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Background: Animal studies show reduced inotropic effects of cardiac b-adrenoceptor agonists like
epinephrine (Epi) during hypothermia and rewarming, while drugs targeting other pharmacological
mechanisms have positive effects. This study therefore aimed to determine b-adrenoceptor sensitivity
in isolated cardiomyocytes and investigate hemodynamic effects of Epi and its ability to stimulate cardiac
b-adrenoceptors at different temperatures in vivo.
Methods: Isolated rat myocardial cells were incubated with the radioactive b-adrenoceptor ligand
[3H]-CGP12177 and propranolol, used as a displacer. Cells were subjected to normothermia (37 !C) or
hypothermia (15 !C). After incubation, radioactivity was measured to estimate b-adrenoceptor affinity
for propranolol (IC50), as a measure of b-adrenoceptor sensitivity. In separate in vivo experiments, Epi
(1.25 lg/min) was administered the last 5 min of experiments in normothermic (37 !C, 5 h), hypothermic
(4 h at 15 !C) and rewarmed rats (4 h at 15 !C, and subsequently rewarmed to 37 !C). Hemodynamic
parameters were monitored during infusion. Hearts were thereafter freeze-clamped and tissue cAMP
was measured.
Results: In vitro measurements of IC50 for propranolol showed a hypothermia-induced increase in
b-adrenoceptor sensitivity at 15 !C. Corresponding in vivo experiments at 15 !C showed decreased car-
diac output and stroke volume, whereas total peripheral resistance (TPR) increased during Epi infusion,
simultaneous with a 4-fold cAMP increase.
Conclusions: This experiment shows a hypothermia-induced in vivo and in vitro increase of cardiac
b-adrenoceptor sensitivity, and simultaneous lack of inotropic effects of Epi in the presence of increased
TPR. Our findings therefore indicate that hypothermia-induced reduction in inotropic effects of Epi is due
to substantial elevation of TPR, rather than b-adrenoceptor dysfunction.

" 2014 Elsevier Inc. All rights reserved.

Introduction

Rewarming from accidental hypothermia is associated with car-
diac dysfunction, recognized by depressed cardiac output (CO)
[33]. In order to elevate CO and ameliorate acute cardiac dysfunc-
tion during normothermic conditions, guidelines recommend use
of inotropic drugs [22]. Induced hypothermia is also associated
with increased need for such drugs, as more than 50% of cardiac
arrest survivors who are eligible for therapeutic hypothermia are
in need of inotropic support to maintain adequate circulation [2].
Both the American [34] and European guidelines [27] for cardiac
support of patients during rewarming from accidental
hypothermia do however state that use of drugs like epinephrine
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Abbreviations: LV, left ventricle; CO, cardiac output; SV, stroke volume; cAMP,
cyclic adenosine monophosphate; TPR, total peripheral resistance; PDE3, phospho-
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minimum LV pressure; LVEDV, LV end-diastolic volume; Tau, the isovolumic
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(Epi) only should occur after reaching a core temperature of 30 !C.
Numerous preclinical studies support this careful approach to
pharmacologic treatment of hypothermic patients: They report
hypothermia-induced changes in pharmacodynamics and pharma-
cokinetics of potent drugs like Epi and isoproterenol [30,12,7,14].
This is supported by studies showing that reduced core tempera-
ture induces a decline in cytochrome P450 activity and other
important enzymes for drug elimination [37].

During normal core temperatures, the b-adrenoceptor agonists
Epi and isoproterenol mediate inotropic effects via the sarcolem-
mal G-protein – protein kinase A (PKA) signaling pathway, by
increasing intracellular cyclic adenosine monophosphate (cAMP)
levels [7,10]. During cooling below 34 !C, the inotropic effect of
Epi has been reported to decrease [30]. Vascular pharmacologic
responses do however appear increased during hypothermia, as
Epi infusion elevates total peripheral resistance (TPR) substan-
tially, due to a-receptor stimulating properties of this ligand
[30]. Studies on inotropic drugs, which mediate their effects
through strategies other than stimulating the b-adrenoceptor
complex, show different cardiovascular responses during
hypothermia, including better effects on cardiac contractility at
low temperatures. Examples are the phosphodiesterase 3 (PDE3)
inhibitor milrinone and the calcium sensitizer levosimendan
[25,29].

