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Nephron function in the early phase of ischemic renal failure.
Significance of erythrocyte trapping
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Department of Physiology and Medical Biophysics, University of Uppsala, Bio,nedical Center, Uppsala, Sweden

Nephron function in the early phase of ischemic renal failure. Signifi-
cance of erythrocyte trapping. Trapping of red blood cells (RBCs) in
renal medulla vasculature in postischemic acute renal failure (ARF) was
found to depend upon the length of the ischemic period. Thus trapping
occurred after 45 minutes but not 25 minutes of ischemia. By prior
hemodilution to a hematocrit (hct) of 30%, RBC trapping after 45
minutes of ischemia could be completely prevented, Likewise hemo-
concentration (hct = 60%) before 25 minutes of ischemia resulted in
extensive RBC trapping. By increasing or decreasing the hct, the
contribution of RBC trapping to the functional defects and decrease in
renal blood flow that follows minor (25 mm) and more substantial (45
mm) ischemia was investigated. Renal blood flow (RBF) was measured
by microspheres, and vascular and tubular pressure by the micropunc-
ture technique. Glomerular filtration rate (GFR) was estimated from
inulin clearance, and tubular function from urine osmolality and sodium
and potassium excretion. It was found that postischemic RBF was not
correlated to RBC trapping but depended on the length of ischemia.
After both 25 and 45 minutes of ischemia tubular obstructions occurred
in the proximal tubules andlor loops of Henle. causing an increase in
proximal tubular pressure. These obstructions were dependent on the
length of ischemia but not on RBC trapping. After hemoconcentration
and 25 minutes of ischemia there was an increment in distal tubular
pressure, indicating that abundant RBC trapping may contribute to an
increase in tubular pressure by compression of medullary tubules and
thereby reduce GFR. When the damage was more severe, other factors
came into play and the contribution of RBC trapping to the decrease in
GFR was minimal. Thus a beneficial effect of hemodilution on 45
minutes of ischemia could not be established. Concerning tubular
function, isosthenuria and potassium and sodium excretion were not
dependent on RBC trapping. It is concluded that RBC trapping in the
early phase of ARF has minimal influence on GFR and tubular function.
Thus, standard markers of kidney function do not reflect the degree of
RBC trapping.

Trapping of red blood cells (RBCs) in the vasculature of the
renal medulla is a characteristic feature in the early phase of
ischemic acute renal failure (ARF). Neither the cause nor the
consequence of this phenomenon is completely understood.
The degree of RBC trapping, however, seems to reflect the
severity of the ischemic injury, since it increases with the
duration of ischemia in a dose-dependent manner [1, 21.

The proposed mechanisms underlying RBC trapping include:
1) obstruction of medullary venous outflow as a consequence of
dilation of tubules in the outer medulla [31, 2) cell swelling [4, 5],
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3) primary plugging of capillaries by leukocytes [6, 7], and 4)
increased capillary permeability leading to local hemoconcen-
tration and increased viscous resistance [1, 8—10].

Irrespective of its cause it has been proposed that the RBC
trapping may be the underlying reason for the observed incom-
plete return of blood flow in the renal medulla [11—14]. The
isosthenuria and reduced secretion of potassium, both common
features in postischemic ARF, have been considered to indicate
functional impairment of the renal medulla 115] and to be results
of the RBC trapping [13, 16].

A direct correlation between RBC trapping and a decrease in
the glomerular filtration rate (GFR) has been suggested [5, 13,
17]. The majority of authors, however, have focused on the
renal cortex in attempts to explain the functional deficit in the
acute stage of renal failure. The large decrease in GFR, for
example, has been ascribed to a reduction of renal blood flow
(RBF) [18], tubular obstructions [19, 20], and tubular back-
leakage of filtered substances [21].

A contribution of the RBC trapping to long-term kidney
damage has, however, recently been proposed [1].

The aim of the present study was to explore the mechanisms
underlying RBC trapping and to investigate the influence of this
trapping on RBF, GFR, and parameters of tubular function in
the early phase of postischemic ARF. As the systemic hemato-
crit was found to have a profound impact on the RBC trapping,
hemodilution and hemoconcentration were induced to diminish
and enhance the RBC trapping, respectively. The results sug-
gest that vascular factors are of great importance in the origin of
the RBC trapping, while tubular factors are not. Contradictory
to previous reports [5, 13, 171, neither the decreases in RBF and
GFR, nor the impairment in tubular function seemed to be
attributable to the RBC trapping to a major extent.

