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Baroreflex sensitivity is higher during acute psychological stress in healthy subjects under β-adrenergic blockade
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INTRODUCTION

Physiological adaptation to a potentially threatening situation involves a 'fight-or-flight' or stress response assumed to protect the individual [START_REF] Cannon | Bodily changes in pain, hunger, fear and rage, D. Appleton and company[END_REF]. Besides mental changes also the autonomic nervous system is activated for fight or flight in part by promoting blood supply to skeletal muscles required to manage the threat. This reflex can be reproduced in animals by stimulation of the hypothalamic 'defense area', which relays descending neural traffic to the nuclei of the autonomic nervous system in the brain stem [START_REF] Brotman | The cardiovascular toll of stress[END_REF]. The stress-induced increase in heart rate (HR) by sympathetic stimulation of cardiac -adrenergic receptors is accompanied by a rise in blood pressure (BP) primarily mediated by -adrenergic stimulation [START_REF] Pagani | Assessment of the neural control of the circulation during psychological stress[END_REF][START_REF] Bonelli | Effect of calculation stress on hemodynamics and plasma catecholamines before and after betablockade with propranolol (Inderal) and mepindolol sulfate (Corindolan)[END_REF][START_REF] Elder | Haemodynamic response in soccer spectators: is Scottish football exciting?[END_REF]. This concomitant increase in HR and BP implies modulation of baroreflex function. Specifically, during psychological stress baroreflex sensitivity (BRS) was reported as being reduced [START_REF] Pagani | Assessment of the neural control of the circulation during psychological stress[END_REF][START_REF] Lucini | Hemodynamic and autonomic adjustments to real life stress conditions in humans[END_REF], may be by inhibitory inputs from the hypothalamus to the nucleus tractus solitarius as the origin of baroreceptor afferents [START_REF] Mifflin | Baroreceptor inputs to the nucleus tractus solitarius in the cat: modulation by the hypothalamus[END_REF].

The cardiovascular adaptation to psychological stress seems physiological, but the altered autonomic input may trigger ventricular arrhythmias in the presence of heart disease [START_REF] Ziegelstein | Acute emotional stress and cardiac arrhythmias[END_REF][START_REF] Reich | Acute psychological disturbances preceding life-threatening ventricular arrhythmias[END_REF]. Both -receptor blocking agents and an enhanced BRS have beneficial effects on outcome in patients with cardiovascular disease probably by preventing ventricular arrhythmias [START_REF] Freemantle | beta Blockade after myocardial infarction: systematic review and meta regression analysis[END_REF][START_REF] La Rovere | Exerciseinduced increase in baroreflex sensitivity predicts improved prognosis after myocardial infarction[END_REF]. In an attempt to reduce the physical effects of acute psychological stress -adrenergic receptor blockade is widely used by performing artists and during public speaking [START_REF] Brantigan | Effect of beta blockade and beta stimulation on stage fright[END_REF][START_REF] Schneier | Clinical practice. Social anxiety disorder[END_REF]. With -adrenergic receptor blockade the HR response to acute psychological stress is reduced [START_REF] Mills | Cardiovascular reactivity to psychosocial stressors. A review of the effects of beta-blockade[END_REF] and an increase in BRS during rest in healthy subjects has been reported [START_REF] Pitzalis | Beta-blocker effects on respiratory sinus arrhythmia and baroreflex gain in normal subjects[END_REF][START_REF] Haberthur | Effect of beta blockade with and without sympathomimetic activity (ISA) on sympathovagal balance and baroreflex sensitivity[END_REF]. Several studies evaluated heart rate variability during psychological stress with -adrenergic receptor blockade, whereas the effect on BRS is unknown [START_REF] Kardos | Lipophilic versus hydrophilic beta(1) blockers and the cardiac sympatho-vagal balance during stress and daily activity in patients after acute myocardial infarction[END_REF][START_REF] Vaile | Use of opposing reflex stimuli and heart rate variability to examine the effects of lipophilic and hydrophilic beta-blockers on human cardiac vagal control[END_REF].