Reduced inotropic effects of b-adrenoceptor agonists and the
maintained effect of drugs increasing cAMP through PDE3 inhibi-
tion during hypothermia, indicate altered responses to b-adreno-
ceptor stimulation in hypothermic hearts. Several theories have
been proposed to explain this. A study on temperature-dependent
effects on cardiac adrenoceptors suggested a shift from b- to a-
adrenoceptor properties during cooling [16]. Another possible
explanation is that low temperatures cause decreased coupling
between b-adrenoceptors and adenylate cyclase, thereby impairing
the ability of b-adrenoceptor agonists to increase cAMP, as
observed in turkey erythrocytes [3]. This would also explain why
Jones et al. found increased cAMP in isolated hamster hearts under
isoproterenol stimulation at 37 !C, but not at 22 or 7 !C [10]. How-
ever, both normal cardiac b-adrenoceptor activity and b-adreno-
ceptor super-sensitivity have been reported during hypothermia
[1,35] and consequently the underlying mechanisms for dimin-
ished inotropic effects of b-agonists during hypothermia remain
unclear. To investigate whether this reduction of inotropic effects
could be due to mechanisms like temperature-induced alterations
in b-adrenoceptor binding and function, or due to altered
pharmacodynamic changes in the vascular bed, we combined
two experiments to: (1) estimate the affinity of b-adrenoceptors
for propranolol in hypothermic rat cardiomyocytes, serving as a
measure of b-adrenoceptor sensitivity to ligand-binding, and (2)
measure cardiac tissue cAMP level and hemodynamic effects in
response to administering Epi during in vivo hypothermia.

Materials and methods

Male Wistar rats (n = 49) were used in the experiment. The
rats (Charles River, Germany) had a microbiological status accord-
ing to the recommendation of the Federation of European Labora-
tory Animal Science Associations. The animals were quarantined
for 1 week on arrival. During the experiment, housing was pro-
vided in accordance with guidelines for accommodation and care
of animals (article 5 of European Convention for the Protection of
Vertebrate Animals used for Experimental and Other Scientific
Purposes, Strasbourg, 18.III.1986). Free water and food access
were permitted. The experimental protocol was approved by
the Norwegian Animal Research Authority and conducted
accordingly.

In vitro beta-adrenoceptor assay

Isolation of cardiomyocytes
Rats (n = 8) were sacrificed by an intraperitoneal injection of

pentobarbital sodium (220 mg/kg) and fentanyl (50 lg/kg). Hearts
were excised and put in ice-cooled, oxygenated Krebs solution
before tied to a Langendorff perfusion system. Perfusion rate was
7 ml/min with initial 5 min pure Krebs solution perfusion, followed
by addition of 0.6 mg/ml collagenase for 20 min. All solutions were
kept at 37 !C. Hearts were removed from the Langendorff system
and cut into smaller pieces, before suspended in Krebs solution
containing 10 mg/ml albumin and 0.6 mg/ml calcium (calcium
solution), kept on a shaking plate for 10 min and minced in colla-
genase solution. Preparations were continually gassed with medi-
cal air (with added 5% CO2). Following centrifugation, collagenase
solution was gradually replaced with calcium solution. In the final
cell suspension, rod-shaped cells were counted as fraction of total
cell number. This cell suspension was divided in 2 groups, 1 hypo-
thermic group (15 !C) and 1 normothermic group (37 !C) (Table 1).

b-Adrenoceptor labeling
b-Adrenoceptors were equilibrated with 1 nM of the hydro-

philic radioactive marker [3H]-CGP12177 (Perkin Elmer, Massa-
chusetts, USA), binding b-adrenoceptors on the external surface
of cell membranes. Addition of the lipophilic, non-selective b-adre-
noceptor blocker propranolol (Actavis, Ireland) in increasing doses
from 10!8 M to 10!5 M was carried out in both groups for displace-
ment of [3H]-CGP12177. As we aimed to examine binding proper-
ties of a b-adrenoceptor ligand in the in vitro experiment, not the
cellular effects of b-adrenoceptor agonism or antagonism, propran-
olol was chosen according to earlier reports demonstrating its suit-
ability when studying ligand-binding of b-adrenoceptors [26].
Incubation lasted 1/2 h, based on a pilot study not showing any dif-
ferences with incubation over 1/2–2 h at 37 !C or 15 !C.

Measurement of b-adrenoceptor sensitivity

After incubation, cells were isolated from the buffer solution, by
washing the suspension through a 0.67 mm thick (pore size
2.7 lm) glass microfiber filter (Whatman, UK). Protein level in cell
suspensions was determined using a Bradford protein assay (Bio-
Rad Laboratories, California, USA). Radioactivity in filters was mea-
sured using a 1900 TR liquid scintillation spectrometer (Packard
Instrument Company, Illinois, USA). Protein-corrected radioactivity
was used to plot displacement of [3H]-CGP12177 with increasing
concentrations of propranolol. b-Adrenoceptor binding of propran-
olol was measured by the half maximal inhibitory concentration
(IC50), calculated according to Chou [5] and used as a measure of
b-adrenoceptor sensitivity for ligand-binding.