Methods

Animals

The experiments were performed on 50 male Sprague-Daw-
ley rats (Anticimex, Solna, Sweden) weighing 240 to 365 g. The
animals had free access to tap water and standard rat chow
(R3®, Evos, SOdertälje, Sweden). Anesthesia was induced by
intraperitoneal injection of mactin® (Byk Gulden, Konstanz,
FRG) in a dose of 120 mg. kg body weight. The animals were
placed on a servo-controlled heating pad to maintain the body
temperature at 37.5°C. Catheters were inserted in the left
femoral artery and vein; the former for continuous monitoring
of blood pressure and withdrawal of blood samples and the

432

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 

https://core.ac.uk/display/82368582?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Hellberg et a!: Erythrocyte trapping in acute renal failure 433

latter for administration of tracer substances and continuous
infusion of Ringer solution containing 120 mri NaC1, 25 mM
NaHCO3, 2.5 mrvi KCI and 0.75 mrvi CaC12 at a rate of 5
ml. kg body wt. The left kidney was exposed through a
subcostal incision and immobilized in a lucite cup. For sampling
of urine a catheter was placed in the left ureter.

Alteration of hematocrit

A low hematocrit (hct) was induced by infusion of 5 ml of a
5% albumin-Ringer solution (human albumin, Kabi, Solna,
Sweden) during a 10 minute period and parallel withdrawal of
an equal volume of whole blood through the femoral artery. A
high hct was produced by transfusion of 5 ml of red cell
concentrate (80% red blood cells in saline) during a 10 minute
period. For this purpose blood was collected from a donor
animal in acid-citrate-dextrose solution. The cells were sedi-
mented by centrifugation and the plasma and leukocyte-rich
"buffy coat" were removed. To prevent transfusion of physio-
logically active substances released from the donor animal
during bleeding, the red cells were washed once in saline and
resuspended to a relative packed cell volume of about 80%. It
should be noted that the hemoconcentration procedure was not
carried out as an exchange transfusion. The reason for this was
that to obtain an increment in hct to about 60%, exchange of
about 15 ml or more of RBC concentrate for whole blood would
be required (compare Mayers et a! [221) and that such a large
exchange transfusion may have a considerable effect on other
blood-borne factors.

Measurement of RBC trapping
The fractional erythrocyte volume in the different parts of the

kidney was measured from the distribution of
erythrocytes [23]. For this, 5 ml of blood was withdrawn from
a donor animal into an acid-citrate-dextrose solution. The blood
cells were then separated by centrifugation and the plasma
fraction and the leukocyte-rich "buffy coat" were removed.
About 100 pCi of sodium-5 'chromate (Amersham International
plc., Amersham, UK) was added to the red cell suspension and
incubated at room temperature for one hour. The cells were
then washed three times in saline. About 0.2 ml of 51Cr-labelled
red cell suspension (equivalent to 5 pCi) was injected intrave-
nously before induction of ischemia. After completion of the
functional studies both kidneys were removed, together with a
100 p1 reference blood sample.

Using a razor blade, the kidneys were microdissected into
cortex, outer and inner stripe of outer medulla, and inner
medulla, as described elsewhere [231. The pieces were weighed
and then analyzed for their specific activity (CPM) in a gamma
spectrophotometer. The number of red blood cells in tissue was
calculated by the formula:

(CPMtissue/CPMbIood) (/.LlRscstmgtjssue) 100

This gave the number of RBCs in pi• 100 mg' tissue and,
assuming a tissue density of I, the fractional RBC volume.

Nephron function and intrarenal pressure
The hydrostatic pressures in the superficial microvasculature

and tubules were measured with sharpened glass capillaries
attached to a servo-nulling device as described by Wiederhielm

et al [24]. The glomerular capillary pressure was measured by
the indirect stop-flow technique according to the method of
Gertz et a! [25]: An early proximal tubular segment was
punctured and castor oil was injected until filtration ceased. The
stop-flow pressure was then measured through a second glass
capillary inserted proximal to the oil blockade. The glomerular
capillary pressure was calculated by adding the stop-flow
pressure to the colloid osmotic pressure of systemic plasma; the
latter was calculated from the protein concentration of systemic
plasma, using the formula proposed by Landis and Pappenhe-
imer [26], assuming an albumin/globulin ratio of 1.1 [27] in all
animals.

