
10.3 +04 S 200400 5 10% LG Weinman et al. [206]
10.4 +0.5 A 220-390 3 10% LG Yarger et al. [222]
104 +0.2 w 160-230 3 LG Frohnert ez al. [55]
109 +0.2 w 160-230 3 LG
10.4 +0.48 S 200-275 ¥ LG Rodicio et al. [144]
10.5 +0.27 w 180-450 3 LG Schnermann et al. [151]
10.6 +0.04 200-300 3 10% LG, 0.05 ml Landwehr et al. [93]
10.7 +0.85 W 190450 3 5% LG,0.05ml  Arrizurieta-
Muchnik et al. [4]
10.7 +0.04 S 200-300 3 10% LG, 0.05 mi Falchuk er al. [S1]
10.8 +0.24 w 180-210 2 5% LG, 0.05ml Lowitz ef al. [107]
11.0 +£0.3 S 180-220 3 10% LG Thoenes et al.[190]
11.6 +0.51 A 200-350 5 5% LG, 0.1 ml Malnic et al. [110]
12.0 +0.7 Fw49 200-300 3 LG Krause er al.[90]
12 20 days old LG Capek er al. [33]
12 +1 200-400 10% LG, Henry er al. [82]
low salt diet
13 +1 10% LG,
high salt diet
12.2 ~12.5 LG Rector et al. [139]
12.8 +0.7 160-350 3 10% LG, 0.05 ml Hayslett ez al. [77]
15 white ca. 250 3 10% LG, 0.05 ml Bojesen and

Leyssac [16]

Values are means =+ SE.

2 A =Albino, CR =Charles River, DI=Hereditary Diabetes Insipidus, LE =Long-
Evans, S=Sprague-Dawley, W= Wistar.
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Table 9.
Distal arrival times of lissamine green in rats during nondiuretic control conditions
Time (sec) Strain?  Weight (g) Sex  Technique Reference
314 +09 S 180-230 3 10% LG, pH 7, Fulgraff and
0.01 ml Meiforth [59]
339 S. FW49 160-320 LG Fromter and
Hegel [56]
39 +0.6 S 210-330 5 FD 4+ C green Bello-Reuss
et al. [15]
414 +1.5 S. LE 170-300 ; LG Anagnostopoulos
et al. [1]
425 +52 %% 150-200 5.- 10°% LG, pH 7.4. Armsen et al. [3]
0.02--0.03 ml
442 +1.2 220-390 5 10% LG Yarger er al. [222]
66.9 +2.4 N 160-350 5 10% LG. 0.05 ml Hayslett er al. [77]
71.3 +5.5 \vY 250-300 5 2% LG, 1.25 ml kg Roch-Ramel

eral [141]

Values are means + SE.
? LE =Long-Evans, S=Sprague-Dawley, W = Wistar.

Table 10. Loop passage times (V minus I11, ¢f. Table 7) under control conditions

Time (sec) Species Weight Sex  Technique Reference
23.0+0.77 Sprague- 180-230g 10% LG, pH 7, Fiilgraff and
Dawley rat 0.01 ml Meiforth [59]
28.34+1.24 Wistar 180-200 g - 5% LG. Stumpe ef al. [182]
rat 0.05 ml
60.0 Wistar 250-300¢g 2% LG, Roch-Ramel eral. [141]
rat 1.25 ml kg
32.3+1.06 Dog 3.5-35kg 10% LG, Liebau e al. [103]
buffered, i.a.

Values are means + SE.

(see Gertz in Ref. [127]). The values fluctuate around a mean of 10 sec.
which agrees with our own observations. The differences in results among
the authors may reflect differences in rat strain, anesthesia, technique of
animal preparation. microscope magnification. reading method. etc. ** Con-
trol conditions™ represent the individual controls of the particular investi-
gator, and may differ from laboratory to laboratory.
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The arrival of the test dye in the earliest loops of the distal convoluted
tubule (Tables 7 and 9) and the derived loop of Henle passage time (V minus
ITI) (Tables 7 and 10) are easy to determine. However, normal values will
be observed only if there is unhindered drainage of the ureter. In a highly
concentrating kidney (e.g. U/P;, ;.= 600), if too much dye is injected, LG
may precipitate in the collecting ducts and impede the outflow of urine.

H. Alterations of Tubular Passage Time and the Factors Involved

Tubular passage time is an expression of the linear velocity of fluid
flow in a given length (or segment) of the nephron. Passage times are deter-
mined basically by the following factors:

a) glomerular filtration rate,

b) rate of tubular fluid reabsorption,

¢) tubular lumen diameter, and

d) outflow resistance or ureteral pressure.

If each factor is examined individually, the following effects can be
predicted from hydrodynamic principles:

a) an increase of glomerular filtration rate alone will shorten the passage
time, and a decrease will prolong it;

b) an increase in tubular fluid reabsorption alone will prolong the
passage time, and a decrease will shorten it;

¢) an increase in tubular diameter alone will prolong the passage time,
and a decrease will shorten it; and

d) an increase in outflow resistance or ureteral pressure alone will pro-
long the passage time, and a decrease will shorten it.

The four factors are interdependent, so that alteration of one factor alone
almost never occurs, and this may create a complicated situation. For
example, a primary increase in glomerular filtration rate would be expected
to shorten the proximal passage time. However, increased fluid filtration
results in an increased intratubular pressure, and consequently an increase
in proximal tubule diameter. This would prolong the passage time. An
increase in glomerular filtration rate also leads to an increase in proximal
fluid reabsorption (“‘glomerular-tubular balance’), and this prolongs the
passage time. It is clear that the primary result of the increased glomerular
filtration rate, a shorter passage time, is considerably blunted by other effects.

Tables 11 and 12 summarize proximal passage time measurements in
rats and dogs, respectively, in a variety of diuretic states. In a saline diuresis,
proximal passage time is usually shortened, due to an increase in glomerular
filtration rate and decreased proximal fluid reabsorption. The same occurs
during a urea diuresis [141, 142]. Inhibition of tubular reabsorption may
not necessarily lead to a shortened passage time. With a very strong diuresis,
the resistance of the narrow collecting duct system of the kidney leads to
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Table 11. Proximal passage times in rats during different diuretic conditions (saline
diuresis, adrenalectomy plus steroid administration, etc.)