This study tested the hypothesis that BRS is higher during acute psychological stress in healthy subjects with -adrenergic blockade by determining BRS in healthy subjects using the lipophilic, non-selective -blocker propranolol prior to an imminent bungee jump. Healthy subjects without -blockade served as reference in this model of acute psychological stress.

METHODS

Participants

Twenty healthy novice male bungee jumpers were randomized and studied with (PROP, n = 10) or without (CTRL, n = 10) propranolol (120 mg daily in 3 doses for the 3 days preceding the experiment and including the day of the jump), a non-selective lipophilicblocker commonly used to relieve symptoms of acute psychological stress [START_REF] Schneier | Clinical practice. Social anxiety disorder[END_REF]. Groups were comparable for height and weight, with slightly lower age in PROP (PROP: 26±4, CTRL: 30±4 years; P<0.05). One week prior to the jump health screening was performed by questionnaire and physical examination. Subjects with chronic use of medication, known cardiac arrhythmias or asthma were excluded. Each subject received verbal and written information about the study objectives, measurement techniques, and the risks and benefits associated with the investigation. All subjects gave their written informed consent as approved by the AMC Medical Ethical Committee and experiments were performed in accordance with the Declaration of Helsinki. Subjects performed their bungee jump in randomized order.

Measurements

With the 60 m high crane in full view subjects witnessed their predecessors take their jump when measurements were performed on the hospital parking lot at an ambient temperature of 20 o C. Continuous finger BP and HR were recorded (Portapres, FMS, Amsterdam) during 5 min in the supine position and another 5 min upright at stress 30 min preceding (t -30 min ) and post-stress 120 min (t +120 min ) following the jump (Fig. 1). These time points were based on previous ratings of emotional states in bungee jumpers from one hour prior to one hour following the performance of a bungee jump [START_REF] Hennig | Biopsychological changes after bungee jumping: beta-endorphin immunoreactivity as a mediator of euphoria?[END_REF]. The finger cuff was applied to the midphalanx of the left hand and placed in the mid-axillary line at heart level. The continuous BP signal was A/D converted at 100 Hz and stored on hard disk for off-line analysis. Additionally, oscillometric BP and HR (BP o and HR o ; Omron M5-I, Omron healthcare Inc., Kyoto, Japan) were measured at t -30 min (supine and upright) before entering the elevator, on the platform when harnessed at t -1 min (upright), following the jump at t +10 min (upright) and t +120 min (supine and upright). BP o was used to calibrate the finger BP signal. Stroke volume (SV) was estimated from the finger pulse pressure using the Modelflow method incorporating age, gender, height, and weight (BeatScope 1.1 software, FMS, Amsterdam, The Netherlands) [START_REF] Harms | Continuous stroke volume monitoring by modelling flow from non-invasive measurement of arterial pressure in humans under orthostatic stress[END_REF]. Pulse pressure (PP) was the systolic-diastolic BP o difference, whereas PP divided by 3 added with diastolic BP o gave MAP o . Finger mean arterial pressure (MAP f ) was the integral of the arterial pressure wave divided by the corresponding beat interval duration. After interpolation of the arterial pressure signal to 1 ms and detection of the 20%-level of pressure pulse height for each heart beat the inter-beat interval (IBI) was determined. HR (beats•min -1 ) was the inverse of IBI. Cardiac output (CO) was SV times HR and systemic vascular resistance (SVR) was the ratio of MAP f to CO.

