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Summary. The cardioplegic solution HTK of Bretschneider
was used for canine kidney protection. The kidneys were
perfused with this solution for 6—10 min prior to the in-
duction of ischemia. The kidneys were left in-situ for 60,
90, 120 and 135 min ischemia time at a temperature of
25-34°C (n = 13). As a control group we used unilateral
nephrectomized dogs (n =9). After unilateral nephrectomy
an elevated plasma creatinine in comparison to preoperative
values was observed. After 60 and 90 min under HTK-pro-
tection the postoperative plasma creatinine was not elevated
compared to the control group. After 120 min of ischemia
creatinine level was slightly increased to an average of 2.1
mg% on the first and second postoperative day. These ex-
periments indicate the protective effect of the cardioplegic
solution for canine kidney preservation in situ.

Key words: Renal ischemia, Renal protection and preserva-
tion, Cardioplegic solution HTK.

Introduction

Renal cooling is an essential protective measure against
ischemic damage (reviewed in [22, 23, 28, 32]). Either the
organ is repeatedly perfused by a cold solution (for example
Ringer-lactate [14, 15]) and thus kept below 25 °C, or, for
complex manipulations which breach the parenchyma, the
organ is cooled from the outside with crushed ice. However,
the medulla of the kidney may be insufficiently cooled and
thus inadequately protected while the cortex might even be
damaged by cooling [13, 30]. For particularly difficult
surgical procedures, bench surgery and subsequent auto-
transplantation into the fossa iliaca [24] may be employed.
Despite recently developed methods of treatment, i.e. ex-
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Table 1. HTK-solution of Bretschneider

NaCl 15 mmol/1
KCl1 9 mmol/1
MgCl, 4 mmol/l
K-a-Ketoglutarate 1 mmol/l
Tryptophan 2 mmol/l
Histidine 180 mmol/1
Histidine-HCl 18 mmol/1
Mannitol 30 mmol/1
pHat8°C 7,3

pO, at 37°C 200 mmHg

Osmolarity 310 mosm/1

tracorporeal [8, 9] or percutaneous disintegration of calculi
[1], some calculi, a tumor in a solitary kidney, or bilateral
stenosis of the renal artery require a method that not only
protects the kidney from ischemic damage, but also allows
free access to the operative field.

It is thus surprising that so far as we know, no group has
applied the widespread experience with myocardial protec-
tion, gained from open heart surgery, to in situ kidney pre-
servation.

We have therefore developed in situ protection of the
kidney with the original cardioplegic solution HTK [4—7]
(Histidine-Tryptophan-Ketoglutrate) (Table 1). Following
initial perfusion with the cold solution at about 8 °C for
6—10 min, no further cooling is necessary so that the opera-
tive field remains exposed. Protection lasts two hours at
a median temperature of 3234 °C [18]. The method has
been extensively tested in in vitro experiments involving
measurement of intrarenal pH [17] and metabolism [16]
as well as in acute reperfusion experiments, which recorded
early functional recovery following renal ischemia [18].
The aim of this study was to expand our previous measure-
ments of renal function, 2—3 h immediately after ischemia,
by long-term studies in a survival model, prior to clinical
use.
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Fig. 1. Operation situs with the perfusion catheter fixed in the renal
artery, the renal vein clamped and incised to let the perfusate out.
The HTK-solution is delivered by a peristaltic pump and the perfu-
sion pressure is measured at the tip of the catheter [20]

Material and Methods

The experiments were performed on 22 mongrel dogs of both sexes
with a median body weight of 32 kg devided in two groups. Group
1 consisted of 9 unilaterally nephrectomized dogs. Group 2 consisted
of unilaterally nephrectomized dogs together with contralateral
renal ischemia of 60 (n=2), 90 (n = 3), 120 (n=5) and 135 (n = 3)
min at 32— 34 °C after perfusion for 6—10 min with HTK-solution
of Bretschneider.