Time (sec) Condition Reference

6.01+0.5 Isotonic saline, Heller and Novakova [80]
0.57 ml/min for 60 min

ca. 7 Isotonic saline, 5.7-7.5 ml Brenner and Berliner [21]

7.0+04 Ringer, 0.375 ml/min Brenner et al. [22]

7.14+0.2 [sotonic saline, Arrizurieta-Muchnik e al. [4]
0.5 ml/min to 10°% BW

7.34+0.27 Isolated perfused kidney Bahlmann ez al. 5]

8.0+0.26 2.5% NaCl, 0.1 ml/min Stumpe et al. [183]

8.1+2.0 SD  Saline Baines er al. [6]

8.4+0.3 Saline, 0.5 ml/min Bank er al. [10]

8.5+0.58 Mannitol Stolte et al. [180]

8.6 Isotonic saline, 0.2 ml min Brenner et al. [20]

9.24+0.42 Isotonic saline, 0.4 ml/min Rodicio et al. [144]

9.7+0.7 Saline drinking for Stumpe and Ochwadt [184]

4 weeks + Aldosterone
10.3+0.24 Saline drinking for 4 weeks

10.1 £0.01 Ringer, 0.5 ml/min to 10% BW Landwehr et al. [93]

10.44+0.3 Isotonic saline, 0.5 ml/min Hayslett et al. [77]

11.54+0.7 Adrenalectomy and Cortisone Wiederholt ez al. [213]

13.440.7 Adrenalectomy and Dexamethasone

19.5+1.0 Adrenalectomy and Aldosterone

12.94+0.3 Hypertension induced Malyusz et al. [112]
by DOCA and salt

16.3+0.87 Furosemide Malnic et al. [110]

Values are means + SE.

an increase in proximal tubular pressure [69]. This would a) increase the
tubular diameter, and b) decrease the glomerular filtration rate. These
changes would favor an increase in passage time. Results with diuretic
drugs such as furosemide (Tables 11 and 12) may be explained by such
changes.

If the outflow of urine is restricted due to ureteral pressure elevation or
a narrow ureteral cannula, proximal tubular pressure and diameter are
increased [36, 68, 138]. Glomerular filtration rate falls, and tubular fluid
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Table 12. Proximal passage times in dogs

Time (sec) Condition Technique Weight (kg) Reference
16.0+1.1 Controls 1ml 10% LG ca. 24 z. Winkel er al. [218]
intraaorta

53.1+9.7 60cm H,O
ureteral pressure

16.6 +0.7 Hydropenia 0.5ml 10% LG 13.0-21.2 Knox et al. [88]
intraaorta
35.1+2.8 Hydropenia and
Furosemide
21.6+1.3 Controls 5% LG or FDC- 10-20 Lockhart et al. [105]
green into renal
artery

45.5+3.8 Triflocin

Values are means + SE.

reabsorption also decreases [166]. Under these conditions, proximal pas-
sage time is prolonged [36, 138, 166]. An increased resistance due to an
increase in urine viscosity will also result in prolonged passage times.
Figure 9 shows the marked slowing of passage times induced by the intra-
venous infusion of a filtered low molecular weight dextran? [165].

Loop and distal tubule passage times are much more sensitive to changes
in glomerular filtration rate, tubular fluid reabsorption, and outflow resis-
tance than are proximal passage times. This is due primarily to the lower
volume flow rates in more distal parts of the nephron. Steinhausen et al.
[176] found that lowering the arterial blood pressure markedly slows loop
and distal passage times. Loop passage time is shortened in the unclamped
kidney of rats with Goldblatt hypertension [106, 181, 182, 183]. This is
apparently due not only to decreased fluid reabsorption by the loop, but
also may reflect a decreased loop diameter due to compression by the blood
vessels. Finberg and Peart [53] found that intravenous angiotensin Il in-
creased the passage time. This result suggested a decrease in glomerular
filtration rate in superficial nephrons. In microperfusion experiments
Schnermann [149] saw a decrease of loop passage time (from 52.7 + 18 to
13.5+ 3.2 SD sec) when loop perfusion rate was increased from 10 to
48 nl/min. Variations in contact time within the loop and distal tubule
could influence water reabsorption by these segments. An increased passage
time (i.e. longer contact time) would favor osmotic equilibration between
tubular and peritubular fluids, and may lead to formation of a more con-
centrated urine.

2 In the meantime the photometry of a FITC-dextran bolus with a molecular weight
between 3000 and 150000 allowed the direct measurement of the glomerular perme-

ability on the renal cortex of Wistar-Furth rats (M. Steinhausen, H. Wayland and
J. Fox, Pfliigers Arch. ges. Physiol. in press).
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Fig. 9. Prolongation of tubular passage times after i.v. injection of low molecular weight
dextran on the cat. (From Steinhausen [165])

[. Tubular Fluid Flow Rate

The volume flow rate of tubular fluid (I) can be calculated from the
following equation: V =7 r2/t, where r is the tubular lumen radius, / is
the tubular length, and ¢ is the passage time. The measurement of tubular
diameter or radius was discussed in Section II. Tubular length is usually
determined by nephron microdissection [52, 126, 135]. The measurement
of passage time was disscused in this section. Tubular segment length (/)
divided by passage time (r) is equal to the linear velocity of tubular fluid
flow. Table 13 presents calculated mean flow velocities and volume flow
rates for the proximal convoluted tubule under a variety of experimental
conditions in rats, cats, and dogs.

