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Abstract

Objectives: Hypotension that occurs after brain
death causes a deterioration in organ function,
which in turn restricts the number of organs that
can be retrieved and leads to graft dysfunction. The
correction of hypotension by the administration of
norepinephrine increases the number of organs
suitable for retrieval but is associated with cardiac
allograft failure. Arginine vasopressin is relatively
less cardiotoxic; however, the effect of that drug on
intra-abdominal organs is unknown. We used a
rodent model and real-time reverse transcription
polymerase chain reaction to assess changes in the
expression of inflammatory mediators in livers and
kidneys that occurred in response to resuscitation
with those drugs.

Materials and Methods: Fifty outbred male Wistar
rats were anesthetized, and an intracranial balloon
was inserted. In 35 rats, the balloon was inflated to
induce brain death and subsequent hypotension. In
20 of those rats, hypotension was corrected with
either norepinephrine (n = 10) or vasopressin (n = 10),
while the remaining 15 rats received no
resuscitation. Brain death was not induced in 15
rats that did not become hypotensive or receive
resuscitation. Organs were retrieved 30 minutes, 2
hours, and 5 hours after balloon insertion, and
inflammatory activation was assessed via real-time
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reverse transcription polymerase chain reaction.
Results: Significant time-dependent up-regulation of
CXC motif chemokine ligand 1, interleukin-1B, and
heme oxygenase 1 occurred after brain death.
Significantly greater up-regulation of CXC motif
chemokine ligand and interleukin-18 occurred in the
livers of rats that received norepinephrine and
vasopressin than in those that received no
resuscitation. No increase in the expression of those
mediators was noted in the kidneys.

Conclusions: This study showed that both
norepinephrine and vasopressin amplified the
inflammatory response that followed brain death in
the livers, but not the kidneys, of rats in this model.

Key words: Brain death, Resuscitation, Norepinephrine,
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Brain-dead donors remain the major source of organs
for transplant. Brain death is associated with
profound  physiologic and  immunologic
derangement, both of which lead to inferior recipient
outcomes after organ transplant from a brain-dead
donor (1). The most obvious changes that occur after
brain death are hemodynamic, with severe
hypotension observed in almost all such donors (2).
Our group has previously shown that the transient
hypertensive crisis that occurs at the onset of
experimental brain death initiates a systemic
inflammatory response (3). The hypertensive crisis is
followed by severe hypotension that is caused by
sympathetic collapse and compounded by volume
depletion resulting from diabetes insipidus. The
reduction in perfusion pressure exacerbates the
systemic inflammatory response and causes ischemia
in potential allografts.
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Ischemia impairs oxidative metabolism, increases
anaerobic glycolysis, and causes adenosine
triphosphate depletion (4). Those changes lead to a
local inflammatory response characterized by the
up-regulation of proinflammatory cytokines that
include the CXC motif chemokine ligand (CXCL1) (5)
and interleukin (IL)-1p (6). The effects of those
cytokines may be somewhat mitigated by the
increased expression of anti-inflammatory mediators
such as heme oxygenase 1 (HO-1). However, the
overall effect is to increase organ immunogenicity,
which can lead to primary and chronic allograft
dysfunction (7).

Early management of brain-dead donors can
reduce local and systemic immunogenicity and
increase the number of organs that are suitable for
retrieval (8). Fluid administration corrects the
volume deficit caused by diabetes insipidus and
increases mean arterial pressure. This improves renal
function but can also increase cardiac preload and
impair alveolar gas exchange (9).

Fluid resuscitation alone is rarely sufficient to
correct hypotension in marginal organ donors, and
exogenous vasopressors may be required.
Norepinephrine, which is the most commonly used
agent, causes excessive Ca*" influx in cardiomyocytes
(10) and is associated with inferior outcomes after
cardiac transplant (11).

Arginine vasopressin, a less cardiotoxic
alternative to norepinephrine (12), is widely used in
low doses to treat diabetes insipidus. The use of
vasopressin at higher vasoactive doses is limited by
the theoretical concern that it may exacerbate
vasoconstriction in the abdominal organs (9). The
effect of vasopressin on the liver and kidneys has not
been assessed in the setting of the experimental
brain-dead organ donor.