Estimates of BRS were obtained in the frequency-domain (BRS FD ) by Fast Fourier Transform [START_REF] De Boer | Hemodynamic fluctuations and baroreflex sensitivity in humans: a beat-to-beat model[END_REF] and in the time-domain (BRS TD ) by the sequence method (xBRS) [START_REF] Westerhof | Time-domain cross-correlation baroreflex sensitivity: performance on the EUROBAVAR data set[END_REF]. For BRS FD , beat-to-beat SBP and IBI time series were detrended using a Hanning window. Power spectral density and cross-spectra of SBP variability (BPV) and IBI variability (HRV) were computed using discrete Fourier transform. The low (LF; 0.06 -0.15 Hz) and high frequency band (HF; 0.15 -0.4 Hz) [START_REF]Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology[END_REF] were selected and BPV LF -to-HRV LF transfer gain was computed for coherence >0.5. Estimates of BRS TD were obtained from beat-to-beat systolic BP (SBP) and IBI data. The cross-correlation between 10 s series of SBP and IBI samples was computed for delays in IBI of 0 -5 s. The yielding the highest cross-correlation was selected if significant with set at 0.05. The regression slope was recorded as one BRS TD value. Subsequently, the process was repeated for series of SBP and IBI samples 1 s later. Distributions of individual BRS TD values are best described as log-normal [START_REF] Westerhof | Time-domain cross-correlation baroreflex sensitivity: performance on the EUROBAVAR data set[END_REF]. Therefore, geometric averages were used to obtain one value per subject at t -30 min and t +120 min .

Statistical Analysis

Group data were expressed as mean ± SD or median and interquartile range (IQR). Differences between PROP and CTRL were identified by t-test when data were normally distributed; otherwise by the Mann-Whitney rank sum test. Time series derived from the oscillometric data in the upright position were analyzed by one way repeated measures ANOVA. Supine oscillometric values and continuous arterial pressure data were compared by paired t-test or Wilcoxon signed rank test to detect time-and posture-dependent changes. The level of statistical significance was set at P<0.05.

RESULTS

Pre-jump data from 2 PROP subjects were excluded from BRS analysis due to insufficient quality of continuous arterial pressure recordings. Another 2 supine PROP recordings at t -30 min were excluded from BRS FD analysis because of insufficient coherence between the SBP and IBI signals, whereas this was the case for 1 subject in PROP at t +120 min . 

Pre-jump

Prior to the bungee jump (t -30 min ) BRS FD and BRS TD were higher with propranolol (Table 1, Fig. 2 left panel) as was HRV HF . HR and CO were lower, and with SVR tending to be higher BP was unaffected by propranolol (Table 2, Fig 3). The HR increase upon standing was lower in PROP than in CTRL (P<0.01; Fig 4). From t -30 min to t -1 min BP increased to a similar extent in PROP and CTRL, whereas the rise in HR was less with propranolol (P<0.001).

Post-jump

Following the bungee jump BP and HR had declined at t +10 min to levels comparable to t -30 min and BP decreased further in PROP and CTRL (Table 2, Fig. 3). HRV HF at t +120 min was higher than at t -30 min . No difference in BRS was observed between groups at t +120 min (Table 1, Fig. 2 right panel). The HR increase upon active standing at t +120 min was lower in PROP vs. CTRL (P<0.05; Fig 4). Moreover, in both groups the orthostatic HR increases were larger compared to t -30 min (P<0.05).

DISCUSSION

The present study addressed cardiac baroreflex function in humans under acute psychological stress. The new finding is that BRS is higher during acute psychological stress in healthy subjects under -adrenergic blockade.

