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Abstract

Crone, C. The permeability of capillaries in various organs as deler-
mined by use of the ‘Indicator Diffusion’ method. Acta physiol. scand.
1963. 58. 292—305. — The theory of a single injection technique,
the “Indicator Diffusion” method, for quantitative studies of capillary
permeability is developed. It is shown that the permeability of a
capillary arca can be expressed by three parameters: the initial
extraction (E) of test substances added in a single injection to
the blood flowing to an organ, the blood flow (Q) and the surface
area (A) of the capillaries. The equation relating these figures
is: P= (Q/A) X log,1/(1—E). The permeability coefficients of
capillaries in kidney, liver, lung, brain and hind limb to inulin
and sucrose are reported. It is found that the permeability of
capillaries varies considerably from organ to organ. It is questioned
whether the pore model adequately describes the functional char-
acteristics of the capillaries in the muscles. The existence of pores
should result in a pronounced deviation of the ratio between the
permeability coefficients for sucrose and inulin from the ratio
between the free diffusion coefficients. This was not found to be
the case.

One of the most important activities of the vascular system occurs in the
capillaries. Yet, our knowledge about the membrane across which the ex-
change between blood and interstitial fluid takes place is scanty. While many
biological structures of very small size have been submitted to direct physiologi-
cal study in later years, the capillaries have not yet yielded to a direct attack.
Thus our knowledge of the permeability characteristics of the capillary wall
has still to be deduced from experiments on a mass of capillaries. In the part
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of capillary physiology dealing with permeability, quantitative studies have
peen advanced considerably by Pappenheimer and his coworkers in the last
decade (PAPPENHEIMER 1953, RENKIN and PappENHEIMER 1957). This article
s concerned with such quantitative studies and gives data for the permeability
of the capillaries to two polar non-clectrolytes (inulin and sucrose) in brain,
lung, liver, kidney and hind limb.

Measurement of the permeability of capillaries in situ implies that the test
.ubstances come in contact with the capillary membrane. In actual experi-
ments difficulties arise from the fact that two processes occur almost simul-
tancously: the test substances injected are diluted in the blood and diffusion
occurs through the capillary wall. An experimental principle by which this
problem may be solved was developed by CHINARD, VosBURGH and ENNs
(1955) and AnTHONiSEN and CroNE (1956). These authors made a single
injection into an afferent artery of an organ of a diffusible test substance
together with a non-diffusible reference substance, which was assumed to
remain in the capillaries. Immediately after the injection blood was rapidly
collected from the vein draining the organ. The concentration of the reference
substance in the individual samples is a measure of the degree of dilution at
any time. The extent to which the concentration of the diffusible substance is
less than the concentration of the reference substance is a measure of the
loss of the test substance.

The loss thus determined must bear some relation to the permeability of
the capillaries. It was for some time thought that the loss was a direct indicator
of the permeability. However, this is not so; for the loss is not proportional to
the permeability coefficient of the capillaries to the test substance. Nonetheless
it is possible to derive a simple expression for the relation between permeability
coefficient and the loss, as shown below. With this type of analysis the ‘Indicator
Diffusion’ method, as the experimental approach will be called becomes
useful for characterizing the physical processes of transcapillary exchange.

Recent investigations with the electron microscope show pronounced
morphological differences of the capillary walls in different organs (BENNETT,
Lurt and HaMpToN 1959, FLOREY 1961). This demonstration of their variability
is borne out by the present work which gives evidence for differences in the
permeability of capillaries in brain, lung, liver, kidney and the hind limbs.
Inulin and sucrose were chosen as test substances because they are inert, easy
to determine, do not penetrate the cells and are of appropriate molecular
size (14.5 and 4.40 A radius respectively).

Theory

Fig. 1 shows a time-concentration curve of the type obtained in the ex-
periments. The curve for the concentration of the test substance (¢,,) would
be identical with that of the reference substance (c,,) if there were no loss
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during passage through the capillaries. The curve ¢, indicates the actual
concentration of the test substance(s), and the fractional loss is given by (¢, —
(As it is impracticable to inject equimolar quantities of reference
and test substances, the concentrations are expressed as fractions of those in
the solution injected.) While the intravascular concentration is rising steeply
the rate of outward diffusion is greatest. When the concentration is falling
the net-diffusion decreases. The observations are made under conditions of
continuous change and it is necessary to decide which samples can be used

