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ORIGINAL ARTICLE

Neural injury after use of vasopressin and adrenaline during porcine
cardiopulmonary resuscitation

PETER HALVORSEN1, HARI SHANKER SHARMA1, SAMAR BASU2 & LARS WIKLUND1

1Department of Surgical Sciences/Anesthesiology and Intensive Care Medicine, Uppsala University, SE-751 85 Uppsala,
Sweden, and 2Department of Public Health and Caring Sciences/Oxidative Stress and Inflammation, Uppsala University,
SE-751 85 Uppsala, Sweden

Abstract
Background. Our aim was to investigate cerebral and cardiac tissue injury subsequent to use of vasopressin and adrenaline in
combination compared with vasopressin alone during cardiopulmonary resuscitation (CPR).
Methods. In a randomized, prospective, laboratory animal study 28 anesthetized piglets were subject to a 12-min untreated
cardiac arrest and subsequent CPR. After 1 min of CPR, 10 of the piglets received 0.4 U/kg of arg8-vasopressin (V group), and
10 piglets received 0.4 U/kg of arg8-vasopressin, 1 min later followed by 20 mg/kg body weight of adrenaline, and another 1 min
later continuous administration (10 mg/kg/min) of adrenaline (VA group). After 8 min of CPR, the piglets were defibrillated
and monitored for another 3 h. Then they were killed and the brain immediately removed pending histological analysis.
Results. During CPR, the VA group had higher mean blood pressure and cerebral cortical blood flow (CCBF) but similar
coronary perfusion pressure. After restoration of spontaneous circulation there was no difference in the pressure variables, but
CCBF tended to be (36% ± 16%) higher in the V group. Neuronal injury and signs of a disrupted blood–brain barrier (BBB)
were greater, 20% ± 4% and 21% ± 4%, respectively, in the VA group. In a background study of repeated single doses of
adrenaline every third minute after 5 min arrest but otherwise the same protocol, histological measurements showed even
worse neural injury and disruption of the BBB.
Conclusion. Combined use of vasopressin and adrenaline caused greater signs of cerebral and cardiac injury than use of
vasopressin alone during experimental cardiopulmonary resuscitation.
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Introduction

Since the very first application of cardiopulmonary
resuscitation (CPR) over a century ago, adrenaline
(epinephrine) has been recommended as an adjunct
therapy during resuscitation from circulatory arrest
(CA). This recommendation was first based on ani-
mal experiments (1-3), then on case reports, and later
on evidence of increased coronary perfusion pressure
(4), cerebral blood flow (5-7), and subsequent
increased rate of restoration of spontaneous circula-
tion (ROSC) (4).The last-mentioned, however, was
contradicted by a clinical registry study (8,9). The

clinical dose of adrenaline has generally been recom-
mended to be 20 mg/kg body weight (b.w.) or 1 mg to
a grown-up patient (10). Larger doses have been
investigated but found to decrease porcine cerebral
blood flow (11) and not to increase clinical survival
(12-14). Vasopressin has been investigated as an
alternative to adrenaline and was demonstrated to
be experimentally superior to adrenaline in regard
to organ perfusion (15,16), cerebral oxygenation
(17), incidence of ROSC, and survival (18,19). How-
ever, the largest randomized placebo-controlled clin-
ical study (20) failed to establish vasopressin as a
better clinical alternative to adrenaline, as survival
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was no better than when adrenaline alone was used
during CPR. In that clinical study vasopressin was
often, actually in 60% of the patients, combined
with adrenaline, since the combination had been
shown to increase coronary blood flow in an asphyxial
cardiac arrest model (21), despite experimental results
also showing that the combination of vasopressin and
adrenaline caused a lower cerebral blood flow than
vasopressin alone (22). In a similar study of in-hospital
CA, Stiell et al. (23) reported addition of adrenaline in
no less than 87% of the vasopressin group of patients
where no benefit was found for vasopressin. A recent
meta-analysis has confirmed no survival benefit for
vasopressin over adrenaline (24). Ristagno et al.
(16,25) pointed out that adrenaline administration
in experimental CPR reduces cerebral microcircula-
tory perfusion, and Olasveengen et al. (26) have in a
large controlled clinical study demonstrated that sur-
vival to hospital discharge after CA and CPR with use
of intravenous drugs (mainly adrenaline) was no better
than without. A post hoc subgroup analysis of the same
patientmaterial, comparing those actually given versus
not given adrenaline, revealed that receiving adrena-
line was associated with improved short-term survival
but decreased survival to hospital discharge (27). It has
been confirmed that adrenaline administrated during
CPR causes higher rates of restoration of spontaneous
circulation (ROSC) but did not improve long-term
survival (28).
Due to these circumstances, with alternatives to