The single nephron filtration rate (SNGFR) and whole kidney
GFR were measured from the clearance of tritiated inulin. For
this purpose inulin was injected intravenously at a constant rate
of 50 pCi . hr', after a single injection of 50 pCi. During
ischemia the infusion rate was reduced to half. For sampling of
tubular fluid a column of castor oil with a length of about five
tubular diameters was injected into a proximal or distal tubular
segment and this was followed by gentle suction for three
minutes at a rate which kept the oil block in a fixed position.
During the sampling the tubular pressure proximal to the
sampling pipette was monitored continuously. The volume of
the samples was measured from their length in constant-bore
capillaries (Microcaps 0.5 p1, Drummond Scientific Company,
Broomall, Pennsylvania, USA). For determination of plasma
concentrations of inulin, blood samples were taken at regular
intervals.

After ischemia, the tubules were categorized as "collapsed",
"dilated" or "open" by observation of the transit of lissamine
green dye injected into the tubules. The distal tubules were
identified by the absence of a brush border and the higher
concentration of lissamine dye injected into the corresponding
proximal tubule.

Experimental scheme
After completion of the surgical procedure, the hct was either

decreased by hemodilution, increased by hemoconcentration or
left unaltered. One hour later the functional studies in the
control period were started and proceeded for a further hour.

The left renal artery was then occluded for either 45 or 25
minutes, during which time the kidney was placed in its natural
position with the abdomen closed in order to ensure a body
temperature in the kidney. After ischemia the rats were allowed
to recover for 60 minutes. Functional studies were then per-
formed for about two hours, after which both kidneys were
excised and analyzed for their erythrocyte content as described
above.

Renal blood flow

RBF was measured by the microsphere technique in a
separate series comprising 21 Sprague-Dawley rats (230 to 310
g body wt). The surgical preparations and transfusion proce-
dures were identical to those described above. The micro-
spheres were injected through a catheter inserted into the right
carotid artery. After ischemia and 15 minutes of reperfusion,
about 100,000 '41Ce-labelled 15 sm NEN-TRAC® microspheres
(Dupont, Heidelberg, FRG) were rapidly injected. At the same
time blood was withdrawn from the femoral artery at a rate of
0.70 ml. min', by a syringe pump. The kidneys were then
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excised, weighed, and analyzed in a gamma spectrophotometer.
RBF was calculated by multiplying the pump sampling rate by
the ratio of the activity in the blood sample to that in the kidney
specimen.

Analysis
Urine and plasma were analyzed for 3H activity by liquid

scintillation. Their sodium and potassium concentrations were
measured by flame spectrophotometry, and the urine osmolality
was determined by the freezing point depression method. The
protein concentration in the plasma was measured by the
method of Lowry et al [28]. The hematocrit and leukocyte count
in the blood were determined by standard laboratory tech-
niques.

Statistics

For statistical evaluation of the results of the micropuncture
studies, the mean of the individual values in each animal was
considered as one observation. To compare two groups, Stu-
dent's t-test for independent samples was used. One factor
ANOVA and the Dunnett's t-test were used for multiple com-
parison. Significance was assigned to aP value of less than 0.05.

Results

Hemodilution

The isovolemic hemodilution resulted in a decrease in hct
from 47 1 to 30 1%. In contrast, the number of leukocytes
decreased only slightly; the mononuclear leukocytes in each ml
of blood decreased from 20 3. 106 to 16 1 106 (P < 0.05)
and the polymorphonuclear leukocytes from 19 1 . 106 to 18

2. 106 (NS).
In animals with a normal hct, 45 mm of ischemia resulted in

substantial RBC trapping (Fig. 1) in the whole of the medulla,
but this was most evident in the inner stripe of the outer
medulla, where the red cell volume after two hours of reperfu-
sion was 16.0 1.4%, as against 2.3 0.4% (P <0.001) in the
intact kidney. In the low-hct animals the RBC volumes in all
areas of the medulla were not significantly higher than in the
contralateral kidney. Thus hemodilution completely prevented
the RBC trapping resulting from 45 minutes of ischemia. In both
the low- and normal-hct groups the values in the cortex did not
differ between postischemic and intact kidneys.

Compared with the contralateral kidneys, the wet weight of
the ischemic kidneys increased by 27.4 2.9% in the low-hct
group, a value not different from that of 30.2 2.1% in the
normal-hct group.

Under control (pre-ischemic) conditions the most noteworthy
change resulting from hemodilution was an increase in urine
volume and sodium excretion. This occurred in spite of the fact
that GFR and SNGFR remained unaffected (Tables 1 and 2),
and seemed to have been due to a reduction of the reabsorption
in the proximal part of the nephron, since the tubular fluid to
plasma concentration ratio of inulin in proximal tubules was
decreased (Table 2). The arterial pressure decreased after
hemodilution, while the hydrostatic pressures in the superficial
renal vasculature were not affected.