Somewhat higher volume flow rates are obtained if these are determined
from micropuncture collections of tubule fluid. Wright and Giebisch [221]
have reviewed the measurement of single nephron glomerular filtration rate
(SNGFR), and report an average value of 40 nl/min in the superficial
proximal tubules of adult rats under nondiuretic conditions. With reab-
sorption of nearly 2/3rds of the filtrate by the end of the proximal convo-
luted tubule, volume flow rate would be about 13 nl/min at this point. The
mean volume flow rate in the proximal convoluted tubule would then lie
between the two extreme values, i.e. between 40 and 13 nl/min. By compari-
son, the mean volume flow rate calculated from the passage time and tubular
volume is only 7.8 nl/min (Table 13).
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Table 13. Mean proximal tubular volume flow calculated from tubular dimensions
and passage time

Species, Condition Tubular Tubular Passage Flow Volume
radius length time velocity flow
(W (mm) (sec) (mmy/sec) (nl/min)
Rats, antidiuresis 9.9 4.6° 10.7 0.43 7.8
Rats, saline-diuresis 13.8 4.6® 8.0 0.58 20.7
Rats, ureteral pressure 12.8 4.6° 58.8 0.08 2.4
Cats, antidiuresis 8.6 5.8¢ 11 0.53 7.5
Dogs, antidiuresis 152 10.54 16 0.66 27.8
Dogs, ureteral pressure 17.5 10.54 53.1 0.20 11.4

& From z.Winkel et al. [218].

b Length of superficial proximal convoluted tubule [173].

¢ Length of proximal tubule including pars recta from young cat [157].
4 Length of superficial proximal tubule [96].

This discrepancy is probably due to two factors. First, it is possible that
SNGFR and tubular fluid collection rates are exaggerated by excessive
suction [221]. Second, and more important, proximal flow velocity (and
volume flow) may be underestimated from the passage time determination
because this uses the arrival of the dye in the last proximal loops. Therefore
this method regularly uses extreme tubule lengths. Consequently flow velo-
cities will be underestimated when they are calculated from an average
tubule length based on microdissection (Table 13).

J. Observations on Tubular Urine Flow in the Awake Rat

Glomerular filtration rate in unanesthetized rats appears to be somewhat
higher than in anesthetized animals. This has been found in clearance
studies (111a) and in recent studies by Bonvalet ef al. [16a] using a modified
Hanssen ferrocyanide technique [74a). Steinhausen ef al. [174a) developed
a method for directly observing the renal cortical surface in awake rats,
and has used this preparation to examine the effects of Inactin anesthesia.
Briefly, the method involves placing one kidney in a specially constructed
plexiglass chamber with an air-tight window. The chamber was sewn to
the skin of the animal. Cannulas were chronically placed in the abdominal
vena cava (for injecting fluids) and the abdominal aorta (for monitoring
arterial blood pressure). A day was allowed for recovery from surgery. The
rat was restrained in a holder, the chamber window removed, and the kidney
was then observed with a Leitz Ultropak microscope.

Table 13a summarizes measurements of lissamine green passage times
in awake and Inactin anesthetized rats prepared as described above. Proxi-
mal and loop of Henle passage times were definitely prolonged by anesthesia.
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Table 13a. Lissamine green passage times in conscious and Inactin-anesthetized rats

1 2 2—1
Conscious Inactin-anesthesia % Difference

Proximal passage time 8.1 +0.2 sec 9.6 +0.5 sec +19*

(IIf minus I) (19) (16)

Loop of Henle passage 21.9+1.0sec 29.6 +1.4 sec + 35%*

time (V minus I1I) (19) (16)

Distal passage time 24.6 +-4.8 sec 253+ 1.6 sec +3

(VI minus V) 7 (N

Values are means + SE (number of observations). Measurements were made on five rats.
* P<0.01; ** P<0.001.

Proximal tubule lumen diameters (21.5+ 0.5 microns, n=49) and outer
diameters (43.4 + 0.7 microns, n=138) in awake rats were identical to values
found with anesthesia. Hence, the 19 % increase in proximal passage time
means a similar decrease in average proximal tubular urine flow rate. This
decrease is probably due to a decrease in superficial nephron glomerular
filtration in the anesthetized rat.

K. General Use of LG in Kidney Micropuncture

The measurement of LG passage times by intravenous dye injection is
probably the simplest and most rapid method used in micropuncture ex-
periments to survey over-all kidney function. Several authors [3, 15, 36, 39,
134, 208] terminate experiments if the proximal passage time exceeds
11-13 sec in control rats. Cortell er al. [36] state: “all animals were re-
quired to meet the following criteria or the experiment was discontinued
and discarded: 1) blood pressure greater than 95 mm Hg, 2) body temper-
ature between 36-39 °C, 3) urine free of gross blood, and 4) transit time
less than 13 sec with dye flowing evenly to all areas of the kidneys with no
retention of dye in the tubules.” Some authors [108, 142, 195] use only
micropuncture samples if LG passage times are equal before and after the
collection.

Intravascular bolus injection of LG is the simplest way to distinguish
early from late portions of the proximal tubule [3, 12, 21, 25, 54a, 55, 106, 125,
146-148, 185, 214], to identify distal tubules on the kidney surface [34, 87,
111, 118, 187, 196], and to distinguish early from late segments of the
distal tubule [220]. Since the dye has completely passed through all prox-
imal tubules by the time the distal tubules are reached, distal tubules,
filled with concentrated dye, stand out clearly (Figs. 6 and 7).

LG s neither secreted nor reabsorbed by the tubules [137], so it may be
used to measure tubular fluid reabsorption in the same manner as inulin.
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The advantage of LG is, of course, that water reabsorption can be followed
in vivo from the increase in dye concentration. We have used LG dye for
this purpose in split drop experiments [167]. LG could also be used to
measure fluid reabsorption in continuous microperfusion experiments. As
discussed above, care must be taken that the dye has been suitably purified,
otherwise, contaminants may decrease sodium and water reabsorption.
Also, LG V is better than LG SF, because unlike the latter it does not
form a colorless compound with proteins and its extinction is pH insensitive.