In healthy subjects mental stress elicits sympathetic activation as reflected by an increase in muscle sympathetic nerve activity and plasma catecholamines with an elevated HR and BP [START_REF] Pagani | Assessment of the neural control of the circulation during psychological stress[END_REF][START_REF] Bonelli | Effect of calculation stress on hemodynamics and plasma catecholamines before and after betablockade with propranolol (Inderal) and mepindolol sulfate (Corindolan)[END_REF][START_REF] Elder | Haemodynamic response in soccer spectators: is Scottish football exciting?[END_REF][START_REF] Hjemdahl | Muscle sympathetic activity and norepinephrine release during mental challenge in humans[END_REF]. In the present study BP but not HR decreased after the bungee jump. Reported ratings on emotional states indicate that bungee jumpers are more anxious and wakeful in the hour before than in the hour after the bungee jump and the post-jump decrease in blood pressure conforms to this [START_REF] Hennig | Biopsychological changes after bungee jumping: beta-endorphin immunoreactivity as a mediator of euphoria?[END_REF]. Co-activation of both the sympathetic and parasympathetic nervous system during psychological stress has been suggested [START_REF] Berntson | Autonomic determinism: the modes of autonomic control, the doctrine of autonomic space, and the laws of autonomic constraint[END_REF] and may result in an elevated BP without an increase in HR. In animals under psychological stress, absence of a HR increase was attributed to an increased parasympathetic activity, whereas these animals were revealed to be more vulnerable to ischaemia induced fibrillation [START_REF] Skinner | Psychological stress activates phosphorylase in the heart of the conscious pig without increasing heart rate and blood pressure[END_REF]. Active standing, like psychological stress, elicits sympathetic activation with an increase in HR and BP [START_REF] Gisolf | Orthostatic blood pressure control before and after space flight, determined by time-domain baroreflex method[END_REF]. This study confirmed attenuation of the HR increase in response to active standing when under psychological stress [START_REF] Lucini | Hemodynamic and autonomic adjustments to real life stress conditions in humans[END_REF]. This attenuation of the HR response was also observed with propranolol, which may suggest increased parasympathetic modulation of the orthostatic response during psychological stress. Consequently, upright HR with propranolol was lower prior to vs. following the jump. This observation agrees with the results of Tulen [START_REF] Tulen | Cardiovascular control and plasma catecholamines during rest and mental stress: effects of posture[END_REF] who reported a psychological stress-mediated increase in systolic and diastolic BP, together with a slight reduction in upright HR, and attributed this to a reduced vagolytic effect to psychological stress.

The present study addressed BRS in healthy subjects under -blockade during acute psychological stress. BRS TD and BRS FD were higher with -adrenergic blockade during psychological stress. Quantitative differences between outcomes of BRS TD vs. BRS FD are likely related to methodological differences between time and frequency domain approaches [START_REF] Parati | Assessing arterial baroreflex control of heart rate: new perspectives[END_REF]. For instance, in contrast to the xBRS method as used in the present study (BRS TD ), a threshold is applied in frequency domain analysis (BRS FD ) where sufficient coherence is required [START_REF] Westerhof | Time-domain cross-correlation baroreflex sensitivity: performance on the EUROBAVAR data set[END_REF][START_REF] Parati | Assessing arterial baroreflex control of heart rate: new perspectives[END_REF][START_REF] Westerhof | Time course analysis of baroreflex sensitivity during postural stress[END_REF]. Also, BRS FD produces one value over several minutes, whereas BRS TD is expressed as an average value comprising up to one value each second. Since pre-jump resting values were not determined it remains undecided whether the differences in BRS were caused by an increase in or a preservation of BRS during stress. Evidence in both humans and experimental animal models support that enhanced sympathetic activity impairs cardiac baroreflex function [START_REF] Lucini | Sympathetic restraint of baroreflex control of heart period in normotensive and hypertensive subjects[END_REF][START_REF] Mircoli | Preservation of the baroreceptor heart rate reflex by chemical sympathectomy in experimental heart failure[END_REF] and several studies examined -adrenergic influence on HR control during psychological stress. Vaile [START_REF] Vaile | Use of opposing reflex stimuli and heart rate variability to examine the effects of lipophilic and hydrophilic beta-blockers on human cardiac vagal control[END_REF] reported an increase of vagal activity byadrenergic blockade during mental stress in healthy subjects, whereas Kardos [START_REF] Kardos | Lipophilic versus hydrophilic beta(1) blockers and the cardiac sympatho-vagal balance during stress and daily activity in patients after acute myocardial infarction[END_REF] investigated in heart failure patients the effects of lipophilic vs. hydrophilic -blockade on BRS in rest and heart rate variability during psychological stress. In heart failure cardiac norepinephrine spillover and muscle sympathetic nerve activity are increased [START_REF] Hasking | Norepinephrine spillover to plasma in patients with congestive heart failure: evidence of increased overall and cardiorenal sympathetic nervous activity[END_REF][START_REF] Watson | Increased cardiac sympathetic nerve activity in heart failure is not due to desensitization of the arterial baroreflex[END_REF] together with a reduced BRS [START_REF] Eckberg | Defective cardiac parasympathetic control in patients with heart disease[END_REF]. This impairment of arterial baroreflex circulatory control is implicated in an increased risk of sudden cardiac death and cardiovascular mortality [START_REF] La Rovere | Baroreflex sensitivity, clinical correlates, and cardiovascular mortality among patients with a first myocardial infarction[END_REF][START_REF] La Rovere | Prognostic implications of baroreflex sensitivity in heart failure patients in the beta-blocking era[END_REF]. Conversely, enhancement of BRS by training improves survival in post-myocardial infarction patients [START_REF] La Rovere | Exerciseinduced increase in baroreflex sensitivity predicts improved prognosis after myocardial infarction[END_REF], effects shared by -adrenergic blockade [START_REF] Freemantle | beta Blockade after myocardial infarction: systematic review and meta regression analysis[END_REF][START_REF] Pitzalis | Beta-blocker effects on respiratory sinus arrhythmia and baroreflex gain in normal subjects[END_REF][START_REF] Haberthur | Effect of beta blockade with and without sympathomimetic activity (ISA) on sympathovagal balance and baroreflex sensitivity[END_REF]. Adrenergic stimulation by psychological stress has arrhythmogenic effects in patients with ischaemic heart disease [START_REF] Ziegelstein | Acute emotional stress and cardiac arrhythmias[END_REF][START_REF] Reich | Acute psychological disturbances preceding life-threatening ventricular arrhythmias[END_REF] and the finding that BRS during acute psychological stress is higher in healthy subjects with -adrenergic blockade may therefore be of clinical relevance.

