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Negative inotropic effects of tumour necrosis
factor-a and interleukin-1b are ameliorated by
alfentanil in rat ventricular myocytes

DJ Duncan, PM Hopkins1 and SM Harrison

Institute of Membrane and Systems Biology, Faculty of Biological Sciences, University of Leeds, Leeds, UK

Background and purpose: Serum levels of tumour necrosis factor-a (TNF-a) and interleukin-1b (IL-1b) increase during an
inflammatory response and have been reported to induce a negative inotropic effect on the myocardium. Alfentanil, an opioid
analgesic often used in the critical care of patients with sepsis, has been shown to enhance ventricular contractility. This study
characterised the effects of TNF-a and IL-1b on contraction and the Ca2þ transient and investigated whether depressed
ventricular function was ameliorated by alfentanil.
Experimental approach: Isolated rat ventricular myocytes were loaded with fura-2 and electrically stimulated at 1 Hz.
Contraction and Ca2þ transients were measured after 60, 120 and 180 min incubations in TNF-a (0.05 ng ml�1) and IL-1b
(2 ng ml�1). The effects of 10 mM alfentanil on contractility and Ca2þ transients of TNF-a and IL-1b treated cells were determined.
Key results: After 180 min of TNF-a and IL-1b treatment, the amplitude of contraction, the Ca2þ transient and sarcoplasmic
reticulum (SR) Ca2þ content were significantly reduced. Alfentanil significantly increased contraction of TNF-a and IL-1b
treated cells via a small increase in the Ca2þ transient and a larger increase in myofilament Ca2þ sensitivity, effects that were
not blocked by 10 mM naloxone, a broad spectrum opioid receptor antagonist.
Conclusions and implications: TNF-a and IL-1b induce a significant negative inotropic effect on ventricular myocytes in a time
dependent manner through disruption of SR Ca2þ handling and the Ca2þ transient. This negative inotropic effect was
ameliorated by alfentanil, but this response may not be mediated via opioid receptors.
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Introduction

A combination of pro-inflammatory cytokines has been

implicated in contributing to ventricular dysfunction in a

variety of cardiac conditions including reperfusion injury

and myocardial depression associated with sepsis (Baumgar-

ten et al., 2000). Evidence has emerged that both tumour

necrosis factor-a (TNF-a) and interleukin-1b (IL-1b) play a

major role in ventricular dysfunction in sepsis (Casey et al.,

1993; Kumar et al., 1996; Stamm et al., 2001). Several

previous studies have assessed the effects of individual

cytokines on ventricular function. For example, at high

concentrations, TNF-a induced a negative inotropic effect on

isolated cardiac myocytes (Yokoyama et al., 1993; Goldhaber

et al., 1996; Sugishita et al., 1999; Li et al., 2003) and the

whole heart (Edmunds et al., 1999), although an initial

positive effect has also been described (Murray and Freeman,

1996; Amadou et al., 2002). A depressant effect of TNF-a
on Ca2þ transients in a time and concentration-dependent

manner was observed by Yokoyama et al. (1993) and in

addition a decrease in myofilament sensitivity to Ca2þ has

been described (Goldhaber et al., 1996; Tavernier et al., 1998,

2001). Studies of the effects of IL-1b at relatively high

concentrations have produced varied results. IL-1b has been

shown to affect Ca2þ regulation via inhibition of sarco-

plasmic reticulum (SR) Ca2þ release and an increase in

Naþ–Ca2þ exchanger activity but with no effect on the

L-type Ca2þ current (Cao et al., 2003), whereas other groups

have demonstrated inhibition of the L-type Ca2þ current by

IL-1b (Schreur and Liu, 1997).

However, under conditions such as sepsis, it has been

demonstrated that TNF-a and IL-1b act synergistically and
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together they depress ventricular contractility at much lower

concentrations than is required individually (Kumar et al.,

1996). The aim of the present study was to characterize the

effects of exposure to a combination of low, clinically

relevant concentrations of TNF-a and IL-1b, on contraction

and Ca2þ transient amplitude in rat ventricular myocytes.