LG is highly soluble in water and nontoxic; for these reasons, many
investigators prefer this dye. It has been used for staining fluid for intra-
tubular pressure measurements by the Landis method [39, 150, 153], for
testing for leaks in recollection experiments [2], for more accurate deter-
mination of in vivo tubule diameters [40, 161], for visual control in micro-
perfusion and microinjection experiments [13, 111, 113, 152, 186], and for
determining loop passage times by intratubular dye injection [149]. LG has
no effect on renal ultrastructure [114].

LG dye has been used to demonstrate an increase in tubular permeability
in acute failure induced by mercuric chloride {11, 174] or by temporary
ischemia [47]. Bank et al. [11] first reported that in mercury induced acute
renal failure in rats, the dye concentration decreased as fluid moved along
the proximal tubules. We have confirmed his passage time findings [174]
and, in addition, showed that LG dye and inulin leave the tubules when
injected intraluminally. These results suggest an increase in tubular per-
meability in acute renal failure. However, Oken and colleagues [54, 188] do
not believe that tubular leakiness plays a significant role in acute renal
failure.

Although the renal medulla will not be discussed, it should be mentioned
that LG has been used for visualizing vasa recta, Henle’s loops, and col-
lecting tubules in the golden hamster and rat renal papilla in vivo [121, 161,
162-164], and for observing the excretion of protein casts by the collect-
ing tubules [161, 164].

IV. Observations on Tubular Reabsorption
The reabsorption of fluid by the kidney tubules in vivo can be visualized
with the incident light microscope using any of the following techniques:
(1) proximal occlusion time (collapse time) method,
(2) split-drop (split oil droplet; shrinking drop) method, and
(3) increase in intratubular concentration of a nonreabsorbed dye.

The first two methods have recently been discussed by Gottschalk and
by Gertz [127]. For this reason, we will not discuss these methods in detail,
but will emphasize matters not considered by these authors.
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Table 14. Proximal tubular occlusion times in rats

Occlusion time  Condition Reference
(seconds)
7.7+ 0.53 Antidiuresis, kidney surface rinsed Steinhausen [166]
with mineral oil
56.5+ 5.9 Antidiuresis. kidney surface rinsed
with Tyrode
12 + 1.4 Antidiuresis Thoenes er al. [190]
160 +16.8 KCN (local application)
13.8+ 0.35 Antidiuresis Wahl er al. [197]

16.7+ 1.98 Hypotension (105-90 mm Hg)
226+ 1.16 Hypotension (80-70 mm Hg)

17.2 Antidiuresis Bojesen and Leyssac [16]
20 (16-24) Antidiuresis Leyssac [98]

ca. 27 Angiotensin i.v. (0.1 ug kg) Leyssac [99]

103+ 16 Ureteral pressure 40 mm Hg, Steinhausen [166]

kidney surface rinsed with mineral oil

287+ 71 Ureteral pressure 40 mm Hg,
kidney surface rinsed with Tyrode

Values are means + SE.

A. Proximal Occlusion Time

With this method, the kidney surface is observed through the microscope
while the aorta above the renal arteries is suddenly occluded by means of
a clamp. The occlusion time is recorded as the time between the interrup-
tion of blood flow to the kidney and the complete collapse of proximal
tubule lumens (cf. Fig. 3). Leyssac [98-102] suggested that the occlusion
time is an index of proximal tubular fluid reabsorptive rate. For a given
tubule lumen volume, the shorter the occlusion time, the faster the rate
of tubular reabsorption. The method is not without problems; the main
criticism is that interruption of blood flow to the kidneys almost certainly
affects tubular reabsorption.

Table 14 summarizes proximal tubular occlusion time measurements in
rats. Occlusion time was markedly prolonged by a) increased ureteral pres-
sure (initial tubule volume is greatly increased) or by b) potassium cyanide
(oxidative metabolism is inhibited). Such extended occlusion times are
probably not valid measures of the tubular reabsorptive rate before the
occlusion, because of the effects of prolonged ischemia. Table 14 also shows
that rinsing the kidney surface with Tyrode solution, instead of mineral oil,
increases the occlusion time.
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Steinhausen [166] attempt to obtain more objective measurements of
proximal occlusion time by photographing the kidney surface at 1-5 sec
intervals during tubular collapse. Under antidiuretic control conditions,
the time for half of the proximal volume to be reabsorbed averaged
5.0+ 0.42 SE sec (n=28). Photography of the kidney during tubular col-
lapse is, however, extremely difficult. When the aorta is clamped, the whole
kidney rapidly shrinks. At the high magnifications necessary to accurately
measure tubule diameter, it is hard to keep the tubule in focus. Also, optical
contrast in the exsanguinated kidney is poor. Tubular lumens may be made
more visible by measuring the occlusion time during the proximal passage
of i.v. injected lissamine green.

B. Split-Drop Method

The split-drop method for studying proximal fluid absorption was intro-
duced by Gertz [61]. The technique involves injecting a small quantity of
aqueous perfusion fluid (usually isotonic sodium chloride solution) into a
tubule previously filled with dyed castor oil. As the fluid is reabsorbed,
the oil droplets come together. The shrinking of the aqueous droplet is
photographed at precisely timed intervals. The reabsorptive half-time is
the time for half of the tubular volume to be reabsorbed. For a given
tubular volume, half-time is inversely related to tubular reabsorptive capacity.

Table 15 reviews split-drop measurements from the literature. The half-
time for reabsorption from a saline droplet is normally about 10 seconds.
The half-time is increased by adrenalectomy, massive isotonic saline loading,
acute hypertension, partial renal venous occlusion, increased peritubular K™,
increased luminal Ca™?, furosemide, mercury poisoning, or cyanide. The
half-time is decreased by volume depletion.