The mechanism of -blockers in improving outcome in cardiovascular disease and enhancing BRS is ambiguous and has been attributed to an increase in vagal tone [START_REF] Eckberg | Beta-adrenergic blockade may prolong life in post-infarction patients in part by increasing vagal cardiac inhibition[END_REF][START_REF] Ablad | Role of central nervous beta-adrenoceptors in the prevention of ventricular fibrillation through augmentation of cardiac vagal tone[END_REF], and to anti-arrhythmogenic properties [START_REF] Reiter | Importance of beta blockade in the therapy of serious ventricular arrhythmias[END_REF]. Furthermore, -receptor blockade reduces cardiotoxic effects of endogenous released catecholamines, inhibits renin release by blocking renal juxtaglomerular cell 1 -adrenoceptors, blocks pre-synaptic -adrenoreceptor activity limiting norepinephrine release from sympathetic nerve terminals, and reduces HR-related myocardial oxygen demand [START_REF] Lopez-Sendon | Expert consensus document on beta-adrenergic receptor blockers[END_REF]. Throughout the present study, HR but not BP was lower with propranolol. In accordance with earlier studies [START_REF] Bonelli | Effect of calculation stress on hemodynamics and plasma catecholamines before and after betablockade with propranolol (Inderal) and mepindolol sulfate (Corindolan)[END_REF][START_REF] Jacobsen | Contrasting effects of propranolol on sympathetic nerve activity and vascular resistance during orthostatic stress[END_REF] propranolol tended to increase SVR, possibly due to blocking of 2 -receptor mediated vasodilatation in skeletal muscles, leaving unopposed -receptor activation. In addition to peripheral -adrenergic receptors the lipophilic -blocker propranolol binds to receptors in the central nervous system. Indeed, animal studies have demonstrated central modulation of autonomic cardiac control after intracerebral injection of -adrenergic blockers [START_REF] Parker | Central betaadrenergic mechanisms may modulate ischemic ventricular fibrillation in pigs[END_REF][START_REF] Gourine | Beneficial effect of the central nervous system beta-adrenoceptor blockade on the failing heart[END_REF]. However, a central mechanism remains difficult to verify in humans and thus, whether or not lipophilic and hydrophilic -blockers have different autonomic cardiovascular effects remains debated [START_REF] Pitzalis | Beta-blocker effects on respiratory sinus arrhythmia and baroreflex gain in normal subjects[END_REF][START_REF] Kardos | Lipophilic versus hydrophilic beta(1) blockers and the cardiac sympatho-vagal balance during stress and daily activity in patients after acute myocardial infarction[END_REF][START_REF] Vaile | Use of opposing reflex stimuli and heart rate variability to examine the effects of lipophilic and hydrophilic beta-blockers on human cardiac vagal control[END_REF].