adrenaline urgently required especially for CA of long
duration, we considered that further mechanistic
studies on the vasopressors adrenaline and vasopres-
sin were required to elucidate causes for these differ-
ences and more in-detail effects of their combined use
during CPR. As such studies need to include histo-
pathology and other highly invasive methods, they
were made in experimental animals. Our porcine
model (29,30) then seemed to be well suited for
the purpose. There are no previous similar studies
including early cerebral injuries.
In accordance with previous experimental and clin-

ical results, the hypothesis was that the combined
vasopressin-adrenaline treatment results in higher
coronary perfusion pressure and rate of ROSC and
less cardiac and cerebral injuries than the use of
vasopressin alone during CPR.

Materials and methods

The Uppsala Institutional Review Board for Animal
Experimentation approved this prospective, random-
ized, laboratory animal study in accordance with
national law and EU directives. All animals included
in the main study groups (n = 18) and the background

study (n = 10) were 12–14-wk old triple breed piglets
with no apparent pre-existing disease. Allocation to
the different study groups was made by the same
integrated randomization procedure. Details of ani-
mal preparation and the experimental model have
been described previously (29,30). Briefly, after
administration of ketamine and morphine, an intra-
venous infusion of 8 mg�kg-1�h-1 sodium pentobarbital
(Apoteket, Sweden), morphine (Morphine�, Phar-
macia ,Umeå, Uppsala, Sweden) 0.5 mg�kg-1�h-1,
and 0.25 mg�kg-1�h-1 pancuronium bromide (MSD,
Solna , Sweden) dissolved in 2.5% glucose solution
was administered and used for maintenance of anes-
thesia. The piglets were tracheotomized and mechan-
ically ventilated (Servo-i V3.1, Siemens Medical,
Solna, Sweden) with 30% oxygen in air, and a minute
volume set to maintain arterial PaCO2 at an average of
5–5.5 kPa. The capnogram (CO2SMO Plus-8100,
Novametrix, Wallingford, Connecticut, USA), satu-
ration, and electrocardiogram (ECG) were displayed
continuously until the end of the experiment. An
18-G arterial catheter was advanced into the aortic
arch via a branch of the right carotid artery, for
withdrawal of blood samples and measurement of
blood pressure. A 14-G saline-filled double lumen
catheter was placed into the right atrium via a cut
down of the right external jugular vein. In addition, a
pulmonary artery catheter was inserted to monitor
pulmonary artery pressure (PAP), core temperature,
cardiac output, and capillary wedge pressure
(PCWP). Hemodynamic parameters including heart
rate, systemic arterial blood pressure, right atrial
pressure, and PAP were continuously displayed and
recorded until the end of the experiment. Cardiac
output, PCWP, and coronary perfusion pressure
(CPP) were recorded and measured as previously
described (31,32). Samples of arterial and mixed
venous blood were taken for blood gas analysis and
acid–base balance (ABL 300, Radiometer, Copenha-
gen, Denmark) at regular intervals. Oxygen saturation
and hemoglobin concentration were determined
simultaneously on an OSM3 Hemoximeter (Radiom-
eter, Copenhagen, Denmark) at the same time points.