Although the split-drop method is rather simple, there are many po-
tential sources of error, which leads to difficulty in interpretation and con-
flict. Gyory [74] suggested some approaches for standardizing the method.
Nakajima et al. [123] and Gottschalk [127] believe that the method is of
extremely limited value; their papers should be consulted for discussion
of problems and pitfalls. Despite criticism, the method continues to be
used. In two recent studies in the rat [70, 134], the question of the nature
of fluid movement across the proximal tubule epithelium was examined.
Persson et al. [134] concluded that as much as 30 % of net fluid reabsorp-
tion was due to hydrostatic and oncotic forces. Green et al. [70] disagree
and conclude that fluid reabsorption is almost exclusively coupled to so-
lute reabsorption (mainly active sodium transport). The conclusion that
pressure differences normally account for a large fraction of net fluid re-
absorption [70] appears tenuous. In the split-drop experiment, the tubule
is greatly distended [166] and intratubular hydrostatic pressure is elevated
[134]. This may increase fluid movement through intercellular channels.
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Half-time Test solution Condition Reference
(sec)
6.4 +04 Isotonic NaCl Volume depleted Weiner et al. [205]
9.0 +0.8 Isotonic NaCl Control
8.5 £0.24 Isotonic NaCl Control, salt-free diet Hayslett er al. [77]
8.7 £0.24 Isotonic NaCl Control, salt-rich diet
11.9 +0.42 Isotonic NaCl Saline infusion (10% of
body weight in 60 min)
85 +0.3 Isotonic NaCl Control Koch et al. [89]
14.3 +0.7 Isotonic NaCl Acute hypertension
8.6 +0.7 Isotonic NaCl Control Hierholzer et al. [85]
16.6 +0.7 Isotonic NaCl Adrenalectomy
8.68 +0.27 Isotonic NaCl Control Giebisch er al. [65]
8.92+0.40 Isotonic NaCl+ Control
5% albumin
8.8 +0.3 Isotonic NaCl Adrenalectomy + Hierholzer and
cortisone Stolte {83]
9.5 +04 Isotonic NaCl Adrenalectomy +
aldosterone
17.0 +£0.8 Isotonic NaCl Adrenalectomy +
dexamethasone
8.8 +1.9 Isotonic NaCl Diabetes insipidus Gertz et al. [62]
9.8 +0.84 Isotonic NaCl Control
8.9 +0.9 Tubular fluid Control Heller and
9.1 +1.3 Isotonic NaCl Control Novakova [80]
14.8 +1.5 Isotonic NaCl Isotonic saline,
0.5 ml/min for 60 min
9.0 +0.4 Isotonic NaCl Control Flilgraff and
Heidenreich [57]
12.5 +0.6 134 mEq/l Na*, Control
20 mEq/1 Ca™ ™,
154 mEq/1 C1™
9.2 +0.4 Isotonic NaCl Control Weinstein [207]
9.6 +0.5 Isotonic NaCl + Control
10 mM glucose
13.6 +0.7 300 mM mannitol+ Control
1 mM 2 4-DNP
20.0 +1.2 300 mM mannitol Control
203 +1.4 Isotonic NaCl + Control
0.1 mM KCN
9.6240.08  Isotonic NaCl Saline, 0.3 ml/min Heller [78]
or tubular fluid for 5 min
10.23 +0.81 Isotonic NaCl Control

or tubular fluid
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Table 15 (continued)

Half-time Test solution Condition Reference
(sec)
9.7 +0.58 Isotonic NaCl Control Malnic et al. [110]
16.3 +0.87 Isotonic NaCl Furosemide
9.7 +0.5 Isotonic NaCl Control Spitzer and
Windhager [159]
9.8 +04 Isotonic NaCl Control Lewy and
Windhager [97]
17.1 +1.6 Isotonic NaCl Partial renal venous
occlusion
10.0 +0.55 Isotonic NaCl Control Landwehr e al. [93]
16.4 +0.81 Isotonic NaCl 10% body wt. saline
10.4 +0.3 Isotonic NaCl Ureteral pressure Brenner et al. [29]
40 mm Hg
10.6 +0.3 Isotonic NaCl Control
15.5 +0.4 Isotonic NaCl Aortic constriction
(with reduction in GFR)
11.0 +1.56 Isotonic NaCl Control Steinhausen [166]
12.0 +0.69 Tubular fluid Control
13.7 +0.57 Tubular fluid Ureteral pressure
40 mm Hg
15,1 +1.4 Isotonic NaCl Ureteral pressure
40 mm Hg
11.0 +£0.3 Isotonic NaCl Control Bank er al. [10]
12.5 +0.37 150 mM Na™, Control Gyory [74]
143 mM CI—,
1.5mM Ca™™,
10 mM acetate
13.5 Rats 20 days old Capek et al. [32]
169 +1.24 115 mM Nadl, Peritubular capillaries Brandis er al. [19]
25 mM NaHCO;, perfused with 10 mM K™
10 mM KCl,
2.5 mM CaCl,
16.9 +4.2 Isotonic NaCl Intoxication with Steinhausen et al. [174]
sublimate
8 Isotonic NaCl Control Wiederholt et al. [212]
38 Isotonic NaCl +
1 mM KCN Control
180 Isotonic NaCl + Control
10 mM KCN

Values are means + SE. “Control” data are from nondiuretic (antidiuretic) rats.
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Fig. 10. Calculated end proximal TF P inulin concentration ratios for corresponding
reabsorptive half-times and proximal passage times. See text

C. Increase in Concentration of Nonreabsorbed Dyes

Tubular fluid reabsorption can be made visible by following the pro-
gressive concentration of nonreabsorbed dyes, such as LG [167, 174]. Using
a microspectrophotometer, the increase in dye concentration may be quan-
titated. We found that there was good agreement between fluid reabsorp-
tion determined by this method and simultaneously measured from the
decrease in solvent volume in a split-drop experiment. The method cannot
be used to follow fluid reabsorption if the tubules are leaky to LG, as
occurs in mercury poisoned [174] or ischemia-damaged [47] kidneys.