Both in animals with a normal and low hct, 45 minutes of
ischemia resulted in severe functional impairment, with a GFR
of only a few percent of the normal, isosthenuria, reduced

Fig. 1. Distribution of red blood cells in the kidney after 45 minutes of
ischemia and 2 hours of reperfusion. The figures above the baseline
represent the fractional volume of red blood cells in the cortex (CX), the
outer stripe (OS) and inner stripe (IS) of the outer medulla, and the
inner medulla (IM) in animals with a normal hematocrit of 47 1%
(filled bars) and a reduced hematocrit of 30 1% (unfilled bars). The
values under the baseline represent the contralateral kidney. Values are
means I SE. (*) denotes a significant difference (F <0.05) compared
with the contralateral kidney.

potassium secretion and a urine sodium concentration not far
from that in plasma. Although the GFR values were somewhat
higher in the low-hct group, this difference was not statistically
significant (Table 1).

After ischemia the kidneys appeared heterogeneous and in
principal three different categories of tubules could be identi-
fied: 1) collapsed tubules with low pressure and no flow, 2)
dilated tubules with high pressure and no flow, and 3) open
tubules with flow. In this respect there was no apparent
difference between the low and normal hct animals. In both
groups most tubules were dilated without flow, some were
open, and only a few were collapsed. The mean pressure in
each category of tubules did not differ between the hemodilu-
tion and control group (Table 2).

The glomerular capillary pressures remained at the pre-
ischemic levels, while the welling point and peritubular capil-
lary pressure increased by about 4 mm Hg after ischemia in
both groups (Table 3).

SNGFR in the open tubules was only slightly reduced,
whereas that in dilated and collapsed tubules was virtually zero.
However, when in the dilated tubules the pressure during
sampling was deliberately reduced to normal free-flow pres-
sure, SNGFR approached that in the open tubules (Table 2).
This indicates that the glomerular ultrafiltration process per se
remained intact in the dilated nephrons.

Hemoconcent ration

Transfusion of 5 ml of red blood cell suspension resulted in an
increase in hct from 47 1% to 60 1%. The concentration of
polymorphonuclear leukocytes in the blood decreased at the

Postisehemic kidney

*
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*
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*

CX OS IS IM
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Table 1. Renal excretion parameters

Body
weight

V
iJ min' . 100g' body WI U/P,,,

C1,,
ml- min' 100

g' body wt
U05m

mOsm kg'
UNO UK

mmol. kg'
Pre-ischemia

Normal hct 246 7 1.4 0.3 501 60 0.50 0.03 1848 154 67 11 384 42
High hct 256 18 6.6 1.8° 146 44° 0.48 0.03 859 196° 80 22 123 30°
Low hct 228 4 6.0 1.8° 176 53° 0.52 0.03 1037 166° 148 22° 200 51°

25 Mm ischemia
Normal hct 265 9 8.1 1,7 37 13 0.20 0.02 461 44 140 8 109 30
High hct 256 18 3.7 08b 22 6 0.10 0.03" 397 34 146 11 59 11

45 Mm ischemia
Normal hct 230 6 2.3 0.9 21 7 0.03 0,01 387 33 138 6 32 8
Low het 228 4 8.9 20b 9 2" 0.05 0.01 363 19 129 3 25 4

Abbreviations are: V, urine flow rate; U/P,,,, urinary to plasma inulin concentration ratio; U0,,,,, urine osmolality; UN8 and UK, urinary sodium
and potassium concentrations. Values are means I s.

Significance level P < 0.05: 8 vs. normal-hematocrit (hct) group under pre-ischemic conditions and b vs. normal-hct group subjected to ischemia
for an equal length of time.

Table 2. Tubular pressure and single nephron filtration rate

Proximal tubules Distal tubules

SNGFR SNGFR
Tubule
category

tub
mm Hg Tf/P,,,

n! min' . 100

g' body WI
1tub

mm Hg Tf/P1,,
n! min' 100
g' body WI

Pre-ischemia
Normal hct open 13.3 0.4 1.78 0.07 16.9 0.70 6.4 0.4 5.03 0.31 15.9 0.7

N=13 (n=47) (N=7)
High hct open 13.2 0.5 1.79 0.08 16.7 1.23 8.9 1.0 5.56 1.40 14.2 1.1