Alfentanil (Alf), an opioid anaesthetic/analgesic used routi-

nely in the sedation of patients with sepsis, has been shown

previously to enhance ventricular contractility in normal

cells (Graham et al., 2004) and therefore we tested whether

Alf was able to improve or restore the depressed contractility

induced following cytokine exposure.

The results of this study show that after 3 h of incubation

with TNF-a and IL-1b, both contraction and the Ca2þ

transient were significantly reduced. Addition of Alf partially

reversed the cytokine-induced negative inotropic effect

due to an increase in the Ca2þ transient and myofilament

Ca2þ sensitivity, responses that persisted in the presence of

naloxone (Nalox), a broad-spectrum opioid receptor antago-

nist, suggesting that these effects may not be mediated via

opioid receptors.

Methods

Preparation of ventricular myocytes

The technique used to prepare rat ventricular myocytes has

been described in detail previously (Harrison et al., 1992).

Briefly, healthy adult male Wistar rats weighing 200–250 g

were killed humanely using schedule 1 techniques sanc-

tioned by the United Kingdom government Home Office

and the local ethical review committee. The heart was

excised rapidly and the aorta cannulated. The heart was

perfused via the coronary arteries with a series of solutions

based on a Ca2þ -free ‘isolation solution’ (composition

below). The heart was perfused initially with isolation

solution plus 750mM CaCl2 and equilibrated with 100%

oxygen to flush the coronary arteries of blood. Once the

heart was beating regularly, the perfusate was changed to

isolation solution containing 100 mM ethylene glycol bis(b-

aminoethyl ether)- N,N,N0,N0-tetraacetic acid for 4 min. The

heart was then perfused for 6 min with isolation solution

supplemented with 1.2 mg ml�1 collagenase (type II;

Worthington Biochemical Corp., Lakewood, NJ, USA),

0.1 mg ml�1 protease (type XIV; Sigma, Poole, Dorset, UK)

and 80 mM CaCl2. The ventricles were cut from the heart,

chopped finely and agitated gently in enzyme solution

(supplemented with 1% bovine serum albumin (BSA)) for

5 min intervals. Dissociated cells were harvested by filtration

at the end of each 5 min interval and the remaining tissue

subjected to further enzyme treatment. Dissociated cells

were centrifuged at 30 g for 60 s, resuspended in 750 mM

CaCl2 solution and stored at room temperature until use.

Solutions and cytokine treatment

The isolation solution was composed of the following (in

mM): NaCl 130; KCl 5.4; MgCl2 1.4; NaH2PO4 0.4; HEPES 5;

glucose 10; taurine 20; creatine 10, pH 7.1 (NaOH) at 301C.

Normal tyrode solution (NT) contained (in mM): NaCl 140;

KCl 5.4; MgCl2 1.2; NaH2PO4 0.4; HEPES 5; glucose 10; CaCl2 1,

pH 7.4 (NaOH) at 301C. TNF-a (Sigma; Poole, UK) was diluted

to 0.05 ng ml�1 from a stock solution of 2.5 mg ml�1 in 10%

BSA and IL-1b (2 ng ml�1) was diluted from a stock solution

of 1mg ml�1 (Sigma) in NT solution. 10 mM Alf (Rapifen;

Janssen-Cilag, High Wycombe, UK) was prepared in NT

solution from a 0.5 mg ml�1 stock solution as was 10 mM

Nalox, from a stock solution of 5 mg ml�1.