D. Relationship between Reabsorptive Half-Time and Passage Time

Proximal fractional fluid reabsorption may be determined either by
a) micropuncture and measurement of the tubule fluid-to-plasma inulin
concentration ratio (TF/P inulin) or b) measurement of reabsorptive half-
time and passage time. The reabsorptive half-time, determined in an occlu-
sion time experiment or in a split-drop experiment, gives the time required
for 50 % of the fluid volume to be reabsorbed. The passage time gives the
time of exposure of tubular fluid to the proximal tubule epithelium. For
example, if half-time is 10 sec and passage time is 10 sec, then the tubule will
reabsorb 50 % of the fluid volume presented, and a TF/P inulin ratio of 2
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would be expected at the end of the proximal convoluted tubule. Figure
10 shows the TF/P inulin ratios expected for different combinations of re-
absorptive half-time and passage time. The general relation is:

TF/P inulin — 2passage time/half time

It is interesting to compare measured TF/P inulin ratios with results from
passage time and reabsorptive half-time measurements. TF/P inulin ratios
at the end of the accessible proximal tubule are about 3 at most in the
nondiuretic rat (110, 215). For a passage time of 10.7 sec (see Table 7), a
reabsorptive half-time of about 7 sec would be predicted from Figure 10.
This is close to the 5 sec half-time measured with the proximal occlusion
time method [166]. The reabsorptive half-time measured with the split-drop
technique is about 10 sec (Table 15). This determination is, however, prob-
lematic, because the tubule lumen diameter is nearly twice normal [166].
The majority of studies [4, 8, 20, 98, 144, 151, 166] now indicate that proxi-
mal reabsorption does not depend on tubule diameter, so a 10 sec half-
time in a tubule of double normal diameter would be equivalent to a 2.5 sec
half-time in a tubule of normal diameter. These calculations suggest that
estimates of fractional fluid reabsorption from these different approaches
are in only rough agreement.

V. The Vascular Flow Bed

The blood vessel supply of a cortical nephron was described earlier
(see p. 7). Afferent and efferent glomerular arterioles are generally thought
to be the major sites of resistance to blood flow through the kidneys. The
ratio of the resistances of these two vessels influences the glomerular capillary
hydrostatic pressure. Resistance is a power function of vessel radius, so
small changes in caliber will have a profound effect on renal blood flow
and glomerular filtration rate. Afferent arterioles are not visible at the

Table 16. Length and inner diameters of blood vessels in the outer cortex of the rat

Series 1 Series 2
with F. Ullrich, 1975 with M. Abel, 1976
(1) (1)
Length Afferent arteriole 186.0+15.0 (45) 141.3 4 17.4 (32)
Efferent arteriole 224.0+34.5 (41) 199.1 + 12.3 (63)
Diameter Interlobular artery 13.1+ 0.8(12) —
Afferent arteriole 8.3+ 0.4(12) 84+ 0442
Efferent arteriole 6.8+ 0.3(12) 6.0+ 0,2 (63)

Values are means =+ SE (number of measurements).
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Table 17. Vessel diameters, blood flow velocities, and blood flow rates in welling points

and peritubular capillaries (vessel sections 1, 2, and 3) on the surface of the rat kidney

cortex. Data are from control nondiuretic animals and animals 3 days after 1 hr renal
artery occlusion (temporary ischemia). Means + SE. (From Steinhausen et al. [171])

Vessel section Diameter Flow Flow rate Number of
(microns) velocyity (nl/min) Animals Vessel Measure-
(mm/sec) sections ments
Controls
Welling point 23.00+1.73 4.11+0.59" 102.53+14.742 9 12 12¢
Vessel section No. | 1591+0.92 2.32+0.24 28.80+4.14 9 27 1334
I I*
Vessel section No. 2 14.48+0.64 1.61+020 16.62+1.14 6 10 534
1 *
Vessel section No. 3 12.784+0.25 1514026 11.64+2.16 4 7 204
After temporary ischemia
Welling point 20.17+2.68 3.69+0.67° 70.77+12.812 7 9 9c
1 o* 1 **
Vessel section No. 1  15.07+0.81 1.74+0.20 20.22+3.66 7 22 1374

a Calculated by multiplication of flow rate in vessel section No. 1 times degrees of rami-
fication.

b Calculated from flow rate in vessel section No. 1 and diameter of the welling point.
¢ Vessel diameter.

d Flow velocity.

* P{0.05 #* P0.01 **% PL0.001.

surface of the rat kidney, and only the branching point of the efferent
arteriole (welling point) can be seen. For this reason, we estimated the dia-
meters of these vessels in fixed tissue. Together with F. Ullrich and M. Abel,
we prepared vessel casts by in vivo perfusion with isotonic, isohydric, fixation
fluids at normal arterial blood pressure. We found that such perfusions did
not alter vessel diameters in the rat mesentery or on the kidney cortex
surface. We cannot be positive, however, that vessel calibers inside the
kidney were unaltered by perfusion and fixation. Table 16 summarizes our
results for blood vessels in the outer cortex of the normal rat kidney. The
arterioles appear to be quite narrow. Furthermore, afferent arterioles are
wider than efferent arterioles. We and others [104, 158] have not found
shunts between afferent and efferent arterioles in the outer cortex of the
normal rat kidney.

Peritubular capillary blood flow is of particular interest in renal physio-
logy because tubular fluid reabsorption depends on the uptake of reab-
sorbate by the capillaries surrounding the tubules [23-25, 97, 217]. We can
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Fig. 11. Left: In vivo microphotograph of tubules and peritubular capillaries on the

kidney surface of a male rat weighing 300 grams. The almost circular welling point is

seen in the center of the picture. In vivo, it is recognizable from its intense red color.

Right: Drawing based on the microphotograph on the left. The order of peritubular

capillaries branching out from the welling point is numbered, and the flow direction
is indicated. (From Steinhausen et al. [171])

easily observe the flow of blood in the peritubular capillaries on the surface
of the exposed rat kidney cortex. However, quantitating the blood flow is
difficult. We have measured capillary blood flow on the kidney cortex
surface by high speed cinematography [171].