After premedication of the animals with 90 mg pmtramlde and
0,5 mg atropmez, anesthesia was mtroduced 30 min later with 7
mg/kg body weight sodium th1opental and was mamtamed with a
combination of fentanyl- d1hydr0gen01trate N isoflurane’ and N,/
(07} (4 1). Ventilation was performed with a Driger respuator type
AV1® with a continuously recorded endexpiratory CO,7 of about
5.5%.

In group 1, after a midline laparotomy, one kidney was excised
and the other kidney was left completely untouched; the abdomen
was then closed.

In group 2, one kidney was excised as in group 1 and the other
kidney was freed from the peritoneum, and the vessels and the upper

part of the ureter were dissected. The uteric blood supply was
divided as well as all capsula vessels to exclude any vascular supply
to the kidney during experimental ischemia. A kidney perfusion
catheter [20] was placed via the aorta abdominalis, distal to the vas-
cular origin of the a. iliaca communis. To avoid any ischemia prior
to protective perfusion of the kidney, the catheter was pushed into
the renal artery with a perfusion volume of about 100 ml/min alrea-
dy being delivered by a peristaltic pump8 and was fixed in this posi-
tion with a tourniquet. Immediately after catheter insertion a per-
fusion pressure of about 100 mmHg was achieved by raising perfu-
sion volume to about 400—500 mi/min x 100 g, of the cold (6—
10 °C) HTK-solution of Bretschneider®. The renal vein was opened
and clamped next to the v. cava about 40 s after onset of perfu-
sion (Fig. 1) to allow the perfusate to escape. The perfusion took 6
to 10 min. The temperature of the kidney was below 10 °C at the
end of perfusion, but was rewarmed to body temperature (measured
by a temperature probe lying in the retroperitoneum) by the
surrounding abdomen within one hour of ischemia. Afterwards the
venous incision was closed by an atraumatic suture (6—0 silk, BV1
needle)!?, the renal artery was clamped and the perfusion catheter
was withdrawn. The kidney was left for the period of ischemia (60,
90, 120 and 135 min) in situ without further cooling. The average
renal ischemic temperature therefore was between 25—34 °C.

Following experimental renal ischemia in group 2 reperfusion
was started by removing arterial and venous clamps and the abdo-
men was closed by peritoneal, muscle, subcutaneous and cutaneous
sutures.

During the operation standard leads were used to record the ECG.
Arterial blood pressure was continuously monitored via a catheter
placed in the distal aorta abdominalis and connected to a pressure
transducer1? and an amplifier”. Arterial blood samples were taken
through this catheter for controlling the acid base!? and the Na¥/
K*15 status of the animal.

The arterial blood pressure was kept around 130/70 mmHg.
During the first 1 to 2 h of the operation (normally until ischemia
was started) 500 ml glucose 5%16 and 500—1,000 ml of an isotonic
solution!” was given. The dogs were heparinized by 1.250 Lu.18

During the first 12 h postoperatively the dogs had access to
water, and from day 2 they received water and food ad libitum. No
further therapeutic measures were required. Postoperative recovery
ranged from 4 to 16 days. Daily venous blood samples were taken

1 Dipidolor,; Janssen GmbH, Neuss, FRG
2 Atropinsulfat Drobena; Drobena Arzneimittel GmbH, Berlin,
FRG
3 Trapanal; Byk Gulden, Konstanz, FRG
Fentanyl-Janssen; Janssen GmbH, Neuss, FRG
AFErrane-Isofluran (Isofluran); Ohio Medical Pharma-Vertricb
GmbH, Puchheim, FRG
Driger Respirator AV1, Liibeck, FRG
Datex Instrumentation OY; Espoo, Finland
Doppelpumpe 102000; Stdckert Inst., Miinchen, FRG
Kardioplegische Losung HTK nach Bretschneider; Dr. Franz
Kohler Chemie GmbH, Alsbach, FRG
10 Temperatur Sonde und Digital Thermometer, Ellab, Kopenhagen,
Denmark
11 Nahtmaterial, Ethicon FRG
12 p231ID; Gould Statham Instr., Oxnard, USA
13 Hellige GmbH, Freiburg im Breisgau, FRG
14 Corning S#ure-Basen-Analysator 352, Corning GmbH, Giefien,
FRG
s Na/K-Ionenanalyser 914, Corning GmbH, Gieflen, FRG
16 Glucose 5% Braun; B. Braun Melsungen AG, Melsungen, FRG
17 Tytofusin; Pfrimmer & Co. GmbH, Erlangen, FRG
18 Heparin-Natrium Braun 2.500 LE./5 ml; B. Braun Melsungen
AG, Melsungen, FRG
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Table 2. Group 1: Pre- and postoperative plasma-creatinine (mg/100 ml) before and after unilateral nephrectomy