(&

for estimating the average initial extraction. Only the rising part of the curve
is considered in these calculations involving 35 samples from each experi-
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The initial extraction (E) of a test substance is not only dependent on the

permeability of the capillaries, but also on the surface area of the capillaries

dS dt, the amount of substance passing the membrane in unit time, is deter-
¢, Where @ is the volume of blood passing through one

gramme of tissue per second. £ is the fractional reduction of the arterial con-

centration of the test substance during the conversion of arterial to venous
A is the surface of the capillaries in one gramme of tissue. e is the

mined as Q_ < K

blood.

average concentration difference across the capillary wall.
The main difficulty in measuring the permeability of inaccessible biological

membranes is the determination of c. An expression for /¢ can, however, be

and on the rate of blood flow.
The permeability (P) of a membrane to a given substance is the amount
unit concentration dif-

Fig. 1. The concentration variations in the cflluent

blood after a square wave injection of a mixture of:
substances into the afferent vessel of an organ.
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derived if certain approximations are made. During the initial rapid rise of
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intracapillary concentration, that outside is increasing comparatively slowly.
I'he mean concentration difference (/1¢) is therefore assumed to be equal to
the mean intracapillary concentration. The mean intracapillary concentration
can be expressed in terms of the concentration of the test substance at the
inlet, ¢,, and the concentration of the test substance at the outlet, ¢,. The test
.ubstance passes through the capillary wall passively and the concentration
therefore falls exponentially from the arterial to the venous end of the capillary.
I'hus, the mean concentration is given by (¢, — ¢,/(loge, — logec,). E is by
definition equal to (¢, —¢,)/c,. By inserting in equation (1) the following
relation is obtained:

» .
P=4>18 1%

~
M

(2)

By means of this expression it is now possible to calculate the capillary per-
meability from data obtained by the ‘Indicator Diffusion’ method. The term,
E, is based on figures obtained from the experiments. It is not practicable to
measure the tissue perfusion, Q , because the experiments last less than a minute;
and therefore values for this term were selected from the publications of other
workers. The capillary surface area, A, was calculated from various anatomical
measurements of capillary density in different tissues (see Appendix for further
details).

Experimental Technique

The experiments were performed on mongrel dogs which were fasted overnight.
Anaesthesia was obtained by intravenous injection of Sodium Pentobarbitone (Nem-
butal), ¢. 25 mg/kg. A cannula was inserted into the afferent vessel of the organ con-
cerned without interfering with the blood supply to the organ. Another cannula fitted
to a polythene catheter was introduced into the efferent vessel just before the injection.
The injection took 1—2 seconds, and usually 2—5 ml of solution were used. The out-
flowing blood was collected in small heparinized glass tubes mounted on a slowly
moving Kymograph (Asmussex and Niersen 1952). Usually 0.3—0.5 ml blood was
collected in each sample. The solution injected contained Evans’ Blue Dye in amounts
between 2—5 mg depending on the dilution volume (greatest in experiments on lungs).
A solution of inulin or sucrose was mixed with the dye solution. When the test substance
was inulin sodium chloride was added to obtain isosmolarity. An aliquot of the injec-
tion solution was diluted in heparinized blood taken from the animal immediately
before the injection. This mixture was later analyzed and thus the exact concentrations
in the injection solution were determined. Immediately after the experiment the small
test tubes were stoppered with corks covered with paraffin wax and rotated gently.
The determinations of the concentration of the dye and of the test substances were
carried out on blood rather than on plasma. Thus it was unnecessary to use correction
factors to account for material lost in the erythrocytes.

Determination of concentration of dve and of test substances:
a) Evans’ Blue Dye: 0.2 ml blood was diluted with 0.8 ml 0.9 °, sodium chloride,

centrifuged and the concentration in the supernatant was determined by way of a
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Fig. 2. Inulin experiment on brain. The upper part of the figure shows time-concentration curves
of Evans’ Blue Dye and of inulin. Sampling from the superior sagittal sinus after injection into
the common carotid artery. Evans’ Blue Dye: === inuln @ ———— @ . The time for
maximum concentration is arbitrarily called O-time.

The lower part of the figure shows the extraction of inulin in separate samples from three
experiments.

spectrophotometer (Beckman model DU . Semimicro cuvettes were used because the
amounts of supernatant were small. The cuvettes were cleaned between each reading
as the remaining fluid after emptying a semimicro cuvette is a large proportion of the
total volume.

b) Inulin and sucrose were analyzed as described by Bojesex (1952). The volumes
originally proposed by him were reduced to onc tenth, and the hydrolysis and colour
development took place in 2 ml glass ampoules the tips of which were sealed after
introduction of reagent and sample. Inulin and sucrose added to blood in known
amounts were recovered to 96.8 and 97.0 per cent respectively, with standard deviations
of 0.56 mg/100 ml and 0.40 mg/100 ml.