In vivo hemodynamic monitoring and cardiac tissue cAMP
measurements

Experimental protocol
After surgery, animals were allowed to rest for 45 min before

start of experiments. 3 different temperature protocols were used:
Animals in the hypothermic Epi group (n = 8) were core cooled to
15 !C and maintained at this temperature for 4 h, before a 5 min
infusion of 1.25 lg/min Epi was administered through a catheter
in the femoral vein at the end of experiments. This dose of Epi
was selected according to other studies in the same model
[30,12]. Rewarmed (n = 6) Epi animals underwent the same proto-
col as the hypothermic Epi group but were rewarmed to 37 !C prior
to 5 min infusion of 1.25 lg/min Epi. In the normothermic (n = 7)
Epi group animals were held at 37 !C for 5 h, followed by 5 min,
1.25 lg/min Epi infusion. Control animals were assigned to
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identical hypothermic (n = 7), rewarmed (n = 7), or normothermic
(n = 6) temperature protocols and underwent the same surgical
procedure as the Epi groups, without 5 min Epi infusion at the
end of experiments.

Anesthesia
Anesthesia was introduced intraperitoneally by 55 mg/kg pen-

tobarbital sodium and 50 lg/kg fentanyl, followed by a continuous
infusion of 7.5 mg/kg/h pentobarbital sodium and 50 lg/kg/h fen-
tanyl through an intravenous line in the right jugular vein,
extended to the right auricle. The infusion was maintained at all
hours in normothermic animals. Infusion in hypothermic animals
was terminated at 30 !C during cooling and restarted at the same
temperature during rewarming, due to hypothermia-induced anes-
thesia and reduced drug metabolism. The animals were monitored
by toe-pinch for any sign of discomfort so that additional anesthe-
sia could be provided if necessary.

Respiratory support
Animals were placed on the operating table in a supine position.

The trachea was opened, and a tracheal tube inserted. All animals
had spontaneous and sufficient ventilation at core temperatures
>20 !C. Below 20 !C, ventilation was achieved by a volume-con-
trolled New England rodent ventilator, model 141 (New England
Instruments, Massachusetts, USA), using room air. Normoventila-
tion was achieved through adjusting ventilation in accordance
with blood gas analyzes from an ABL 800 blood gas analyzer (Radi-
ometer, Denmark). During controlled ventilation, the alpha-stat
strategy was followed.

Core cooling and rewarming
Animals were cooled and rewarmed using a RTE-110 thermo

stated water bath (Neslab Instruments, New Hampshire, USA) by
circulating cold or warm water through an U-shaped polyethylene
tube, which was inserted gently into the lower bowel to avoid
harm of the intestine. In addition, the double-layered operating
table made of hollow aluminum was circulated by temperature-
adjusted water. Core temperature was continuously monitored
using a thermocouple wire positioned in the lowest part of esoph-
agus, connected to a Thermalert Th-5 thermocouple controller
(Bailey Instruments, UK). Cooling and rewarming each lasted
1.5 h and the hypothermic period (15 !C) lasted 4 h in both the
rewarmed and the hypothermic groups. Normothermic animals
were kept at 37 !C for 5 h. The rate of core rewarming was chosen
based on clinical practice in our university hospital, where fast
rewarming has proven successful in hypothermic patients after
nearly 7 h of hypothermic cardiac arrest [20].

Hemodynamic measurements
Hemodynamic variables were obtained using a SPR-838 Millar

pressure–volume conductance catheter (Millar Instruments Inc.,
Texas, USA). The miniaturized 2.0 french pressure–volume conduc-
tance catheter allowed for the assessment of in vivo left ventricular
(LV) mechanical function in rats [4]. A constant sinusoidal alternat-
ing current (0.02 mA root means square at 20 kHz) was applied to
drive the conductance catheter, through which changing conduc-
tance was used for the measurement of blood volume. Volume
measurements in this study included parallel conductance (Gp).
Further description of this method and calibration of the catheter
is described in detail in a previous report [7]. In addition, mean
arterial pressure (MAP) was measured using a pressure transducer
connected to a fluid-filled catheter (22 G) inserted into the left
femoral artery.