Experiment op. day postoperative day
No.

1 2. 3 4 S. 6 7
125 1.10 1.44 1.44 1.25 1.20 1.39 1.53 -
142 1.05 1.28 1.06 1.13 1.11 1.07 0.99 0.96
143 1.20 1.49 1.40 1.20 1.29 0.94 0.92 1.07
146 1.28 1.80 1.66 1.42 1.40 1.34 1.19 0.83
147 1.49 1.88 1.89 1.53 1.64 1.61 1.61 1.27
151 0.92 1.29 1.32 1.09 1.15 0.97 1.26 1.24
152 1.30 1.59 1.56 1.46 1.28 1.33 1.39 1.49
154 1.09 1.40 1.30 1.35 1.36 1.26 1.14 1.61
155 1.05 1.21 1.35 1.49 1.21 - 1.26 1.21
mean 1.16 1.49 1.44 1.32 1.29 1.24 1.25 1.21
SD 0.17 0.23 0.24 0.17 0.16 0.23 0.23 0.26
for estimation of plasma creatine!®. Urine was collected when fea- Results

sible.

At the end of the survival time, the 8 kidneys in group 2, which
had been subjected to 120 and 135 min of ischemia, were examined
again at laparotomy. Anesthesia was the same as during the first
operation. A suitable flow probe20 was put around the renal artery
and connected to an amplifier21 for measuring renal blood flow. A
catheter was placed into the renal vein to take renal blood samples.
The renal oxygen consumption was calculated from renal blood flow
and arterio-venous oxygen content difference. Urine was collected
for 15 min. Afterwards six of the 8 kidneys in this group were per-
fused for 6 min by cold (6—8 °C) HTK-solution and thereafter for
another 6 min by warm (37 °C) 1.5% glutaraldehyde in 0.1 M so-
dium cacodylate buffer [19] for light and electron microscopy.

From the 2 kidneys, which were not fixed by perfusion, four
tissue samples for determination of ATP22, ADP23, AMP23, inor-
ganic phosphate”, glucose25 and lactate?® were taken, whereby
each sample consisted of about 2/3 cortex and 1/3 medulla. In these
kidneys morphology was studied after fixation by immersion.

19 Beckman, Creatinine Analyzer 2, Beckman Instruments GmbH,
Miinchen, FRG

20 Blood flow transducer, Gould-Statham Instruments Inc., Puerto
Rico 00919

21 Hellige Blutstromungsmesser, System Hillers, Hellige GmbH,
Freiburg, FRG

22 Testkombination ATP, Boehringer Mannheim GmbH, Mannheim,
FRG

23 Tegtkombination ADP/AMP, Boehringer Mannheim GmbH,
Mannheim, FRG

24 Anorganisches Phosphat, Merckotest, E. Merck Diagnostica,
Darmstadt, FRG

25 p-Glucose, Bestimmung mit Hexokinase und Glucose-6-phosphat-
Dehydrogenase nach H. U. Bergmeyer et al. In: Bergmeyer HU (ed)
Methoden der enzymatischen Analyse, 3. Auflage, Bd II. Verlag
Chemie, Weinheim 1974, 1241

26 L-(+)Lactat, Bestimmung mit Lactat-Dehydrogenase und NAD.
In: Bergmeyer HU (ed) Methoden der enzymatischen Analyse, 3.
Auflage, Bd II. Verlag Chemie, Weinheim 1974, 1510

After unilateral nephrectomy (group I, n = 9) the mean
plasma creatinine was elevated from the 1st to the 5th post-
operative day in comparison with preoperative values.
After 6 days the plasma creatinine fell to preoperative va-
lues (Table 2).