In conclusion, the present study identified a higher BRS during acute psychological stress in healthy subjects with -adrenergic blockade. In addition, the HR increase in response to active standing was lower during acute psychological stress and this attenuated HR response was also seen with -adrenergic blockade.

LEGENDS Figure 1 Protocol

Timing of the measurements at stress (t -30 min ), and maximum stress (t -1 min ) prior to the bungee jump and 10 minutes (t +10 min ) and 120 minutes (t +120 min ) post-stress following the bungee jump. BPf, continuous finger blood pressure; BPo, oscillometric blood pressure; HRf, heart rate from continuous finger blood pressure; HRo, heart rate from oscillometric blood pressure. A c c e p t e d M a n u s c r i p t
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Figure 2

 2 Figure 2 Baroreflex sensitivity with vs. without -blockade Baroreflex sensitivity with (PROP; black bars) vs. without (CTRL; grey bars) propranolol pre-jump (t -30 min , left panel) and post-jump (t +120 min , right panel). Data are medians and interquartile range. BRS FD, frequency-domain (0.06-0.15 Hz) based baroreflex sensitivity; BRS TD , time-domain based baroreflex sensitivity.

Figure 3

 3 Figure3Blood pressure and heart rate response to bungee jumping Blood pressure (BP) and heart rate (HR) in subjects treated with propranolol (PROP; ) and in control subjects (CTRL; ). The instant of the bungee jump is indicated by the dotted line. * P<0.001 vs. CTRL, † P<0.05 vs. t -30 min . Data are presented as mean ± SD.

Figure 4

 4 Figure4Blood pressure and heart rate response to active standing Blood pressure (BP) and heart rate (HR) response to active standing with stress and poststress before (t -30 min ) and after (t +120 min ) the jump with (PROP) and without propranolol (CTRL). Active standing was performed at 0 seconds. Data are presented as mean ± SE

  

  

  

Table 1 Baroreflex sensitivity, blood pressure and heart rate variability

 1 Data are presented in medians (IQR). PROP vs. CTRL: ** P<0.01, * P<0.05. Vs. t - 30 min : † † P<0.01. BPV, blood pressure variability; BRS FD , baroreflex sensitivity determined by frequency-domain analysis; BRS TD , baroreflex sensitivity determined by a cross-correlation time-domain method; CTRL, control group; HF, high frequency-domain; HRV, heart rate variability; LF, low frequency-domain; PROP, propranolol group.

			t -30 min	t +120 min
	BRS TD (ms•mmHg -1 )	CTRL PROP	17 (16-28) 28 (24-42) *	24 (14-27) 27 (17-32)
	BRS FD (ms•mmHg -1 )	CTRL PROP	14 (9-19) 27 (20-34) *	19 (9-22) 18 (16-19)
	BPV LF (mmHg 2 •Hz -1 )	CTRL PROP	8 (4-15) 4 (1-7)	5 (3-10) 3 (2-7)
	HRV LF (ms 2 •Hz -1 )	CTRL PROP	1890 (698-2730) 3780 (1290-6360)	754 (472-1720) 1310 (702-1450)
	HRV HF (ms 2 •Hz -1 )	CTRL PROP	170 (66-186) 884 (506-2060) **	653 (234-1300) † † 1690 (340-2310)
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Table 2

 2 Cardiovascular variables Data are presented as mean ± SD. PROP vs. CTRL: *** P<0.001, ** P<0.01, * P<0.05. Vs. t -30 min : † † † P<0.001, † † P<0.01 † P<0.05. Vs. supine: ‡ ‡ P<0.01, ‡ P<0.05. CO, cardiac output; CTRL, control group; DBP, diastolic blood pressure; HR, heart rate; MAP, mean arterial pressure; o, oscillometric brachial pressure; PP, pulse pressure; PROP, propranolol group; SBP, systolic blood pressure; SV, stroke volume; SVR, systemic vascular resistance. Clinical Science Immediate Publication. Published on 09 Sep 2010 as manuscript CS20100137 THIS IS NOT THE VERSION OF RECORD -see doi:10.1042/CS20100137
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