Cells were incubated in either NT solution (control cells) or

NT supplemented with TNF-a (0.05 ng ml�1) and IL-1b
(2ng ml�1) for 60, 120 or 180 min. These cytokine concentra-

tions were chosen as they are close to levels measured in the

serum of septic patients (e.g. Kumar et al., 1999) and have

been used in previous studies assessing the inotropic effects of

cytokine exposure on ventricular function (e.g. Kumar et al.,

1996). Ten minutes before the end of each incubation, cells

were loaded with fura-2 by gentle agitation of a 1 ml aliquot of

cells with 3ml of 1 mM fura-2 AM in dimethyl sulphoxide.

Cells were centrifuged as before, the supernatant removed and

the pellet resuspended in incubation solution. Fura-2-loaded

cells were left for approximately. 15 min before use to allow

for de-esterification of the dye to take place.

Cell length and Ca2þ transient measurement

Cells were transferred to a tissue chamber (volume o200 ml)

attached to the stage of an inverted microscope (Diaphot;

Nikon, Tokyo, Japan) and allowed to settle for several

minutes. Control cells were superfused continuously with

NT solution. TNF-a and IL-1b-treated cells were superfused

with NT until they were contracting in a stable manner,

at which point the superfusate was switched to a NT

solution supplemented with TNF-a (0.05 ng ml�1) and IL-1b
(2 ng ml�1). Solutions were delivered to the experimental

chamber by magnetic drive gear metering pumps (Micro-

pump; Concord, CA, USA) at 4.5 ml min�1 and solution level

and temperature maintained by feedback circuits (Cannell

and Lederer, 1986).

Cells were stimulated at a frequency of 1 Hz (stimulus

duration 2 ms) via two platinum electrodes situated in the

side of the tissue chamber. Rectangular-shaped cells with

clear striations, which contracted in a stable manner and

which were quiescent between stimuli were used for

experimentation. Ventricular myocyte cell length was

assessed optically using an Ionoptix cell edge detection

system (IonOptix Corporation, Milton, MA, USA); cell length

was digitized at 200 Hz.

To record the cytosolic Ca2þ transient, cells were excited

alternately at 340 and 380 nm using a monochromator-based

system (Cairn, Kent, UK) and emitted fluorescence detected

at 510740 nm. Fluorescence ratio (Fr) was digitized at 1 kHz

using Ionoptix software.

Statistical analysis

Data are presented as mean7s.e.m. and unless otherwise

stated, each data set was derived from cells isolated from a

minimum of five animals. Statistical comparisons of multi-

ple control and treated groups were performed using analysis

of variance (ANOVA) with post hoc tests (Holme Sidak).
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Control Nalox and Alf data were compared using repeated

measures ANOVA with post hoc Dunn’s tests. Comparison of

Alf-treated cells was performed using paired Student’s t-tests.

If data failed a normality test (Kolmogorov–Smirnov) an

appropriate non-parametric test was carried out. Significant

results, unless otherwise stated have a P value less than 0.05.

Analysis was performed using SigmaStat (Jandel Scientific,

Erkrath, Germany). All figures were prepared using Sigma

Plot (Jandel Scientific).

Results

Effects of TNF-a and IL-1b on contraction and Ca2þ transient

amplitude

Incubation of ventricular myocytes in NT solution for up to

3 h had no significant effect on either contraction (expressed

as % of resting cell length) or Ca2þ transient amplitude

(Figure 1a and b). However, incubation of ventricular

myocytes in NT supplemented with both TNF-a
(0.05 ng ml�1) and IL-1b (2 ng ml�1) caused a time-depen-

dent negative inotropic effect, which approached signifi-

cance after 2 h (P¼0.06 vs time control) and which became

highly significant after 180 min. Similarly, Figure 1b shows

a decrease in Ca2þ transient amplitude, which was just

significant (P¼0.044 vs time control) after 2 h but was

reduced to a greater extent after 3 h incubation.

To assess the impact of each cytokine individually, separate

groups of cells were incubated for 3 h in either NT, NTþTNF-

a (0.05 ng ml�1), or NTþ IL-1b (2 ng ml�1). There were no

significant effects of either cytokine on contraction or Ca2þ

transient amplitude at the concentrations tested (n¼13–15,

from three animals).