In group 2 (unilateral nephrectomy and contralateral
ischemia of 60, 90 and 120 min at 32—34 °C after HTK-
protection) the plasma creatinine was not elevated after
60 min of ischemia in comparison to group 1 (no ischemia).
After 90 min of ischemia the plasma creatinine was slightly
increased in comparison to the control group, especially
in experiment 131. The plasma creatinine fell to the normal
range beyond the 6th or 7th postoperative day in compari-
son to the control group with unilateral nephrectomy (Table
2). After 120 min of ischemia we found increased plasma
creatinine on the first postoperative day in comparison to
the control group. From the 3rd postoperative day the
mean plasma creatinine was below 2 mg/100 ml with one
exception (Table 3).

The osmolarity in the urine decreased from preoperative
values of about 1,200 mosmol/kg H, O to about 400 mosmol/
kg H, O on postoperative day 1. However, during the obser-
vation period we were able to measure values of up to 900
mosmol/kg H, O. The fractional Na*-excretion was elevated
to about 4% at the first postoperative day, but was on the
upper limit of the normal range from the second day on
(Fig. 2).

The five kidneys with 120 min of ischemia were examin-
ed again after 3 to 7 days (mean 6 days). The renal oxygen
consumption was on the average 5.7 + 0.6 ml/min x 100 gy,
the renal blood flow was 418 £ 58 ml/min x 100 gy, the
glomerular filtration rate was 43 * 7 ml/min x 100 gy, and
the filtration fraction was 15 * 1% (Table 4).

The morphology from two of these experiments (120
min of ischemia at 32—34 °C under HTK-protection) is
shown in Fig. 3. In Exp. 335 under low magnification mostly
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Table 3. Group 2: Pre- and postoperative plasma-creatinine (mng/100 ml) before and after unilateral nephrectomy and contralateral ischemia*

after HTK-protection
renal” Experi- op. day postoperative day
ischemia  ment
(min)  No. . 2 3 4 5. 6 7 8 9 10. 13 15 16
60 126 0.94 1.38 1.37 1.24 1.06 0.97 1.07 .02 - - - - - -
129 1.22 1.71 1.49 142 1.25 1.39 1.26 i.19 - - - — —~ -
90 130 0.94 1.71 1.90 1.48 1.36 1.10 1.04 1.14 - — - - - -
131 1.01 2.35 2.13 1.85 1.67 1.55 1.52 149 - - - - - -
137 1.11 1.44 1.46 1.69 1.67 1.48 1.32 1.31 - - - — ~ -
120 . 335 0.99 1.92 1.94 1.59 1.50 1.35 1.75 1.67 - - - — -~ -
342 0.75 2.00 1.80 1.65 1.65 1.50 1.75 1.67 - - - - -~ -
352 1.07 2.23 2.28 1.75 1.67 1.49 1.54 1.54 - — - — - —
354 0.83 2.51 260 258 239 2.08 2.08 1.84 - - - — -~ —
355 1.21 1.82 1.61 1.44 1.25 - - - — - - — ~ -
135 371 1.47 2.47 3.17 240 244 241 2.11 1.88 1.77 1.70 - — - -
373 1.23 3.17 370 3.37 2.95 2.98 2.78 — - - - - ~ -
374 1.04 2.92 3.68 3.23 2.67 253 253 220 224 211 2.00 1.83 1.68 1.65
OSMOLARITY f50mol kauyo] Table 4. Final examination after 4 to 7 days (mean after 6 days)
IN THE URINE after 120 min of ischemia under HTK-protection (n = 5)
1500
12004 mean +  SEM
QOOJ Renal oxygen consumption® 5.7 0.6
Renal blood flow? 418.0 58.0
600 Glomerular filtration rate? 43.0 7.0
Filtration-fraction® 14.5 1.0
3004
3 (ml/min x 100 gyrw)
0= r T T —T 1 (%)
FRACTIONAL Na*-
EXCRETION [ %] i
5T X*e% intact tubuli are seen with some regeneration of epithelium
% unilateral nephrectomy and 120 minutes  with a normal interstitial space. In Exp. 352, under higher
of ischemic at 32 — 34 0C under HTK . . . .
4 protection of the contralateral kidney ~ magnification, only some cytoplasmic vacuoles within the