Determination of cardiac tissue cAMP levels
After finishing the temperature protocol, Epi groups were sub-

jected to a 1.25 lg/min Epi infusion. After 5 min, rats were eutha-
nized and hearts were excised during ongoing infusion of Epi.
Control animals underwent the same procedure without Epi infu-
sion. The left ventricle was dissected free, freeze-clamped on liquid
nitrogen and stored at !70 !C. For measuring cardiac tissue cAMP
levels in left ventricle samples, the tissue was pulverized and 50–
100 mg was diluted in 1 ml, 0, 1 M HCl and centrifuged. The super-
natant was analyzed using a rat cAMP ELISA kit (Enzo Life Sciences,
New York, USA). Protein concentration in the supernatant was
determined using a Bradford protein assay (Bio-Rad Laboratories,
California, USA). Cardiac tissue cAMP levels were corrected accord-
ing to protein level in each sample.

Statistics
Results are presented as mean ± SEM. For within group compar-

isons of hemodynamics before and after Epi infusion, data were
assessed by a paired t-test. IC50 values for b-adrenoceptor binding
of propranolol were compared using Mann–Whitney rank sum
test, rather than an unpaired two-tailed t-test, as values were not
normally distributed (Shapiro–Wilk test). Comparison of cAMP lev-
els was analyzed by One-Way Analysis of Variance test followed by
an all-pairwise multiple comparisons using Tukey’s test. Differ-
ences were considered significant at p < 0.05.

Results

b-Adrenoceptor binding of propranolol

Propranolol caused a concentration-dependent displacement of
[3H]-CGP12177 in both groups. Calculation of displacement values

Table 1
Protocol for the in vitro and in vivo experiment: The table shows the time, temperature and procedure protocol of both the in vitro and in vivo experiment. In vitro groups:
Normothermia (NT) and hypothermia (HT). In vivo groups: Normothermic control (NT), normothermic epinephrine group (NT Epi), hypothermic control group (HT), hypothermic
epinephrine group (HT Epi), rewarmed control group (HTRW) and rewarmed epinephrine group (HTRW Epi).

Group Protocol

In vitro experiment
NT Cell isolation [3H]-CGP12177 labeling of b-adrenoceptors 0.5 h incubation at 37 !C Radioactivity measurement
HT Cell isolation [3H]-CGP12177 labeling of b-adrenoceptors 0.5 h incubation at 15 !C Radioactivity measurement

In vivo experiment
NT 5 h Stable normothermia 37 !C Excision of hearts for cAMP measurements
NT Epi 5 h Stable normothermia 37 !C 5 min Epi infusion
HT 1.5 h Cooling: 37–15 !C 4 h Stable hypothermia 15 !C
HT Epi 1.5 h Cooling: 37–15 !C 4 h Stable hypothermia 15 !C 5 min Epi infusion
HTRW 1.5 h Cooling: 37–15 !C 4 h Stable Hypothermia 15 !C 1.5 h Rewarming: 15–37 !C
HTRW Epi 1.5 h Cooling: 37–15 !C 4 h Stable hypothermia 15 !C 1.5 h Rewarming: 15–37 !C 5 min Epi infusion
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showed that the IC50 concentration of propranolol was 9 times
higher in normothermic (1.2 ! 10"7 M) than in hypothermic cells
(1.4 ! 10"8 M). Thus, in normothermic heart cells a larger concen-
tration of propranolol was needed to reduce the receptor specific
binding of [3H]-CGP12177, showing higher b-adrenoceptor sensi-
tivity for ligand binding in hypothermic cells (Fig. 1).

Hemodynamics

During 5 min infusion of Epi (1.25 lg/min), hemodynamic
responses were recorded at 15 !C in the hypothermic group, and
at 37 !C in the rewarmed and normothermic groups. In the hypo-
thermic group, CO was significantly reduced during Epi infusion,
while increased in the rewarmed and normothermic groups. Heart
rate and MAP were increased in all groups. Stroke volume (SV) was
reduced in the hypothermic group and increased in the rewarmed
group. The maximum rate of pressure change in the ventricle (dP/
dtmax) was reduced in the hypothermic group and increased in
both the normothermic and rewarmed groups, while dP/dtmin

was reduced in all groups. TPR, LV end-systolic volume (LVESV)
and LV end-diastolic pressure (LVEDP) were increased only in the
hypothermic group. The minimum LV pressure (Pmin) was
increased in the hypothermic group and decreased in the
rewarmed group. LV end-diastolic volume (LVEDV) and the isovol-
umic relaxation constant (tau) remained unchanged during Epi
infusion in all groups (Figs. 2 and 3).

cAMP measurements

After the end of the temperature protocols, with additional
5 min (1.25 lg/min) infusion of Epi in the Epi groups, protein cor-
rected cardiac cAMP level in freeze-clamped LV heart tissue was
measured in all groups and compared. cAMP was statistically
higher in the normothermic and hypothermic Epi groups, compared
to untreated normothermic and hypothermic control rats. There
was no statistical difference between cAMP levels in rewarmed rats
receiving Epi and rewarmed control rats. cAMP levels were signifi-
cantly higher in Epi treated hypothermic rats compared to both
normothermic and rewarmed Epi treated rats (Fig. 4).