Calculation and treatment of data: All concentrations are expressed relatively, i. e.:
that in cach sample is divided by that in the injection fluid. For each sample the
relative concentration of the test substance is divided by that of the reference substance
giving a value between 0 and 1. By subtracting this value from 1 the extraction of the
test substance in that particular sample is obtained. The coefficient of variation of this
final value is estimated to be less than 3 o
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Fig. 3. Sucrose experiment on brain. The upper part of the curve shows time-concentration curves for
Fvans’ Blue Dye and for sucrose. Evans’ Blue Dye: ) ——— (), sucrose: @ --------= @ . The lower
part of the figure shows the extraction of sucrose in separate samples from four different experi-
ments. The point in brackets represents a sample in which the concentration of dye was very
low (extinction < 0.100).

Results

1. Brain.

Inulin. The results of an experiment are given in fig. 2. The curve for the
test substance and the reference substance fall closely together, indicating
that the brain capillaries are highly impermeable to polysaccharides. Three
experiments were done and the extraction of inulin in each sample is shown in
the lower part of Fig. 2. The mean extraction was 2.5 % (S.D.: 3.5, n = 8).
In two experiments on human subjects a mean extraction of 0.5 9, was found
(the test solution was injected in the common carotid artery and cerebral
venous blood was collected from a needle inserted in the bulb of the internal
jugular vein).

Sucrose. Similar results were obtained with sucrose which is also a polar
molecule but much smaller than inulin. Fig. 3 shows that even such small
molecules are not lost appreciably from the blood during the passage through
the brain.
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Fig. 4. Inulin experiment on kidney. The upper part of the figure shows time-concentration curves
for Evans’ Blue Dye and inulin. Sampling from a catheter in the renal vein after injection into
the renal artery. Evans’ Blue Dye: O. Inulin: @----—--- @ . The lower part of the
figure shows the extraction of inulin in the separate samples,

Fig. 3 also shows the extraction in the individual samples. The mean ex-
traction in the initial phase was 0.4 9, (S.D.: 4.0, n = 8). One of the ex-
periments was carried out in an animal which had sustained two periods of
severe anoxia provoked by inhalation of pure nitrogen in 1.5 min. The ex-
periment was performed immediately after the second period of anoxia.
Contrary to what had been expected no change was observed in the extraction
of sucrose. Histological examination showed swollen, chromatolytic ganglion
cells in the cortex and in the basal ganglia. These observations confirmed that
the brain had been severely anoxic.

2. Kidney.

FrEs et al. (1958) published an extensive series of investigations of the
permeability of the renal capillaries to inulin. Similar results were obtained
in the experiment illustrated in Fig. 4. The high initial loss of inulin is followed
very quickly by a falling extraction and a net return occurs within a few
seconds. The mean extraction in the two initial samples was 73.1 9, (the
above mentioned authors found an average loss of 79 9,).

PR
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The loss of inulin in the kidney results from loss through the glomerular
membrane and through the peritubular capillaries. It is reasonable to assume
that 20 2, of the total material was lost in the glomerular capillaries by filtra-
tion. It is therefore likely that about 50 ° of the inulin diffused through the
peritubular capillaries.

3. Liver.

Inulin. As might be expected the capillaries in the liver are very permeable
to inulin. The experiments, however, show some peculiarities. Fig. 5 shows
that the dilution curve is rather flat - an unexpected feature in view of the
high rate of blood flow through the liver. This may be due to collection of
blood from a long collecting catheter (which was introduced through the
jugular vein into the hepatic veins) rather than a reflection of reduced blood
flow during the experiment. It is also seen that the extraction of the test sub-
stance declines from the start. This means that the extraction cannot simply
be calculated as an average from the early samples but must be found by
extrapolation.

The narrowness of the extracellular space into which the test substance
diffuses from the capillaries could account for the early decline in extraction.