(n=5)

!\)—

PREOPERATIVE
VALUE

T
3.

5.

POSTOPERATIVE DAY

S
6.

Fig. 2. Pre- and postoperative mean values + S.E.M. of the osmolarity

in the urine and the fractional sodium excretion

proximal epithelial cells and a slight focal interstitial edema
are shown (Fig. 3).

After 135 min of ischemia the plasma creatinine was ele-
vated to about 3 and to nearly 4 mg% on postoperative
days one and two respectively and the time course of de-
crease was prolonged (Table 3).

The kidneys subjected to 135 min of ischemia were also
finally examined after 6, 9 and 16 days. The oxygen con-
sumption was between 3.7 and 7.3 ml/min x 100 gy .
The glomerular filtration rate was between 27 and 57 ml/min
x 100 gyw. In experiment 371 and 373 we did not carry
out perfusion fixation of the kidneys and therefore obtain-
ed biochemical analysis. The ATP was about 12 umol/gg.,
and the TAN was about 16 umol/g4, (Table 5).
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Discussion

Although intrarenal acidosis [17], energy consumption [11,
16] and morphological features [2, 3, 10, 19, 26, 29] pro-
vide useful indicators of kidney preservation, postischemic
function is the critical test of the protective ability of a
preservation technique. From this view point we examined
dog kidneys under two conditions. As a control group we
used unilateral nephrectomized dogs and found that the
creatinine level increased to between 1.2 to 1.9 mg% on
the first postoperative day. After clinical nephrectomy a
raised creatinine value would not be expected, but in a
clinical situation non functionning renal tissue is often re-
moved. The creatinine value stayed above normal up to
the 5th postoperative day. In our experimental situation
nephrectomy is analagous to aloss of 50% of the glomerular
filtration surface. The plasma creatinine found is very close
¢ \"‘; ! \ 205 to the value obtained by a 50% reduction of creatinine clear-
ﬁf DN YA ance [12].
42 N\ ? After protection with the HTK-solution of Bretschneider
kidneys tolerate ischemic intervals of 60 and 90 min with
a slight increase of the creatine level. After 120 min of
ischemia the creatinine value was 2.10 and 2.05 mg% on
average on the first and second postoperative days. From
day three onwards, the plasma creatinine was below 2 mg%
and then further decreased.

To obtain further information about the composition
of the urine, we attempted to take samples every day in the
120 min ischemia group. The osmolarity (mosmol/kg H, 0)
in the urine and the fractional Na-excretion (%) [21] was
reduced to 420 mosmol/kg H,O and to 4,4% on average
on the first postoperative day. From the second postopera-

N

Fig. 3. a Exp. 335, right kidney, perfusion fixation (Goldner) 120
min of ischemia under HTK-protection at 3234 °C, 7 days post-
operative: Overview of the cortex: mostly intact tubuli with only
here and there (above) regenerating epithelia, interstitial space nor-
mal, x 106. b Exp. 352, right kidney, silver impregnation (MOVAT)
after perfusion fixation, 120 min ischemia under HTK-protection
at 32-34°C, 4 days postoperative, detail: mostly intact cortex
with few vacuoles in proximal epithelial cells and with a slight focal
interstitial edema, x 264