Discussion

The present study demonstrates that cardiac b-adrenoceptor
sensitivity is elevated both in vitro and in vivo during hypothermia,
concurrent with intact vascular effects of Epi and lack of positive
inotropic effects. These findings show that decreased b-adrenocep-
tor sensitivity is not the mechanism behind reduced inotropic
effects of Epi during hypothermia.

Williams and Broadley [35] described hypothermia-induced
super-sensitivity of the b-adrenoceptor in guinea pig atria, which
correlates with the in vivo 4-fold increase of cardiac tissue cAMP
observed at 15 !C following Epi infusion in the present study. At
low core temperatures the activity of drug-metabolizing enzymes
is reduced [28]. Hypothermia-induced reduction in catechol-O-
methyl transferase activity has therefore been proposed as an
explanation for the hypersensitivity to b-adrenoceptor agonists
[23]. During the 5 min Epi infusion in the present experiment,
increased Epi half-life (T1/2) might have contributed to elevated
stimulation of b-adrenoceptors as the normothermic T1/2 is 2 min
[24]. Further, decreased enzymatic breakdown of cAMP through
reduced PDE3 function, or reduced extracellular release of cAMP
as observed in cold fibroblasts [11], might also have enhanced
cAMP increase in hypothermic hearts. The present IC50 values of
propranolol do however show a 9-fold increase in b-adrenoceptor
sensitivity in isolated cardiomyocytes at 15 !C. We therefore see
the 4-fold increase of cAMP during 5 min Epi infusion in vivo at
15 !C as an effect mainly caused by a hypothermia-induced
increase in b-adrenoceptor sensitivity.

However, hypothermia-induced b-adrenoceptor hypersensitiv-
ity is disputed, as several studies have observed reduced inotropic
effects of b-adrenoceptor agonists [30,12,7,14]. Kunos and Nicker-
son proposed a hypothermia-induced reduction in receptor sensi-
tivity caused by conversion from b- to a-properties of
adrenoceptors [16]. Benfey, who found that the inotropic response
to isoproterenol was intact during hypothermia, opposed this find-
ing. He found sustained inotropic effects to be dependent on
reduced calcium concentration in the experimental solution [1],
different from the calcium overload found in hypothermic in vivo
rat hearts [13,36]. In the present study, we found that Epi had neg-
ative inotropic effects at 15 !C, recognized by decreased CO, despite
giving a 4-fold increase of cAMP in cardiac tissue. Different from at
37 !C, we also found a pronounced increase in TPR at 15 !C while
MAP was increased to the same level in all three groups. In the
hypothermic rats, we observed a 3-fold increase in LVEDP during
the 5 min Epi infusion. However, neither LV dP/dtmin nor tau values
in our experiment indicate impaired myocardial relaxation or dia-
stolic dysfunction. The rapid increase in LVEDP is therefore more
likely a consequence of the sudden increase in TPR, resulting in a
pronounced slowing of LV pressure fall [17]. Thus, diastolic filling
starts at a higher ventricular pressure (Pmin) causing decreased
compliance [6], with similarities to vascular congestion during
acute hypertensive crisis [17]. This is different from in the normo-
thermic and rewarmed groups where LVEDP was unchanged and

Fig. 1. IC50 values for b-adrenoceptor binding of propranolol: IC50 values for b-
adrenoceptor binding of propranolol in hypothermic (15 !C) and normothermic
(37 !C) isolated rat cardiomyocytes, ⁄Significant difference between groups
(p < 0.05).
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Pmin was unaffected or reduced during Epi infusion. Thus, both nor-
mothermic and rewarmed hearts were able to adjust to the sudden
increase in MAP during Epi infusion. In hypothermic animals how-
ever, Epi infusion gave a significant increase in TPR, causing acute
congestion with depressing effect on cardiac ejection that resulted
in acute reduction of CO.