N=9 (n=21) (N=5)
Low hct open 15.1 0.4° 1.43 0.04° 18.6 1.0 7.8 0.4 3.30 0.22 17.1 0.8

N=8 (n=21) (N=8)
25 Mm ischemia

Normal hct open 14.9 0.45 1.45 0.05 13.5 1.05 6.9 0.9 3.03 0.27 10.8 0.84
N=6 (n=14)

dilated
(n = 5)

36.0 1.9 1.60 0.1 13.5 1.70
(N5)

High hct open 30.8 2.4" 1.55 0.05 11.1 0.6 19.2 2.6a 4.53 1.3 9.34 1.2
N=9 (n=28)

dilated
(n = 18)

48.0 2.9" 1.93 0.13 9.7 1.0
(N=14)

45 Mm ischemia
Normal hct open 20.0 1.9 1.36 0.14 10.4 1.2 11.5 1.0 3.03 0.27 10.8 0.84

N=7 (n= 18)
dilated

(n = 13)
collapsed
(n = 5)

41.5 1.7

9.8 1.0

1.23 0.04 9.8 1.0
(N= 13)

Low hct open 19.9 2.5 1.04 0.05b 12.8 0.4 9.7 0.6 4.43 2.3 13.8 1.5
N=8 (n=30)

dilated
(n = 11)
collapsed
(n = 5)

40.3 2.4

10.0 1.0

1.14 0.38 13.4 1.3
(N=17)

Values are means 1 sE. Number of animals (N) and number of tubules (n) categorized from the transit of lissamine green as open, dilated and
collapsed. The tubular pressure (Pr,,,,), tubular fluid to plasma inulin concentration ratio (Tf/P1,,) and single nephron filtration rate (SNGFR) were
measured in proximal and distal tubules.

Significance level P < 0.05: ° vs. normal-hematocrit (hct) group under pre-ischemic conditions and b vs. normal-hct group subjected to ischemia
for an equal length of time.

same time from 24 6. 106 to 17 5. 106. m1' (P < 0.05), volume excretion increased, GFR and SNGFR remained at the
while the mononuclear leukocyte count was not affected (22 control levels (Tables 1 and 2).
8. 106 before and 21 8. 106. m1' after the transfusion). Figure 2 shows the fractional distribution of red blood cells

The arterial and glomerular capillary pressures increased after 25 minutes of ischemia and two hours of reperfusion. In
after hemoconcentration, but the welling point and pentubular the normal-hct group the values were not different from those in
capillary pressure were unaffected (Table 3). Although the urine the intact contralateral kidney. In the high-hct group, however,
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Table 3. Hydrostatic pressure in the superficial renal vasculature

Mean Glomerular Efferent Peritubular
arterial capillaries arterioles

mm Hg
capillaries

Pre-Ischemia
Normal hct 119 3 56.2 1.0 13.6 0.4 10.3 0.3

N = 13
High hct 133 3 63.1 2.3a 13.9 0.8 10.4 0.8

N=9
Low hct 105 3 57.4 1.2 13.9 0.8 9.3 0.9

N= 8
25 Mm ischemia

Normal hct 104 3 55.8 0.27 14.4 0.8 10.4 1.5
N= 6

High hct 124 5b 70.9 3•2b 26.1 25b 14.4 2.2
N= 9

45 Mm ischemia
Normal hct 103 4 51.1 2.5 17.2 1.5 14.8 1.9

N=7
Lowhct 102 3 55.8 1.7 18.1 1.5 14.3 1.3

N= 8
Values are means 1 SE.
Significance level P < 0.05: a vs. normal-hematocrit (hct) group

under pre-ischemic conditions and b normal-hct group subjected to
ischemia for an equal length of time.

this short ischemia resulted in a red cell distribution pattern
very similar to that observed in animals with a normal hct
exposed to 45 minutes of ischemia, that is, RBC trapping was
evident in the whole of the medulla but was most pronounced in
the inner stripe of the outer medulla, while the renal cortex was
not affected.

In the high-hct group the wet weight of the ischemic kidney
was 12.8 1.7% higher than that of the contralateral kidney.
This was not different from the figure of 9.5 2.1% found in the
normal-hct group.

After 25 minutes of ischemia both in the high-hct and normal-
hct groups the majority of the tubules were open and the rest
were of the dilated type. In the former group, however, the
proximal and distal tubular pressures had increased by about 10
mm Hg (Table 2), indicating increased tubular fluid flow resis-
tance in the late distal tubules or collecting ducts.