Table 5. Renal metabolite content (umol/g4w)

ATP ADP AMP TAN P; Glucose Lactate
Control? 9.8 4.0 1.5 15.3 28.4 60.4 11.5
(n=9) 0.4 0.2 0.1 0.5 2.2 11.3 1.9
Exp. 371P (after 9 days) 12.2 3.1 1.2 16.5 36.4 24.4 9.5
Exp. 373 (after 6 days) 11.2 3.7 1.2 16.1 30.6 27.8 3.9

2 mean* S.E.M.
b 135 min of ischemia, HTK-protection
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tive day the osmolarity was above 600 mosmol/kg H,O
and reached values of 900—1,000 mosmol/kg H, O and the
fractional Na-excretion was below 0.5%. These values are
comparable with preischemic values.

At the end of the observation period we made final
measurements. The results are given in Table 4. Even though
a slightly increased plasma creatinine was noted (see Table
3) in comparison to the control croup (see Table 2), the
renal oxygen consumption, the blood flow, the glomerular
filtration and the filtration fraction were within the normal
range.

As these experiments were carried out with the catheter
used experimentally [20], which allowed exact perfusion
pressure measurements, but which is traumatic to the renal
artery, we carried out 3 further experiments with an angio-
graphy catheter of diameter Charriére 7, which can be pla-
ced in the aorta by the Seldinger technique. This type of
catheter is not as traumatic as the type used experimentally.
To check how close we were to the limits of the ischemic
tolerance, we carried out these experiments with an ische-
mic duration of 135 min. All dogs survived, but with a
higher plasma creatine value (see Table 3).

The basis of the protective effect of the HTK-solution
may be seen by inspecting the electrolyte composition:
Sodium is, in comparison with the extracellular space, re-
duced by a factor of 10, potassium and magnesium are
slightly increased and the solution is calcium-free; this re-
duces the energy turnover during ischemia [4—7] and is
reversible within 15 min if blood reperfusion takes place.
The low sodium in the HTK-solution is similiar to that in
the Euro-Collins- or UCLA II solutions {25, 27], for sodium
resorption is the main energy-consuming process in the
kidney [31], which can effectively be reduced by lowering
the Na'-concentration. To wash out the sodium comple-
tely from the extracellular space, the kidney has to be per-
fused for at least 6 min, but normally we perfused our kid-
neys for 8—10 min to reach a complete “‘equilibration” of
the extracellular space [18]. As the HTK-solution is Ca™*-
free and Mg'"-enriched (4 mmol/l) the Ca** is rapidly
washed out of the vascular system of the kidney. By this
mechanism a low perfusion resistance of less than 0.2
(mmHg/ml/min x 100 gy~ x cP) was reached.

The low electrolyte content of this solution allows a
high buffer concentration of nearly 200 mosmol/l at iso-
osmolarity. Tryptophane and a-Ketoglutarate are present
in the solution, as they have been shown to be necessary
for “membrane protection” {7].

The kidney protective solutions used clinically are either
of an extracellular type (Ringer-lactate) [14] or of a so-
called intracellular type {2, 3, 10, 11, 27]. With the latter
solution the potassium concentration of about 115 mmol/l
(Collins) [11] or 126 mmol/l (UCLA II) [27] in our opini-
on prevents its routine use for in-situ renal preservation and
for live related donor kidney transplant. As the potassium
in the HTK-solution is slightly elevated in comparison with
the extracellular space, care must be exercised in the clini-
cal situation, but we have not recorded cardiac signs such as

arrhythmia, although we have allowed up to approximately
500 ml to flow via the renal vein into the circulation.

In conclusion this solution prolongs the ischemic inter-
val tolerated (in comparison with unprotected kidneys at
body temperature) from 15—30 min to 120—135 min, that
is about fivefold.
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