THE PERMEABILITY OF CAPILLARIES 301

2 \
20 + \\
§ | |
2 15 P ‘--. 1 --.__*-s 1
h ,[ | ‘ \“‘
- /7 ( | iy
5 104+ T - - + \\ +
0 ‘ \\\‘.
5 R
£ T
. | |
0-2 -9 -3 0 3 6 9 2 15 1
seconds
o 1 I | Nk 1
| | . 1 ‘
0w v e i sk 55 ol A § R B N s o
o IR e W AT I  Ep
ey e T S SR — _J__..‘{'*:—";:;_‘_T, —4
|4} | ~— p— |
§ » STCERER: b =T MV sORE) SROETVS MY
| (o1 | o e S
'g | | | | | | |
o A A 4
-2 -9 -6 -3 ] 3 6 9 z 15 13
seconds
Fig. 7. Sucrose experi on hind limb. The upper part of the figure shows time concentration

curves for Evans’ Blue Dye and sucrose. Evans’ Blue Dye: (O (), sucrose: @ -9®.
The lower part of the figure shows the extraction in separate samples from three different experi-
mcntls:..c Thcopom' ts in brackets represent samples in which the extinction of Evans’ Blue Dye
was below 0.100.

If the extravascular distribution volume is very small an appreciable con-
centration builds up outside the capillary rapidly. The space of Disse is ex-
tremely narrow which may account for the observations.

In three experiments (shown on Fig. 5) the average extraction of inulin
was 43.3 9.

Sucrose. Comparable observations were made in three experiments with
sucrose. The average initial extraction was 72.3 9.

4. Lung.

Inulin. The loss of inulin during its passage through the lungs was negligible
as is shown on Fig. 6 which summarizes the results of 6 experiments.

Sucrose. The lung capillaries were also impermeable to sucrose. The high
rate of blood flow reduces the fractional extraction of a substance from the
blood passing through the lung capillaries. It is obvious that the ‘Indicator
Diffusion’ method is inadequate for tissues with very high perfusion rates.
However, it is possible to demonstrate a loss of certain substances from the
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Table I. ﬂiﬁahlmﬁouqfimdkulmhmw,ﬁw,wwdlm‘

Organ Test substance

Inulin Sucrose
e e SCTECE 1Y VYT 8 p DRSNS SIS | 0.025 i
e s R . I, | (SR R 0.73 -
o R T S N, W OB 0.43 0.72
vt el LSO B a4, e LI X 0.11 0.33
s O SR e RIS N R A4 0.02 0.01

Organ Perfusion rate | Capillary Permeability coefficients
(I/sec/g - 10%) | surface (cm - sec=1 . 10%)

(cm*/g) Inulin Sucrose

T S e gy Py 9.0 240 0

T IR B See: 66.0 350 14.4

4 et el SRR 13.0 250 29

L R S T A 50.0 250 0

oy e 1.2 70 0.26

melnrinmpﬂhrydistancchveryhigh.

Smm.Fig.7lhomthcmnltsﬁ'omexpeﬁmenuwithluuue.Thea
ext!'actionwu33.4%(S.D.:ll.5,u==9).Thelowerhalfoftheﬁg‘ure :
thattheexmﬁonmﬁmmmuntthmghoutthepuiodofo i
Whileindxelivertheﬂumeud'thetime-eoneenmﬁoncuwema'
tocathcterartefactstheb!udcurveinthehindlimbexpetimenuiso i
duetothelowruteofbloodﬂowthmughmﬁngmulck. .

Asmentionedearlieroncoftheputpooesofthisworkhubeenw
wﬁzetheelpiﬂarywanintermsofpermubilitycoeﬂicicnu.TheappBa"
oﬂ'otmuh(2)totheaveugeextmctionsubuhtedinTablc'l gives the figures
shown in Table II. '
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Discussion

Although previous workers have found variations in the permeability of
capillaries in different organs, such observations have never been quantitative.
The ‘Indicator Diffusion’ method depends on relationships shown in equation
(2),thcusefulne-ofwhichisstilllimitedbylackofprecisekmwledgeofthe
cffective capillary surface area. However, it is reasonable to assume that
crrors involved are not large enough to invalidate the main conclusions drawn
here.