In the normal-hct group the intrarenal vascular pressures
remained at the pre-ischemic levels after 25 minutes of ische-
mia, whereas in the high-hct group the glomerular capillary and
afferent arteriolar pressures increased after ischemia, indicating
increased resistance in the distal part of the vasculature (Table
3). After ischemia, GFR was reduced to a greater extent in the
high-hct group than in the animals with a normal hct. In both
groups the fractional reabsorption and the sodium and potas-
sium concentrations in the urine were equal and the urine
osmolality was only slightly above the plasma level (Table 1).

Renal blood flow
Table 4 summarizes the values for RBF. As measured in the

contralateral intact kidneys, hemodilution caused an increase
and hemoconcentration a decrease in RBF. After 45 minutes of
ischemia RBC decreased to about 60% as compared with the
contralateral kidney in both the normal- and low-hct group,
while 25 minutes of ischemia did not cause a significant de-
crease in RBF either in the animals with a normal or with a high

Fig. 2. Distribution of red blood cells in the kidney after 25 minutes of
ischemia and 2 hours of reperfusion. The figures above the baseline
represent the fractional volume of red blood cells in the cortex (CX), the
outer stripe (OS) and inner stripe (IS) of the outer medulla and the inner
medulla (IM) in animals subjected to hemoconcentration, with hct = 60

1% (filled bars), and those with a normal hematocrit of 47 1%
(unfilled bars). The values under the baseline represent the contralateral
kidney. Values are means 1 SE. (*) denotes a significant difference (P
< 0.05) compared with the contralateral kidney.

Body
weight

Contra-
Postisch- lateral

emic kidney kidney

Postisch-
emic kidney!
contralateral

kidneyml min' 100 g'
g bodywt %

25 Mm ischemia
Normal hct 284 25 3.39 0.54 3.24 0.35 103 10

N= 5
High hct 308 26 2.62 0.31 2.76 0.27 95 7

N= 6
45 Mm ischemia

Normal hct 268 29 1.86 0.l4a 3.15 0.26 59 3
N=5

Low hct 303 34 2.48 0.20a 3.97 0.22 63 4
N= 5

Values are means 1 SE.
Significance limit P < 0.05: a vs. contralateral intact kidney.

hct. Thus no major effect of the RBC trapping on total renal
blood flow could be established from these results.

Discussion

The cause of the RBC trapping in ischemic ARF is not
completely understood. Mason et al observed RBC trapping or
"vascular congestion" during the ischemic period [5, 13, 171,
while others found that the RBC trapping first occurred during
the reperfusion phase [9, 23]. Supporting the latter opinion is
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the observation of RBC trapping in perfused transplanted
kidneys [2, 11]. It must be considered, however, that the factors
underlying the RBC trapping observed during the ischemia and
those causing RBC trapping on reperfusion may not be the
same.

Cell swelling has been proposed as an explanation for the
vascular congestion observed during the ischemic period [5]. In
the present study this cause of RBC trapping seemed less likely.
For instance on hemodilution, which almost completely pre-
vented the RBC trapping, the postischemic edema was not
reduced. Furthermore, in high-hct animals the fractional RBC
volume reached 20% in the inner stripe of the outer medulla,
which is equivalent to the vascular space in this area of a normal
kidney [29, 30], and is hence inconsistent with narrowing of the
capillary lumen.

In capillaries of the intestine and heart [6, 7], primary
trapping of leukocytes has been shown to cause a no-reflow
phenomenon. However, the present study offers no support for
this idea regarding the cause of RBC trapping in the renal
vascular bed. Thus, hemodilution was associated with little, if
any, decrease in the leukocyte count in the blood (probable
because of continuous recruitment of leukocytes from extravas-
cular compartments), and hemoconcentration, which enhances
RBC trapping, caused no increase in the leukocyte count.
Recent studies have also indicated that in contrast to RBCs,
neutrophil granulocytes are found preferentially in the renal
cortex after reperfusion [10].

In our view increased macromolecular permeability in the
postglomerular capillaries [1, 8—10] is the main factor underly-
ing the RBC trapping resulting from reperfusion. There is
evidence to suggest that reactive oxygen metabolites [8, 31, 32]
and neutrophils [10, 33] contribute to the reperfusion capillary
injury. The consequent leakage of plasma would cause hemo-
concentration and an increase in viscous resistance, eventually
leading to complete cessation of blood flow and RBC trapping.
From this viewpoint, the systemic hematocrit will play an
important role. Since hemodilution has also been found to
reduce RBC trapping in the transplanted perfused kidney [34],
the hematocrit during reperfusion seems to be crucial.