We sought to determine the effect of resuscitation
with norepinephrine and vasopressin in a rodent
model of the unstable brain-dead donor by
comparing the regulation of inflammatory markers
in rat livers and kidneys.

Materials and Methods
Animal model
Fifty adult male Wistar rats were used in accordance

with the United Kingdom Animals (Scientific
Procedures) Act of 1986 in an established model of
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the unstable brain-dead donor. All protocols were
approved by a local ethics committee. The rats were
anesthetized with 5% isoflurane, intubated with a
14-G cannula, and ventilated with an Inspira
Advanced Safety Volume Control ventilator (Harvard
Apparatus, MA, USA). Anesthesia was maintained
with inhaled 2.5% isoflurane. A tail vein and femoral
artery were cannulated to enable fluid administration
and invasive arterial pressure monitoring. All rats
received intravenous fluid replacement with 5
mL/kg/h of gelatin solution. A frontolateral cranial
trepanation was made with a dental drill, and a 4F
Fogarty catheter was inserted caudally.

The rats were assigned to 1 of 4 experimental
groups. In the brain death group (n = 15), the
intracranial catheter was inflated with 0.5 mL of
water over 30 seconds to induce brain death, which
was verified by pupil dilatation and the loss of
brainstem auditory evoked potentials. In the
norepinephrine group (n = 10) and the vasopressin
group (n = 10), brain death was induced in the same
manner as that used in the brain death group, but a
continuous intravenous infusion of either
norepinephrine or arginine vasopressin was initiated
after balloon inflation and was titrated to maintain a
mean arterial pressure of 60 mm Hg. In the sham
group (n = 15), an intracranial catheter was inserted
but not inflated. Those rats did not become brain
dead or hypotensive and did not receive
norepinephrine or vasopressin.

Livers and kidneys were retrieved 30 minutes, 2
hours and 5 hours after balloon insertion in the brain
death and sham groups, were snap frozen in liquid
nitrogen, and were stored at -80°C. Organs were
retrieved from the norepinephrine and vasopressin
groups at 2 and 5 hours only and were stored under
the same conditions. Thus, 5 animals were used per
treatment group per time point.

Ribonucleic acid extraction and real-time reverse
transcription polymerase chain reaction

Total ribonucleic acid (RNA) was extracted from the
livers and kidneys with the Tri-Reagent method
(Sigma-Aldrich UK, Gillingham, UK). The quality of
that RNA was proven by spectrophotometry and gel
electrophoresis. The RNA samples were treated with
deoxyribonuclease-1  (Invitrogen, Breda, The
Netherlands) to reduce genomic deoxyribonucleic acid
contamination. Reverse transcription was performed
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with the Superscript-III reverse transcriptase method
(Invitrogen) according to the manufacturer’s
instructions.

Sequence amplification and detection were
performed with Tagman gene expression assays
(Applied Biosystems, Foster City, CA, USA) and the
Prism 7000 Sequence Detection System (Applied
Biosystems). All reactions were run in duplicate.
Reaction efficiency was proven for all genes by the
amplification of serial dilutions. The absence of
genomic deoxyribonucleic acid contamination was
proven in all reactions by the amplification of control
samples in which RNA was either absent or not reverse
transcribed.

The relative expression of markers was assessed
with the 24T method, normalized to endogenous
control genes, and validated by the method of
Vandesompele and colleagues (13). Renal RNA was
normalized to an average of f-glucuronidase and
phosphoglycerate kinase 1 expression. Hepatic RNA
was normalized to B-actin and TATA box binding
protein.

Results
Hemodynamic changes
The induction of brain death in this model resulted in

highly repeatable hemodynamic changes that have
been previously described in detail (4). Intracranial
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balloon inflation led to brain death in all rats and to
a concomitant hypertensive crisis. This was replaced
by hypotension, and the mean arterial pressure
deteriorated over the following 5 hours in the brain
death group. The target mean arterial pressure of
60 mm Hg was achieved 15 minutes after the
initiation of infusion in the norepinephrine group
and 30 minutes after the initiation of infusion in the
vasopressin  group. The mean dosage of
norepinephrine administered was 82 ug/kg/h (95%
CI, 44-121), and the mean dosage of arginine
vasopressin was 0.27 U/kg/h (95% CI, 0.22-0.32).