PappeENHEMER (1953) and RENKIN and PAPPENHEIMER (1957) have published
the only data comparable with those given in this paper. They have, however,
been criticised for their use of van’t Hoff’s relation to determine the mean
concentration difference across the capillary wall, A¢ (Ussing 1953, Griv
1953, Kepeum and KatcuaLsky 1957). The van’t Hoff relation is only appli-
cable to systems separated by a perfect semipermeable membrane, or, stated
in STAVERMAN’s terminology (1951), in systems where the reflection coefficient
is 1 for all test molecules. As the capillary membrane is permeable to both
inulin and sucrose corrections to PAPPENHEIMER's figures have to be introduced.
Kepem and KarcHALsky give the values for the correction factors as 0.375
(inulin) and 0.058 (sucrose). With these correction factors the permeability
coefficients found by PApPENHEIMER become 0.18 x 107* cm-sec™ for inulin
and 0.30 x 10~ cm-%sec* for sucrose (hind limb capillaries of the cat).

Theagreementbetweenthuecomctedﬁguruandtheﬁgumgivenin
table 2 for the permeability of the hind limb capillaries in the dog is interesting,
considering that the results have been obtained with two fundamentally
different experimental approaches based on different analyses of the problem.
The relation between the permeability coefficients is seen to differ only slightly
from that of the diffusion coefficients. The logical consequence of this finding
is that the theory of ‘restricted diffusion’, originally advanced by Pappen-
HEMER (1953) must be reconsidered (Crone 1963).

RenkiN (1959) derived an expression for ‘tissue permeability’ formally
analogous to equation (2). No direct comparison can, however, be made
between Renkin’s figures and those presented here because of conceptual
differences in the meaning of ‘extraction’ in Renkin’s deduction and in the
present analysis. Renkin determines the extraction in the steady state where
the concentration of test substance outside the capillary wall is not necessarily
insignificant. With the ‘Indicator Diffusion’ method determinations are made
in a non-steady state and extracapillary concentrations are thus of much less
importance. This means that the ‘Indicator Diffusion’ method gives true
capillary permeability.

The finding that the brain capillaries are impermeable to inulin and
sucrose raises the interesting question of how the brain is able to take up
glucose from the blood in sufficient quantities. The difference in molecular

20 —633015. Acta physiol. scand. Vol. 58.
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diameter between sucrose and glucose is only a few Angstrom Units. The
chemical structure of both molecules is similar, both being highly polar with
great tendency to form hydrogen bonds with the water molecules in the sur-
roundings. These considerations lead to the conclusion (CroNe 1960) that a
special transfer mechanism must exist in the brain capillaries by means of
which the passage of glucose into the brain tissue is facilitated. Experimental
proof of this deduction will be given in a later paper.

Appendix
Determination of capillary surface areas from anatomical data

1. Brain. According to KroGu (1929) the capillary length in 1 mm?® of grey and white matter
is 1,100—1,400 mm and 300—400 mm respectively (rat brain). Craicie (1938), who also
worked with brains from rats, found lengths of about 1,000—1,100 mm in the cortex. Cops

(1932) found 1,000 mm as the average length in cortex of man. As the blood samples in the .

present work contained mainly cortical blood, 1,000 mm capillary length per mm® was taken
as a reasonable average figure. This gives a capillary surface of 240 cm?/g tissue.

2. Muscle. Krocu (1929) found a capillary surface of 520 cm?/cm? resting muscle in a dog. I

This figure was authoritatively criticised by RexkiN and PappeNnemMer (1957) as being far
too high. It would mean a capillary blood volume of 10.6 °, of the total volume of the muscles.

They found 70 em?/g muscle from capillary counts on freeze sections. This latter figure was |

used in the present work.

3. Lung. Roucnron (1945) calculated that the surface area of the capillaries of the lung
in man was 38 m? which means that the capillary surface pr g of tissue is 250 cm?, assuming
a lung weight of 1,500 g.

4. Kidney. In a letter to the author professor von KiGELGEN kindly informed me that he

has found a total surface area of 3.48 m* for the peritubular capillaries in a dog’s kidney (weight:

152 g). As the cortex weight is approximately 70 9} of the total kidney tissue mass then the
capillary surface area in the cortex is about 350 cm?/g (technique: KiieLGen, Kunro, Kunro
and Otro, 1959).

5. Liver. No data could be found concerning the surface arca of these capillaries. By analogy
with the values from other parenchymatous organs a tentative value of 250 cm?/g was used in
the present work.

P. EGGLETON gives estimates of various capillary surfaces in a chapter in FREY-WySSLING'S
book: ‘Deformation and Flow in biological systems’ (1952). The following values were given:
Brain: 265 cm?/g, Muscle: 166 cm®/g, Kidney: 134 cm®/g and Liver: 133 em?/g. The order
of magnitude of these figures is seen to correspond quite well with those given above but no
information of how the author obtained these figures is given.
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