The decrease in the Ca2þ transient amplitude observed

following 3 h incubation with TNF-aþ IL-1b may result from

a reduction in SR Ca2þ content. To assess this, fura-2-loaded

ventricular myocytes were stimulated to steady state at 1 Hz,

and stimulation then stopped for 5 s before 20 mM caffeine

was applied rapidly to discharge SR Ca2þ content (Negretti

et al., 1993; Fowler et al., 2005; see Figure 2a) The amplitude

of the resulting caffeine-evoked Ca2þ transient was taken as

a measure of SR Ca2þ content. Figure 2b illustrates that SR

Ca2þ content was reduced by about 25% following 3 h of

cytokine treatment, a decrease which would contribute to

the decreased electrically evoked Ca2þ transient observed

following TNF-aþ IL-1b treatment.

Effects of Alf on Ca2þ transient and contraction amplitude

Opioid anaesthetics, such as Alf, are commonly used for the

management of postoperative pain (Negishi et al., 2000). Alf

has been reported to induce a positive inotropic effect under

control conditions (Graham et al., 2004), which may have a

beneficial effect in patients with cardio-depressive condi-

tions such as septicaemia. Figure 3 illustrates fast time base
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records of cell length and Ca2þ transients in control and

TNF-a and IL-1b-treated cells in the absence and presence of

10 mM Alf, a concentration close to the maximum clinically

relevant dose and which led to a robust and reproducible

increase in contractility in control cells. Figure 4 shows mean

data for the effects of Alf on control and treated cells. As

before, treatment with TNF-a and IL-1b for 3 h significantly

reduced contraction magnitude compared to control cells.

Alf enhanced contractility in both control and treated cells;

in control cells contraction amplitude increased by about

30% and in treated cells a similar effect was seen. The

contraction magnitude of cytokine-treated cells with Alf was

not significantly different from the contraction magnitude

of control cells.

Figures 3c and 4b illustrate that Alf caused a small, but

reproducible increase of Ca2þ transient amplitude in control

cells. In treated cells there was a small increase in Ca2þ

transient amplitude; however, unlike contraction, the mag-

nitude of the Ca2þ transient was still significantly depressed

compared to control (Figure 4b).

Data from Figures 3 and 4 suggest that Alf may enhance

myofilament sensitivity to Ca2þ . To assess this, cell short-

ening was plotted against the cytosolic Fr. Figure 5a

represents the relationship of cell length and Fr for an entire

contraction–relaxation cycle. The gradient of the final phase

of relaxation (Figure 5b), where the myofilaments come

into quasi-equilibrium with Ca2þ , can be used as an index

of apparent myofilament Ca2þ sensitivity (Spurgeon et al.,

1992). In control cells, myofilament Ca2þ sensitivity

increased significantly in the presence of Alf and a similar

increase occurred in treated cells. However, in the absence of

Alf, no significant difference in myofilament Ca2þ sensitiv-

ity was observed between control and treated cells.

Effects of Nalox on the Ca2þ transient and contraction

of Alf-treated cells

Twenty-one control cells were equilibrated with 10 mM Nalox

to inhibit the actions of Alf mediated via opioid receptors.

Nalox alone had no effect on the amplitude of contraction

(Figure 6a) or the Ca2þ transient (Figure 6b). In the presence

of Nalox, Alf still led to an increase in contraction amplitude,

an increase similar to that observed in the absence of Nalox.

Similarly, Alf produced a small but significant increase in

Ca2þ transient amplitude (Figure 6b). Figure 6c illustrates

data for myofilament Ca2þ sensitivity for this group of cells

under control conditions, with Nalox and following addition

of Alf. These data show that myofilament Ca2þ sensitivity

was unchanged by Nalox alone but enhanced by Alf in the

presence of Nalox.