Table 17 summarizes data used in the calculation of peritubular capillary
blood flow. The welling point gives rise to a branching system of peritubu-
lar capillaries designated, in order of branching, as “vessel section 17,
“vessel section 27", etc. (see Fig. 11). Linear flow velocities in each vessel
section were measured by high speed cinematography. From the linear
velocity (in mmy/sec) and vessel diameter (in microns), the corresponding
blood flow rate (in nl/min) was calculated. The blood flow rate in the welling
point was calculated by multiplying the number of first order vessel sections
by the corresponding blood flow rate. We found that the welling point
divides into an average of 3.56 4 0.19 SE (9 animals) first order capillaries,
and that the average blood flow rate per capillary was 28.8 nl/min. This
gives a welling point blood flow rate of 103 nl/min. In cast preparations we
have observed vessels branching off from the efferent arterioles before the wel-
ling point only rarely. Thus, the welling point blood flow may be equated
with the efferent arteriolar blood flow.

The bottom part of Table 17 shows similar calculations of blood flow
rate 3 days after 1 hr left renal artery occlusion. Such temporary ischemia
produces severe acute failure of the damaged kidney. Blood flow rate was

— 318 —



Microcirculation and Tubular Urine Flow 45

decreased by 25 % below control. This modest reduction in blood flow cannot
account for the reduction in inulin clearance to nearly zero.

In the normal kidney, the above estimate of efferent arteriolar blood
flow agrees with values based on whole kidney measurements. If we mul-
tiply the blood flow in a single efferent arteriole (103 nl/min) by the number
of such vessels or nephrons in both rat kidneys (65,600 according to Ref.
[162]), divide by animal weight, and add the glomerular filtration rate
measured with inulin in our experiments (8.5 ml/min-kg body weight—
2 kidneys), we calculate a total kidney blood flow of 33 ml/min-kg body
weight-2 kidneys. The corresponding values obtained in these same ex-
periments, based on the PAH clearance or measurement of renal venous
outflow, are 34 and 31 ml/min-kg body weight-2 kidneys, respectively.
Thus, the three different methods are in remarkably good agreement. It
must be noted, however, that blood flow in the kidney is not uniform,
so it is not quite correct to extrapolate superficial cortical blood flow to
the whole kidney. Wallin er a/. [200] found that in the normal hydropenic
rat, blood flow to superficial cortex is high, and that there is a progressive
decrease from superficial to deep cortex.

Brenner et al. [22, 27] have estimated efferent arteriolar blood flow of
single superficial cortical nephrons using two other approaches. They first
attempted to collect blood quantitatively by micropuncture of the welling
point. Later, they calculated efferent arteriolar blood flow from the single
nephron glomerular filtration rate (inulin clearance), filtration fraction, and
hematocrit. The filtration fraction was determined by measuring welling
point and arterial plasma protein concentrations. With the first method,
in Sprague-Dawley rats, they obtained an average efferent arteriolar blood
flow of 152 nl/min. With the second method, in Munich-Wistar rats, they
obtained a value of 114 nl/min. These values are somewhat higher than our
determinations. A criticism of their approach is that insertion of a micro-
pipette into the welling point may disturb the blood flow. When a quan-
titative collection of blood flow is attempted by the first method, the low
resistance of the suction capillary may cause a spuriously high blood flow.

VI. Relationship Between Vascular and Tubular Systems
(Cortical Countercurrent System )

If we look at the surface of the rat kidney cortex, we see what appears
to be an irregular array of blood capillaries and tubular loops. In early
studies using the lissamine green passage time method, Gertz er al. [63]
and Steinhausen ef al. [176] noticed that late proximal convoluted tubule
loops were clustered together in the region of the welling point. Since the
peritubular capillary network branches out from the welling point, and
urine flows in the proximal tubule from early to late loops, we have counter-
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Fig. 12. Schematic drawing of the renal cortex surface of a rat, with the corresponding
photomicrograph shown as an inset in the upper left hand corner. Black centers: Welling
points. Black arrows: Peritubular capillaries and their flow direction. Hatched areas:
Different nephrons. White arrows: Flow direction of tubular fluid. Numbers: Sequence

of proximal tubular loops starting from the glomerulus. (From Steinhausen e al. [173])

current flow of blood and tubular urine on the surface of the rat kidney
cortex. This cortical countercurrent system must not be confused with the
medullary countercurrent systems involved in the osmotic concentration of
the urine [219].

Several lines of evidence support the existence of a countercurrent system
in the superficial cortex of the rat.

Anatomically, we find that each proximal convoluted tubule is prefer-
entially supplied with blood from its own efferent arteriole, i.e. from its
own welling point [172, 173]. This was demonstrated by preparing casts of
nephrons and associated blood vessels (Fig. 1). Faarup et al. [49, 50] have
confirmed this arrangement by histological methods.

The order of proximal loops (from early to late) was determined by
following the passage of lissamine green in individual nephrons, and loop
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position in relation to welling point was recorded {172, 173]. There was a
highly significant (P < 0.01) inverse correlation between order of proximal
loops and distance from the welling point. Figure 12 shows early proximal
loops (low numbers) at a distance from the welling point and late proximal
loops (high numbers) near the welling point.

The direction of blood flow in individual capillaries and in adjacent
proximal tubular loops was assessed. Tubular fluid flow directions were
determined with lissamine green, and blood flow directions were determined
by observing the movement of blood cells. Figure 12 illustrates flow direc-
tions in a single microscopic field. We found that capillary blood flow was
countercurrent to urine flow in 72.5% of 131 observations, in the same
direction in 10.5%, and indeterminate in 17.0% [172, 173]. These results
indicate that countercurrent flow predominates, but is not always present.

Although we find a preferential blood supply of each proximal convo-
luted tubule from its own welling point in the rat, there are numerous
anastomoses between the capillaries of adjacent nephrons. This is easily
demonstrated by microperfusion of a welling point. Depending on the per-
fusion rate, a large area of the most varied nephrons is perfused [9, 159].
A few surface loops of a nephron may normally be supplied from other
welling points.