Experimental protocol

After preparation, the piglets were stabilized for
1 hour. Ventricular fibrillation was induced by an
alternating transthoracic current. After 12 min of
untreated CA, closed-chest CPR was performed
with a pneumatically driven automatic piston device
for CPR (Lucas�, Jolife AB, Lund, Sweden), and
mechanical ventilation with 100% oxygen was
resumed with the same ventilatory settings as before
induction of CA. One minute after commencement of
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CPR, all animals in the vasopressin and combined
vasopressin-adrenaline groups (V and VA, respec-
tively; n = 10 in both groups) received a bolus of
0.4 U�kg-1 of vasopressin (Arg8-vasopressin, Sigma
Chemicals Co, St Louis, MO, USA). Fifteen minutes
after CA, i.e. 2 min after commencement of CPR, the
vasopressin-adrenaline (VA) group was given 20 mg/kg
b.w. of adrenaline, and another 1 min later a contin-
uous administration (10 mg/kg/min) of the same drug
(7,33,34) was started and maintained until ROSC or
resuscitation failed and the experiment was termi-
nated. The adrenaline group (group A; n = 10) was
given the same adrenaline dosing as the VA group, but
in this case administration began 1 min after com-
mencement ofCPR.Thisway of administrating adren-
aline provides sustained greater cerebral cortical blood
flow and lower cerebral oxygen extraction (34), at
equal total dose compared with repeated bolus doses
of 20 mg/kg every 3 min and makes this study group
independent of the time when ROSC occurs. After
8 min of external chest compressions, a monophasic
countershock was delivered through defibrillation
electrode pads (Medtronic Physio-Control Corp.,
Seattle, WA, USA) at an energy level of 200 J
(Figure 1). If ROSC was not successful, another two
defibrillatory shocks (200 J, 360 J) were given. During
continued CPR, DC shocks were applied at the same
energy level of 360 J for a maximum period of 5 min.
CPR was discontinued if ROSC was not achieved
during this time. If arterial pHwas <7.20 or base deficit
>10 mmol/L by 5 min after ROSC, acidosis was cor-
rected with a tris buffermixture (Tribonat�, Fresenius
Kabi, Stockholm, Sweden), 1 mmol�kg-1, and by
increasing minute ventilation. Dobutamine
(Dobutrex�, Eli Lilly, Solna) was administrated in a
solutionof 12.5mg/mL starting at 5mg�kg-1�min-1 if the
systolic blood pressure was <70mmHg. After comple-
tion of the study, all animals received an injection of
10 mL of 20 mmol/mL potassium chloride and were
killed. The skull was opened before final CA in the
prone position, and after administration of potassium
the brain was rapidly, within 2 min, removed pending
immunohistochemical and histopathological analyses.

Experimental groups

This open study was planned to include three study
groups: the vasopressin group (V group), the
vasopressin-adrenaline group (VA group), and an
adrenaline group (A group). These three groups
had 12 min of CA followed by 8 min of CPR. The
V and VA groups received a single dose of vasopressin
(0.4 U/kg) after 1 min of CPR. In addition the VA
group 2 min later also received a single dose of
adrenaline (20 mg/kg), followed another 1 min later

by a constant infusion of 10 mg/kg/min of adrenaline
maintained until CPR was successful or terminated.
The A group received the same dosing of adrenaline
as the VA group 1 min after initiation of CPR.
Furthermore, in order to elucidate the effects of
administration of single doses of adrenaline we also
studied an additional group of piglets of the same
characteristics, integrated into the main study, in the
following called the background study. These piglets
underwent 5 min of CA only, followed by 8 min of
CPR during which period a single dose of 20 mg/kg
adrenaline was administered 1min after application of
CPR and repeated every third minute until CPR was
successful or terminated.

Blood-borne tissue injury indicators

BeforeCAandduring reperfusion (15,30,60,120, and
180 min after ROSC) blood specimens were collected
from the arterial catheter for analyses of the cardiac
tissue injury indicator troponin I; and from the jugular
venous catheter samples formeasurements of the cere-
bral tissue astroglial protein S-100b and, the indicator
of oxidative injury, 8-iso-dihydro-PGF2a as indicators
of cerebral injury. Analytical methods of these have
been published previously (32,35).

Histological analyses

Bothbrainhemisphereswere immersed in4%buffered
formalin and stored at 4�C for 1 week before small
tissue pieces (<3�5 mm) from the parietal-temporal
cerebral cortex were cut and processed for histology or
immunohistochemistry. Samples were embedded in
low-temperature paraffin (56–58�C) according to a
standard protocol (36). Multiple sections approxi-
mately 3–5 mm thick were cut from cerebral cortex
and stained using a commercial protocol. Immuno-
histochemistry for albumin was performed using a
sheep polyclonal anti-rat albumin antibody (Sigma
Aldrich, Stockholm, Sweden) and the streptavidin–
HRP–biotin technique (30,31,36). Numbers of
distorted neurons in one whole section, and of
albumin-positive cells, were counted in one identical
area of the cortex from each animal at least three times
and in a blinded fashion in order to determine leakage
of the blood–brain barrier (BBB) (30,31) and neuronal
injuries. Median values were recorded for data
analysis. Positive and negative controls from the
same laboratory have been published previously (31).