Isoproterenol, a selective b-adrenoceptor agonist, also has been
reported to lack inotropic effects during hypothermic conditions
[7]. It is therefore less likely that the absent inotropic effects of
Epi in the present study are solely dependent on a sudden increase
in TPR. In an extensive study of the effects of adrenergic stimuli on
the biology of cardiomyocytes in several species, Mann et al. [19]
found high concentrations of cAMP to be cardiotoxic. This negative
effect of increased cAMP was found to be associated with high
influx of calcium from the extracellular space, thus inducing cyto-
solic calcium overload and hypercontracture. The latter morpho-
logical finding is also seen after hypothermic cardioplegia in man

[18], but not in spontaneously beating rat hearts exposed to pro-
longed hypothermia in vivo [32]. However, in rats exposed to 4 h
hypothermia (15 !C), cardiac calcium overload is present [13,36].
In the present study, the 4-fold increase in cardiac tissue cAMP
during Epi infusion after 4 h at 15 !C might therefore aggravate a
hypothermia-induced calcium overload through high influx of cal-
cium via L-type calcium channels. Calcium overload is interpreted
to be an important mechanism for development of hypothermia-
induced cardiac dysfunction [36]. Increased cAMP is also known
to mediate increased phosphorylation of cardiac troponin I (cTnI)
at sites Ser23/24 causing decreased myofilament calcium sensitiv-
ity [15]. Han et al. showed that such cTnI phosphorylation takes
place due to hypothermia and rewarming and gives the expected
reduction of calcium sensitivity and force of contraction [8]. The
negative effects we observed in response to the 4-fold cAMP
increase after Epi infusion at 15 !C, and positive effects observed
in response to a smaller increase in cAMP at 37 !C, indicate that

Fig. 2. Hemodynamic changes during 5 min Epi infusion: Changes in cardiac output (CO), heart rate (HR), total peripheral resistance (TPR) and stroke volume (SV) during
5 min epinephrine (Epi) infusion in normothermic (NT), rewarmed (HTRW) and hypothermic (HT) rats. #Significant difference within the group after Epi infusion.
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increased cAMP production within a narrow range might be crucial
to elevate cardiac function during hypothermia.

cAMP levels in rewarmed control rats were higher than in hypo-
thermic controls. This rewarming-induced increase of cAMP is con-
sistent with earlier findings from our group, which show that the
high-energy phosphates ATP and ADP also increased in rat hearts
after rewarming from 13 to 15 !C [31]. Different from before cool-
ing and during hypothermia, 5 min Epi infusion after rewarming
did not mediate a significant increase of cardiac tissue cAMP.
Rewarming rats from hypothermia (20 !C) is reported to increase
the level of endogenous plasma catecholamines substantially [9]
and high levels of such plasma catecholamines reduce b-adreno-
ceptor response to further stimulation [21], which will affect car-
diac cAMP levels. These reports are therefore supported by our
findings of high cAMP levels in untreated animals, and no signifi-
cant cAMP increase during Epi infusion in the 2 rewarmed groups.
The response to Epi infusion after rewarming was not absent, as
increased CO was observed during Epi infusion, demonstrating that

the non-significant increase of cAMP gave a positive inotropic
effect in this group.

We have previously demonstrated positive inotropic effects of
low-dose Epi (0.125 lg/min), in contrast to a high-dose (1.25 lg/
min), during rewarming of rats from 15 !C [12]. Along with the
present results, this indicates a reduced ‘‘therapeutic window’’ of
Epi during hypothermia and rewarming, where elevated TPR and
lack of positive inotropic effects dominate the hemodynamic
response. Inotropic treatment through inhibition of cardiac tissue
cAMP breakdown, using the PDE3 inhibitor milrinone, has demon-
strated more favorable effects when tested in the present rat model
[29]. As well as elevating CO, milrinone possess the ability to
reduce, rather than increase MAP and thus have a better potential
for cardiac support during hypothermia. Due to an apparent
reduced therapeutic window and dose-dependent adverse effects
of combined a- and b-agonists, such as Epi, efforts to give inotropic
support during hypothermia and rewarming should be provided
through other mechanisms like PDE3 inhibition.