In the dog, there appears to be a close association between the efferent
capillary network and proximal tubule of the same glomerulus only in the
superficial (subcapsular) cortex {14]. In the bulk of the cortex, proximal
tubules are dissociated from the efferent vessels of the same glomerulus,
and are supplied by blood which has traversed other glomeruli. We have
seen by in vivo microscopy that there is a cortical countercurrent system on
the surface of the dog, pig, and rhesus monkey kidney (unpublished obser-
vations).

The functional significance of the cortical countercurrent system is still
being investigated. Some aspects will be discussed below.

First, whether countercurrent flow is present primarily on the kidney
surface or is present through the whole cortex is not known. It is clear,
however, that it exists on the kidney surface, and thus the nephrons that
are most often studied by micropuncture have this arrangement. Thus, it is
relevant at least to in vivo micropuncture studies of cortical nephron
function.

Second, an important area of current research is glomerular-tubular
balance (see Gertz in Ref. [127]). Since each superficial proximal convo-
luted tubule is supplied primarily by its own efferent arteriole, and since
peritubular capillary oncotic and hydrostatic pressures are important in tubu-
lar reabsorption, the close association between tubule and peritubular capil-
lary blood supply permits glomerular-tubular balance to exist on a single
nephron level.
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Third, cortical countercurrent flow may influence secretory processes in
the kidney. With fluorescent dyes, we have demonstrated that there is a
preferential accumulation of dye in the late proximal loops around the
welling point [168, 177]. The countercurrent arrangement may facilitate
the transport of substances across the proximal tubule by decreasing the
concentration difference between tubular fluid and peritubular blood.

Fourth, measurements with an oxygen electrode [130] demonstrate that
oxygen tensions are higher in the late proximal loops (around the welling
point) than in early proximal loops (distant from the welling point). Active
transport processes along the proximal convoluted tubule may be affected
by different local oxygen tensions.

Finally, Schulz et al. [154] suggested that cortical countercurrent flow
may lead to errors in blood flow determinations with the 83Kr washout
method.

VII. Observations on Tubular Secretion

The renal handling of organic acid dyes played an important role in
the early history of renal physiology [136]. In the last century, Heidenhain,
on the basis of his studies with the sulfonic acid dye indigo carmine, claimed
that tubular secretion played the primary role in urine formation. He ob-
served this dye in the tubular cells, but could not find it in glomeruli. His
views were opposed by Ludwig, who believed the kidney to be primarily
a filtering-reabsorbing organ. Credit for proving the existence of tubular
secretion is due to E. K. Marshall, Jr. In 1923, Marshall and Vickers [112a]
obtained convincing evidence that phenolsulfonphthalein (phenol red) must
be secreted by the dog kidney. They demonstrated that if arterial blood
pressure was decreased to below 40 mm Hg (so as to abolish glomerular
filtration), dye still accumulated in proximal tubules of the kidney cortex.
Phenol red secretion by proximal tubules has been demonstrated in a number
of in vitro and in vivo preparations (see Ref. [136 and 210] for review).
The dye, however, is difficult to observe in the mammalian kidney in vivo,
because it contrasts poorly with the renal surface. Also, its pK, (7.8) is
such that its color (red in alkaline solution, yellow in acid solution) is very
pH sensitive in the physiological pH range. Kinter [87a] has studied the
kinetics of dye transport in flounder kidney tubules in vitro, using a micro-
spectrophotometer and chlorphenol red (pK, 6.0). This dye is red at pH
values above 6.7, so more reliable measurements of luminal concentrations
can be made.

For the in vivo observation of dye secretion in the rat kidney, Stein-
hausen et al. [176a] used the fluorescent dye sulfonefluorescein. The struc-
ture of this dye differs from that of phenol red by a single oxygen bridge.
Small amounts of sulfonefluorescein, injected intravenously, appear first
round late proximal loops, in the vicinity of the welling point. The dye

— 322 —



Microcirculation and Tubular Urine Flow 49

concentration gradient between early and late proximal loops is readily
determined with a microspectrophotometer. With low plasma concentrations
of dye, this concentration gradient is maximal. The gradient probably
reflects in part the fact that the late proximal loops are first supplied
with dye rich blood from the welling point. If the plasma concentration
of dye is increased, the secretory mechanism in the late proximal loops be-
comes saturated, and dye reaches the early (glomerular-near) proximal
loops. The early-late proximal concentration gradient is then reduced.
Rollhduser [144a] has interpreted his studies on phenol red secretion in
the rat kidney in a similar way. It is also possible that the concentration
gradient observed reflects a higher secretory activity in the late proximal
tubule. Finally, the dye gradient is increased by water reabsorption along
the length of the tubule.

Probenecid, a well-known inhibitor of organic acid secretion, causes
inhibition of sulfonefluorescein secretion. This inhibition is demonstrated
by a significant reduction in the early-late proximal tubule concentration
gradient, as well as a decrease in the sulfonefluorescein clearance. This
general approach may be useful in studying the kinetics of dye transport
in the mammalian kidney in vivo.

VIII. Conclusion

In this monograph, a survey was made of the methods and results of in
vivo microscopic investigations of the kidney cortex. We have emphasized
the approaches which we have personally tested. These methods have
helped us to understand the relations between renal structure and function.
Particular attention was given to data from the rat, since this animal has
been most widely used in renal micropuncture studies. However, the ex-
tension of micropuncture techniques to other mammalian species will pro-
vide new insights. We considered the measurement of tubular diameters,
tubular passage times, and tubular reabsorption. The peritubular capillary
blood flow and the relations between blood flow and tubular urine were
also discussed.

In vivo microscopy of the kidney provides a fascinating opportunity to
study functional processes in the living animal, and to relate these obser-
vations to anatomy. This approach has a certain directness, which is lacking
with many physiological measurements. Even so, we should be aware, in
using the microscope, that what we think we see may not always be real or
essential. To quote Goethe: “Was ist das Schwerste von allem? Was Dir
das leichteste diinkt, mit den Augen zu sehen, was vor den Augen Dir liegt!”"3

3 “What is most difficult thing of all? The thing which seems easiest to you, to
see with your eyes what lies in front of your eyes!”
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