Statistical analysis

Circulatory data are presented as means ± SEM and
indicators of tissue injury in box plots (median, 25th
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and 75th as well as 10th and 90th percentiles). Com-
parisons of circulatory data between groups have been
performed by Student’s t test on the area under the
curve calculated according to the trapezoidal rule. In
the case of histological and immunohistochemical
analyses, normal distribution of data could not be
presumed. We therefore used the non-parametric
Mann–Whitney U test for comparisons between
groups at 180 min after CA. Pearson correlation
has also been used. A P value less than 0.05 was
considered as statistically significant.

Results

Survival

In the V and VA groups 8 piglets (2 pigs not included
for technical/procedural reasons in both the V and VA
groups) achieved ROSC and subsequently survived
until the experiments were finished (n.s.). In the A
group there was only 1 piglet achieving ROSC out of
8 (2 piglets not included for technical/procedural
reasons). As the study was mainly designed to analyze
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cerebral histology after 3 h survival, this group was
eliminated from further analysis. There was no sta-
tistical difference in dobutamine or alkaline buffer
consumption after ROSC. In the background study
using adrenaline only, 5 out of 10 piglets had ROSC
and survived until the end of the experiments.

Circulatory variables

During CPR the mean blood pressure (MBP)
(P = 0.027) was higher in the VA group compared
with the V group, while numerical trends for higher
values in end-tidal CO2 tension (P = 0.3) and CPP
(P = 0.088) in VA group did not differ (Figure 1).
During CPR the cerebral cortical blood flow (CCBF)
was higher in the VA group (P = 0.049), but after
ROSC it tended to be higher (36%±16%) in the V
group instead (P = 0.6). Thus, after ROSC there were
no statistical differences in any of these variables
(Figure 2).
During CPR, surviving animals had somewhat

higher CPP (P = 0.02), but similar MBP (P = 0.8)
and CCBF (P = 0.9) compared with the animals not
achieving ROSC (Figure 3).

Blood-borne tissue injury indicators

Serum concentrations of troponin I did not differ
between the two groups (P = 0.18) in spite of greater
numerical values in the VA group. This was due to the
fact that approximately 50% of the animals had hugely
high values, while the remainder of the animals had
troponin I values at the same level as those of the V
group. In the same group serum concentrations of
protein S-100b were only transiently higher
(P=0.038)during thefirst hour afterROSC(Figure4).
The indicator of oxidative injury, 8-iso-dihydro-
PGF2a, was numerically somewhat greater in the VA
group also (P = 0.5). In surviving animals of the back-
ground study, serum concentrations of troponin I and
8-iso-PGF2a peaked shortly after ROSC, while

troponin I gradually increased to very high values at
the end of the study (Figure 5).

Histological analyses

Neural injury and albumin immunostaining (Figures
6 and 7) were significantly more intense, 20%±4%
and 21%±4%, respectively, in the VA group com-
pared with the V group (P = 0.039 and P = 0.016,
respectively). There was also a high correlation
between the histological neural injury and the albu-
min leakage to the brain (Figure 8). In the separate
background study the same measurements revealed
an even worse neural injury and disruption of the BBB
(Figure 9).

Discussion

The present experimental study was not designed to
provide statistical power for determining differences
in incidence of ROSC and survival in general. Rather,
it was meant as a mechanistic study elucidating cir-
culatory and especially cerebral histologic effects of
the combination vasopressin-adrenaline. In accor-
dance with previous experimental results and clinical
impression, adrenaline administrated as a reinforce-
ment of the vasopressor effect caused by vasopressin
during experimental CPR resulted in higher mean
blood pressure and cerebral cortical blood flow but,
surprisingly, similar coronary perfusion pressure.
However, this combined therapy (i.e. VA group)
also tended to cause higher troponin I concentrations
in systemic blood, but the difference did not attain
statistical significance as only half of the animals had
very high troponin I values, and transiently greater
protein S-100b levels in jugular venous blood, imply-
ing a tendency towards greater cerebral and cardiac
injury. This might explain the post-resuscitation myo-
cardial dysfunction observed after adrenaline admin-
istration during CPR (37) in contrast to the beneficial
visceral effects of the vasopressin-noradrenaline
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combination observed (38) in experimental septic
shock. In addition, cerebral cortical blood flow
(CCBF) was numerically (36%) higher after ROSC
in the V group, indicating difficulties in maintaining
cerebral perfusion after ROSC in the VA group. The
latter finding could possibly result from the impaired
perfusion after administration of adrenaline that
recently was described by Ristagno et al. (25), and
might explain our most obvious finding of a greater
cortical neural injury and BBB disruption in the VA