Fig. 3. Hemodynamic changes during 5 min Epi infusion: Changes in mean arterial pressure (MAP), minimum left ventricular pressure (Pmin), the left ventricular isovolumic
relaxation constant (tau) and left ventricular end-diastolic pressure (LVEDP) during 5 min epinephrine (Epi) infusion in normothermic (NT), rewarmed (HTRW) and
hypothermic (HT) rats. #Significant difference within the group after Epi infusion.
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Conclusion

Hypothermia (15 !C) elevates in vitro b-adrenoceptor sensitiv-
ity in isolated rat cardiomyocytes, reproduced in vivo by substan-
tial increase of cardiac tissue cAMP in rats given Epi. Based on the
present data we therefore suggest that the negative inotropic
effects of Epi during hypothermia are related to elevated vascular
effects and un-physiological increase of cAMP, rather than hypo-
thermia-induced b-adrenoceptor dysfunction.

Acknowledgments

We thank Annabel Campbell and Karen McGlynn for their
advice and Terje Larsen for his generous help when creating the
in vitro cardiomyocyte model.

References

[1] B.G. Benfey, Cardiac inotropic beta adrenoceptors are fully active at low
temperature, J. Pharmacol. Exp. Ther. 210 (1979) 429–432.

[2] S.A. Bernard, T.W. Gray, M.D. Buist, B.M. Jones, W. Silvester, G. Gutteridge,
et al., Treatment of comatose survivors of out-of-hospital cardiac arrest with
induced hypothermia, N. Engl. J. Med. 346 (2002) 557–563.

[3] M.M. Briggs, R.J. Lefkowitz, Parallel modulation of catecholamine activation of
adenylate cyclase and formation of the high-affinity agonist–receptor complex
in turkey erythrocyte membranes by temperature and cis-vaccenic acid,
Biochemistry 19 (1980) 4461–4466.

[4] D. Burkhoff, I. Mirsky, H. Suga, Assessment of systolic and diastolic ventricular
properties via pressure–volume analysis: a guide for clinical, translational, and
basic researchers, AJP Heart Circ. Physiol. 289 (2005) H501–12.

[5] T.-C. Chou, Derivation and properties of Michaelis–Menten type and Hill type
equations for reference ligands, J. Theor. Biol. 59 (1976) 253–276.

[6] W.H. Gaasch, H.J. Levine, M.A. Quinones, J.K. Alexander, Left ventricular
compliance: mechanisms and clinical implications, Am. J. Cardiol. 38 (1976)
645–653.

[7] Y.-S. Han, T. Tveita, T.V. Kondratiev, Y.S. Prakash, G.C. Sieck, Changes in
cardiovascular b-adrenoceptor responses during hypothermia, Cryobiology 57
(2008) 246–250.

[8] Y.S. Han, T. Tveita, Y.S. Prakash, G.C. Sieck, Mechanisms underlying
hypothermia-induced cardiac contractile dysfunction, AJP Heart Circ. Physiol.
298 (2010) H890–H897.

[9] S.B. Jones, F. Depocas, C.C. Chan, Plasma catecholamines in rats during
rewarming from induced hypothermia, J. Appl. Physiol. 57 (1984) 808–
814.

[10] S.B. Jones, F.D. Romano, Functional characteristics and responses to adrenergic
stimulation of isolated heart preparations from hypothermic and hibernating
subjects, Cryobiology 21 (1984) 615–626.

[11] L.A. Kelly, C. Wu, R.W. Butcher, The escape of cyclic AMP from human diploid
fibroblasts: general properties, J. Cyclic Nucleotide Res. 4 (1978) 423–435.

[12] T.V. Kondratiev, E.S.P. Myhre, Ø. Simonsen, T.-B. Nymark, T. Tveita,
Cardiovascular effects of epinephrine during rewarming from hypothermia
in an intact animal model, J. Appl. Physiol. 100 (2006) 457–464.

[13] T.V. Kondratiev, R.M. Wold, E. Aasum, T. Tveita, Myocardial mechanical
dysfunction and calcium overload following rewarming from experimental
hypothermia in vivo, Cryobiology 56 (2008) 15–21.

[14] T.V. Kondratiev, T. Tveita, Effects of sympathetic stimulation during cooling on
hypothermic as well as post-hypothermic hemodynamic function, Can. J.
Physiol. Pharmacol. 84 (2006) 985–991.

[15] V. Kooij, M. Saes, K. Jaquet, R. Zaremba, D.B. Foster, A.M. Murphy, et al., Effect
of troponin I Ser23/24 phosphorylation on Ca2+-sensitivity in human
myocardium depends on the phosphorylation background, J. Mol. Cell.
Cardiol. 48 (2010) 954–963.

[16] G. Kunos, M. Nickerson, Effects of sympathetic innervation and temperature
on the properties of rat heart adrenoceptors, Br. J. Pharmacol. 59 (1977)
603–614.

[17] A.F. Leite-Moreira, Current perspectives in diastolic dysfunction and diastolic
heart failure, Heart 92 (2006) 712–718.