The restriction of the trapping to the renal medulla is proba-
bly due to the substantially longer RBC transit time of the
capillaries in this area [35], which will allow more plasma
leakage. The lower flow velocity, which in itself increases the
viscosity, may also be contributory [36].

It should be noted, however, that the RBC trapping was
considerably less pronounced in the inner than in the outer
medulla. This finding is in accordance with the observation by
Vetterlein, PethO and Schmidt [14] of markedly reduced perfu-
sion in the outer medulla, except in the areas of the vasa recta.
Thus the inner medullary blood flow may be well preserved
after ischemia [37, 38], while the blood flow in the juxtamedullar
nephrons, which reflects that in the whole of the medulla, may
be reduced [11, 13].

Contribution of RBC trapping to the functional defects in
postischemic ARF

It was found previously that the degree of RBC trapping after
15 minutes of reperfusion was related to the length of ischemia
[1]. The same observation was made in the present study after

two hours of reperfusion. Thus RBC trapping was evident after
45 minutes but not 25 minutes of ischemia. As has also been
shown previously, the systemic hematocrit has a profound
influence on RBC trapping [1, 17, 34]. For instance the trapping
caused by 45 minutes of ischemia could be abolished by prior
hemodilution. Likewise 25 minutes of ischemia preceded by
hemoconcentration was followed by extensive RBC trapping.
This finding may allow an estimation of the contribution of RBC
trapping to the functional defects that follow minor (25 mm) and
more substantial (45 mm) renal ischemia.

However, considerations must first be paid to the fact that
hemodilution and hemoconcentration per se may influence the
nephron function. In the present study it was found that under
pre-ischemic conditions, hemodilution caused an increase and
hemoconcentration a decrease in RBF, but no major changes in
GFR, implying a change in the filtration fraction [22]. More-
over, hemodilution caused reduced fractional absorption in
proximal tubules, as indicated by the reduced TF/P inulin ratio.
The consequent increase in tubular fluid flow in the proximal
part of the nephron may be one of many possible explanations
for the increased urine volume and sodium excretion. The latter
effects of isovolemic hemodilution have been observed previ-
ously [39, 40].

Regarding hemoconcentration, it should be noted that this
was accompanied by a volume expansion. The latter may thus
explain the increase in urine volume and sodium output and
may partially have contributed to the increases in arterial and
glomerular capillary pressure, which have also been observed
on isovolemic hemoconcentration [22].

It has been proposed that almost all of the decrease in RBF
and, consequently, as much as half of the decrease in GFR may
be attributed to vascular congestion [5, 13, 17]. In the present
study there appeared to be a correlation between RBC trapping
and RBF. Considering the fact that both hemodilution and
hemoconcentration per se influenced RBF, however, it seems
clear that the relative decrease in RBF resulting from ischemia
was not related to the RBC trapping but was entirely dependent
upon the length of the ischemic period. Thus after 25 minutes of
ischemia RBF was not affected in either the high- or normal-hct
group, while 45 minutes of ischemia resulted in an approxi-
mately equal decrease in RBF to about 60% of normal in both
normal- and low-hct groups. Since the RBC trapping was
restricted to the medulla, a major effect on total renal blood flow
would also seem less likely.

Thus the decrease in GFR resulting from 25 minutes of
ischemia clearly cannot be due to a decrease in RBF. Likewise
after 45 minutes of ischemia the GFR reduction to about 5% of
normal cannot be explained by a decrease in RBF to 60% of
normal. A major effect on the ultrafiltration coefficient (Kf) can
also be excluded, since there was only a minimal decrease in
SNGFR.

It thus seems evident that an increase in tubular pressure is
the main cause of the reduced GFR both after 25 and 45 minutes
of ischemia. This study suggests that such an increase may have
two different mechanisms, as illustrated in Figure 3.

One is the presence of tubular casts, which occurs indepen-
dently of RBC trapping, that is, also in low-hct animals. These
casts seem to depend on the duration of ischemia and probably
reflect damage to either of the "loci minores", that is, the
straight segment of the proximal tubules [41], and the thick
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Fig. 3. Proposed mechanisms responsible for the increase in superfi-
cial tubular pressure in postischemic ARF. A. Casts consisting of
tubular cells and cell debri originating from the proximal tubules will
cause an increase in tubular fluid flow resistance in proximal tubules
and loops of Henle, This in turn will increase proximal tubular pressure
but not distal. The occurrence of these casts seems to depend on the
duration of ischemia and not on RBC trapping. B. Compression of
collecting duct in the outer medulla by capillaries dilated by RBC
trapping. Provided that tubular fluid flow is not obstructed by casts, this
compression will increase both proximal and distal tubular pressure.

ascending limb of the loop of Henle [15]. Because of their
location, these casts will cause an increase in proximal, but not
distal, tubular pressure.