group after 3 h of reperfusion. Consistent with these
histological results—but possibly more unantici-
pated—was the result indicating that adrenaline
administered as the sole vasopressor as repeated bolus
doses in the background study, where the untreated
duration of CA was less than half of that in the main
study groups, caused the greatest neural injury and
BBB disruption. This result was unexpected as longer
duration of CA generally is considered to cause a
more extended brain injury.
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Thus, we were able to confirm that adrenaline-
vasopressin treatment during experimental CPR
seemingly promoted systemic and cerebral circulation
during CPR but the resulting tissue injury after 3 h of
reperfusion in the heart and brain was much worse
than after vasopressin only. These results seem to
explain some aspects of the results of the clinical
controlled studies of Olasveengen et al. (26,27),
Jacobs et al. (28), and Jeung et al. (12) but to be at
variance with the results of combined use of vaso-
pressin and adrenaline in the study of Wenzel et al.
(20) where adrenaline improved survival when used
after vasopressin administration.
Our background study showed mean troponin I

levels that were approximately 170% of those in the
VA group and three times those in the V group,
although the time for untreated cardiac arrest was
less than half of that in the main study. Surprisingly
again, the non-survivors, i.e. those not achieving
ROSC, in the background study had somewhat higher
CCBF during CPR than surviving animals. Seem-
ingly, there was no difference between CCBF in the V
and VA groups and the animals in the background
study. When examining our present results together,
there was no obvious difference in jugular venous
protein S-100b or the jugular venous indicator of
oxidative injury, 8-iso-dihydro-PGF2a, but clearly
more histological injuries in the cerebrum in the
animals of the background study. This leads to a
rather complicated picture in the background study
where a short cardiac arrest treated with adrenaline
during CPR only resulted in very high levels of cardiac
injury indicators in some animals, blood-borne
indicators of cerebral injury being moderate, but
severe histological cerebral injury occurred. Thus,
the results indicate that the myocardial injury caused
by adrenaline in pigs during experimental CPR is
mechanistically different from that of cerebral injury,
and, furthermore, there was a great inter-individual
variation in the extent of especially cardiac
tissue injury after combined vasopressin-adrenaline
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Figure 6. Leakage of albumin into the neuropil of cerebral cortex in
pig brain after cardiac arrest and treatment with vasopressin and
adrenaline (VA group) (a) and vasopressin alone (V group) (b).
Albumin leakage in the neuropil and neurons was considerably
reduced in pigs treated with vasopressin alone in comparison with
the group receiving vasopressin and adrenaline. �300.

a b

Figure 7. Nissl-stained neurons in the neuropil of cerebral cortex in
pigs treated with vasopressin and adrenaline in combination (VA
group) (a) or vasopressin alone (b). Vasopressin alone caused less
neuronal damage, sponginess, and edema up to a certain extent in
pigs after cardiac arrest, while several neurons were damaged with
perineuronal edema in the group given combined treatment with
vasopressin and adrenaline (VA group). �300.
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administration. Our results suggest that adrenaline
administered during CPR might influence the extent
of early cerebral survival negatively and possibly
explain why frequent ROSC found in previous studies
(12-14) do not translate into better survival.
One limitation of our study was that the back-

ground animals had a shorter untreated CA. Thus,
it is impossible statistically to compare this group with
the two others. The animals were evaluated 3 h after
CA, and conclusions regarding development of
pathology thereafter cannot be made. Also, compar-
isons to human/clinical studies should only be made
with great caution.
It can be concluded that the combined use of

vasopressin and adrenaline caused greater signs of
cerebral and cardiac injury than the use of vasopressin
alone during experimental porcine cardiopulmonary

resuscitation. In the background study, where dura-
tion of CA was less than half of that in the main study,
using the same model but repeated administration of
adrenaline alone every third minute during CPR, the
same indicators of tissue injury indicated even greater
cerebral and cardiac injury than in the main study
where vasopressin was compared with the combined
use of vasopressin and adrenaline.
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