[18] S. Lindal, R. Myklebust, D. Sørlie, L. Jørgensen, Morphologic changes in atrial
myocardial cells after cold cardioplegic standstill and during reperfusion in
coronary bypass surgery, Scand. J. Thorac. Cardiovasc. Surg. 17 (1983) 109–119.

[19] D.L. Mann, R.L. Kent, B. Parsons, G. Cooper, Adrenergic effects on the biology of
the adult mammalian cardiocyte, Circulation 85 (1992) 790–804.

[20] E. Mark, O. Jacobsen, A. Kjerstad, T. Naesheim, R. Busund, R. Bahar, et al.,
Hypothermic cardiac arrest far away from the center providing rewarming
with extracorporeal circulation, Int. J. Emerg. Med. 5 (2012) 7.

[21] J. Marty, M. Nimier, C. Rocchiccioli, J. Mantz, F. Luscombe, D. Henzel, et al.,
Beta-adrenergic receptor function is acutely altered in surgical patients,
Anesth. Analg. 71 (1990) 1–8.

[22] M.S. Nieminen, M. Böhm, M.R. Cowie, H. Drexler, G.S. Filippatos, G. Jondeau,
et al., Executive summary of the guidelines on the diagnosis and treatment of
acute heart failure, Eur. Heart J. 26 (2005) 384–416.

[23] L. Riishede, F. Nielsen-Kudsk, Myocardial effects of adrenaline, isoprenaline
and dobutamine at hypothermic conditions, Pharmacol. Toxicol. 66 (1990)
354–360.

[24] M.F. Roizen, V. Weise, J. Moss, I.J. Kopin, Plasma catecholamines: arterial-
venous differences and the influence of body temperature, Life Sci. 16 (1975)
1133–1143.

[25] A. Rungatscher, D. Linardi, M. Tessari, T. Menon, G.B. Luciani, A. Mazzucco,
et al., Levosimendan is superior to epinephrine in improving myocardial
function after cardiopulmonary bypass with deep hypothermic circulatory
arrest in rats, J. Thorac. Cardiovasc. Surg. 143 (2012) 209–214.

[26] G. Sager, Receptor binding sites for beta-adrenergic ligands on human
erythrocytes, Biochem. Pharmacol. 31 (1982) 99–104.

[27] J. Soar, G.D. Perkins, G. Abbas, A. Alfonzo, A. Barelli, J.J.L.M. Bierens, et al.,
European Resuscitation Council Guidelines for Resuscitation 2010 Section 8.
Cardiac arrest in special circumstances: electrolyte abnormalities, poisoning,
drowning, accidental hypothermia, hyperthermia, asthma, anaphylaxis,
cardiac surgery, trauma, pregnancy, electrocution, Resuscitation 81 (2010)
(2010) 1400–1433.

[28] M.A. Tortorici, P.M. Kochanek, S.M. Poloyac, Effects of hypothermia on drug
disposition, metabolism, and response: a focus of hypothermia-mediated
alterations on the cytochrome P450 enzyme system, Crit. Care Med. 35 (2007)
2196–2204.

[29] T. Tveita, G.C. Sieck, Effects of milrinone on left ventricular cardiac function
during cooling in an intact animal model, Cryobiology 65 (2012) 27–32.

[30] T. Tveita, G.C. Sieck, The physiologic responses to epinephrine during cooling
and after rewarming in vivo, Crit. Care 15 (2011) R225.

[31] T. Tveita, M. Skandfer, H. Refsum, K. Ytrehus, Experimental hypothermia and
rewarming: changes in mechanical function and metabolism of rat hearts, J.
Appl. Physiol. 80 (1996) 291–297.

[32] T. Tveita, R. Myklebust, K. Ytrehus, Changes in myocardial ultrastructure
induced by cooling as well as rewarming, Res. Exp. Med. (Berl.). 197 (1998)
243–254.

Fig. 4. Levels of cAMP in freeze-clamped heart tissue: Levels of cAMP in freeze-
clamped heart tissue in groups given epinephrine (Epi) and untreated controls
groups. HTRW: 4 h hypothermia (15 !C) and subsequent rewarming to 37 !C, HT:
4 h hypothermia (15 !C) without subsequent rewarming. NT: 5 h normothermia
(37 !C). In control animals, hearts were excised after the end of the temperature
protocol, with no additional treatment. Epi groups were treated with 5 min Epi
infusion after the temperature protocol was completed, before excision of hearts.
⁄Significant difference between groups (p < 0.05).
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