The effect of brain death on biomarker expression

The expression of CXCL1, IL-1p, and HO-1 messenger
ribonucleic acid was significantly greater in liver and
kidney samples from the brain death group at 2 and 5
hours after intracranial balloon insertion than in the
sham group at 30 minutes following insertion (Figure
1). Significant up-regulation in both CXCL1 and HO-1
occurred in kidney samples from the sham group at 2
and 5 hours when compared with samples taken
after 30 minutes. The expression of CXCL1 at 2 hours
and II-18 and HO-1 at 5 hours remained significantly
greater in the brain death group than in the sham
group at the equivalent time point.

In liver samples from the sham group, we noted
a significant up-regulation in CXCL1 at 2 hours and
in IL-1p and HO-1 at 2 and 5 hours when compared
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Figure 1. Comparison of the expression of biomarkers in the sham and brain death groups 30 minutes, 2 hours, and 5 hours after intracranial balloon insertion.
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Figure 2. Comparison of the expression of biomarkers in the brain death (no resuscitation), norepinephrine, and vasopressin groups 2 and 5 hours after

intracranial balloon insertion.

with samples taken at 30 minutes following balloon
insertion.

In the kidney, CXCL1 expression was significantly
lower in the norepinephrine group at 2 hours and
HO-1 expression was significantly lower in the
vasopressin group at 5 hours than in the brain death
group at corresponding time points (Figure 2). There
was no significant difference in IL-1f expression
between the treated and untreated groups.

In liver samples from the norepinephrine and
vasopressin groups, CXCL1 expression was
significantly greater at 2 hours and II-13 expression
was significantly greater at 5 hours when compared
to brain dead animals that did not receive
resuscitation. HO-1 expression was significantly
lower in the vasopressin group at 5 hours than in the
brain death group. Rats in the brain death group
exhibited significant metabolic acidosis that was
attenuated in the groups treated with norepinephrine
or vasopressin, as previously described (4).

Discussion

We have previously shown that hemodynamic
resuscitation with norepinephrine can attenuate the
progression of the systemic inflammatory response
that follows brain death. Furthermore, both
norepinephrine and vasopressin can reduce the

expression of proinflammatory cytokines in the lungs
and limit development of pulmonary edema (14).
The results of this study suggest that neither
norepinephrine  nor  vasopressin  increases
inflammatory activation in the kidneys. Those
findings support the results of studies showing that
norepinephrine (15) and vasopressin (16) do not tend
to impair renal perfusion in other forms of shock and
may improve function (17,18). The reduction in
CXCL1 expression noted in the norepinephrine (but
not the vasopressin) group at 2 hours might also have
been due to the recognized anti-inflammatory effect
of catecholamines (19).

Both norepinephrine and vasopressin increased
the expression of CXCL1 and IL-1f in the liver. The
mechanism for this is likely to be hemodynamic
rather than immunologic. The stimulation of both V1
(20) and a-adrenoceptors (21) might impair liver
function by reducing splanchnic perfusion. In a
porcine model, Voelckel and colleagues have shown
that vasopressin tends to reduce mesenteric blood
flow to a greater degree than does norepinephrine,
although those investigators found no macroscopic
evidence of liver damage (22). Westphal and
colleagues have  demonstrated that the
administration of vasopressin can decrease
mesenteric mucosal perfusion and potentiate IL-6
expression (23). However, the relative effects of
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vasopressin and norepinephrine on human
mesenteric perfusion during shock remains
controversial.

The pronounced reduction in HO-1 expression in
vasopressin-treated animals is a novel finding. HO-
1 induction is associated with improved recipient
outcomes after liver or kidney transplant (24,25).
Although vasopressin has been reported to reduce
HO-1 expression in vitro (26), that phenomenon has
not been described clinically. Further studies are
required to determine whether the effect is clinically
significant.

To our knowledge, this is the first study that has
evaluated the effect of hemodynamic resuscitation
with norepinephrine and vasopressin after brain
death upon livers and kidneys. The rodent is an
established model of brain death; however, a trial of
human patients is required to determine the overall
clinical relevance of the changes observed.

We concluded that both norepinephrine and
arginine vasopressin can be used to resuscitate brain-
dead rats and that those agents amplified the hepatic
(but not the renal) inflammatory response that
follows brain death in that model.
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