The other possible cause of an increase in tubular pressure is
compression of the medullary tubules exerted by capillaries
dilated by RBC trapping. As the collecting ducts will be
compressed, this will result in an increase in both the distal and
proximal tubular pressure in the superficial nephrons, as was
found in fact in high-hct but not in the normal-hct group after 25
minutes of ischemia.

On 45 minutes of isehemia, however, the abundance of
tubular casts in the proximal tubules will allow only minor
tubular fluid flow in the distal portions of the nephron. The RBC
trapping-induced compression of the collecting ducts will then
be of little importance, that is, the distal tubular pressure will
not increase substantially.

DeRougemont et al observed a correlation between surface
tubular pressure and capillary diameter in the inner stripe of the
outer medulla [3]. These authors concluded that a cause-effect
relation between these parameters could be due either to
compression of venules draining the medulla by high-pressure
tubules or, conversely, compression of the tubules by dilated

capillaries. The latter concept is supported by observations on
scanning electron microscopy [1, 9], that grossly widened
capillaries seemed to compress the medullary tubules. This
interpretation is also in line with the present findings that the
massive RBC trapping in high-hct animals after 25 minutes of
ischemia was accompanied by an increase in tubular pressure,
whereas the increase in tubular pressure in the low-hct animals
after 45 minutes of ischemia was not followed by RBC trapping.

A strong cause-effect relation between RBC trapping and the
reduction in GFR has been proposed [5, 13, 171, on the basis of
the observation that intervention against RBC trapping, either
by increasing the renal perfusion pressure or by pre-ischemic
hemodilution, was accompanied by an increase in C1 [17]. No
such beneficial effect of hemodilution was observed in the
present study. These results may not be as contradictory as
they seem. In the former study there was a reduction in C1,, to
20 to 40% of normal after 45 minutes of ischemia, while in the
present study C1,, was reduced to only a few percent of normal.
Thus in our study the contribution of RBC trapping to the
functional defects may have been overruled by quantitatively

—. more important factors resulting from the ischemic injury per
Se, for example, back-leakage of inulin [21] and tubular obstruc-
tions by cast [19, 20].

On the other hand, efforts to reduce the RBC trapping may,
independently of their effect in this respect, also affect other
features of ARF. It seems very possible, for instance, that the
increase in tubular fluid flow resulting from hemodilution may
prevent the formation of tubular casts. Furthermore, an in-
crease in tubular fluid flow will reduce the transit time for inulin
in the tubules and hence the magnitude of tubular leakage after
ischemia, which may lead to higher values for inulin clearance
without affecting GFR. Analogously, not only may an increase
in perfusion pressure cause wash-out of the trapped RBCs [17]
but the consequent increase in tubular pressure may also lead to
wash-out of tubular casts [20]. A lack of a direct relationship
between inulin clearance and RBC trapping is also illustrated by
the observation that administration of a hyperosmolar compo-
nent such as mannitol [42], sucrose [321 or contrast medium [431
after the ischemic injury caused an increase in inulin clearance
without reducing the RBC trapping.

Two classical features of ARF, namely the disturbance of the
urinary concentration process and impaired potassium secre-
tion, have been proposed as arguments for a functional deficit in
the renal medulla in ischemic ARF [13, 15, 16]. The present
findings do not indicate, however, that the RBC trapping plays
a major role in this respect, since neither of these parameters
was correlated to this trapping.

The main conclusion that may be drawn from the present
study is that both RBC trapping and an alteration in nephron
function reflect the degree of primary injury to the kidney.
However, there seems to be little direct correlation between
these parameters. This lack of correlation is most notable in the
light of previous reports on an improved survival rate in
unilaterally nephrectomized dogs subjected to hemodilution
and complete renal ischemia in the remaining kidney [44]. In a
recent study at our laboratory, prevention of the RBC trapping
by hemodilution or its enhancement by hemoconcentration was
found to have a substantial effect on the long-term outcome [1].
Thus, in the acute stage of ischemic ARF, standard markers of
nephron function may not reflect the RBC trapping, whereas

A Proximal pressure Distal pressure

Casts

B

Tubular compression
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this trapping may cause additional hypoxia in the outer medulla
and subsequent kidney damage.
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