Discussion and conclusions

The effects of TNF-a and IL-1b on contraction and Ca2þ

transients of ventricular myocytes

Incubation of myocytes with TNF-a and IL-1b led to a time-

dependent decrease in contractility accompanied by a
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decrease in the magnitude of the systolic Ca2þ transient,

presumably as a result of a decrease in the Ca2þ content

of the SR. Similar results have been observed recently in

ventricular myocytes isolated from a caecal ligation and

puncture model of sepsis (Zhu et al., 2005). In that study, it

is thought that an enhanced leak of Ca2þ from the SR

contributed to a decrease in SR Ca2þ content. However,

others (Dettbarn et al., 1994) have implicated altered

sphingomyelin metabolism in the cellular signalling cascade

associated with cytokine exposure and postulate that

increased levels of sphingosine inhibit Ca2þ transient

magnitude by blocking the release of Ca2þ from the SR.

In addition to altered Ca2þ regulation, a decrease in myo-

filament Ca2þ sensitivity has been reported following acute

exposure to a high concentration of TNF-a (Goldhaber et al.,

1996) and in an experimental model of endotoxaemia

(Tavernier et al., 1998;; Layland et al., 2005). We did not

observe any difference in myofilament Ca2þ -sensitivity

between control and treated cells (Figure 6c). Whereas the

technique used here (Spurgeon et al., 1992) is useful for

assessing changes in myofilament Ca2þ sensitivity in any

given cell on the addition and removal of a Ca2þ sensitizing

agent, the variance between cells is quite large owing to the

different inotropic state of cells and thus small differences in

the gradient of the final phase of relaxation between cell

populations may not be identified.

The effects of Alf on control and TNF-a and IL-1b-treated cells

Superfusion of control cells with Alf caused a positive

inotropic response as has been demonstrated previously

(Graham et al., 2004). The increase in contraction amplitude

occurred secondarily to an increase in myofilament Ca2þ

sensitivity and a significant but small increase in the systolic

Ca2þ transient. Similar results were observed in treated cells

with the important observation being that Alf increased

contraction magnitude to a level not significantly different

from control. This is of potential clinical utility, as Alf is

routinely used for sedation of patients in intensive care units

and, therefore, Alf may be the drug of choice in patients with

hypotensive cardiac dysfunction.

Effects of Alf on Nalox-treated cells

Alf is an opioid anaesthetic and may well induce its effects

via opioid receptor stimulation. Cardiac myocyte cell
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membranes express m, k and d opioid receptors (Barron,

1999). The opioid-dependent effects of Alf would be

expected to be blocked by a broad-spectrum competitive

opioid antagonist such as Nalox, which is typically used to

counter heroin and morphine overdose. Here, we used the

highest dose of Nalox (10 mM) that did not affect contraction

or Ca2þ transient amplitude in an attempt to block Alf-

induced effects on all classes of opioid receptors. However, it

should be noted that we did not carry out a comprehensive

investigation of the dose dependency of Nalox antagonism

at all classes of opioid receptors, which limits certain

conclusions. These data illustrate that the positive inotropic

effect of Alf was still present following pretreatment with

10 mM Nalox. This suggests that Alf may exert its positive

inotropic effects through a route other than via opioid

receptor stimulation; however the mechanisms involved

remain to be elucidated.

In conclusion, the combined effects of low concentrations

of TNF-a and IL-1b (which were ineffective individually at

the concentrations used) caused a time-dependent negative

inotropic response in ventricular myocytes supporting the

concept that these two cytokines act synergistically. Con-

tractile depression was accompanied by a decrease in the

cytosolic Ca2þ transient, presumably as a consequence of

a reduction in SR Ca2þ content. Administration of Alf

ameliorated the negative inotropic effects of TNF-a and IL-

1b, via a combination of an increase in myofilament

sensitivity and a small enhancement of the Ca2þ transient.

Therefore, the use of Alf in the critical care of septic patients

may be beneficial by enhancing contractility and thus

cardiac output.
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