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Selective abolition of Mayer waves in conscious endotoxemic rats
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The relation between vascular sympathetic tone and the amplitude of arterial pressure (AP) Mayer waves was examined by analyzing 60-min recordings of AP and renal sympathetic nerve activity (RSNA) obtained in conscious rats before and after lipopolysaccharide administration, which results in strong sympathoexcitation.

Mayer waves completely disappeared together with accompanying oscillations of RSNA. Meanwhile, the gain of the sympathetic baroreceptor reflex was increased, thus suggesting that abolition of Mayer waves resulted from the previously reported reduction of vascular reactivity to α-adrenoceptor stimulation. In conclusion, the amplitude of Mayer waves cannot be used indiscriminately as an index of vascular sympathetic tone.

Introduction

Mayer waves are sympathetically mediated oscillations of arterial pressure (AP) slower than respiration [START_REF] Julien | The enigma of Mayer waves: Facts and models[END_REF][START_REF] Julien | An update on the enigma of Mayer waves[END_REF], and are often qualified as low-frequency (LF) oscillations. Their characteristic frequency is ~0.1 Hz in humans and ~0.4 Hz in rats. These oscillations are closely associated with LF oscillations of sympathetic nervous activity (SNA) to the skeletal muscle circulation in humans and to the renal circulation in rats [START_REF] Julien | The enigma of Mayer waves: Facts and models[END_REF]. Mayer waves occur spontaneously in conscious resting subjects but are usually amplified during states of sympathetic activation, such as those induced by orthostatic stress, moderate intensity physical exercise or mental stress [START_REF] Julien | The enigma of Mayer waves: Facts and models[END_REF]Kanbar et al., 2007a). However, decreased LF oscillations of muscle SNA associated with sympathetic overactivity have been described in patients with severe heart failure (van de Borne et al., 1997).

The relation between the amplitude of Mayer waves and the level of SNA is possibly nonlinear, and might be better described by a bell-shaped curve, with increases at moderate levels of sympathetic activation and a reversal at higher levels [START_REF] Bertram | Differential responses of frequency components of renal sympathetic nerve activity to arterial pressure changes in conscious rats[END_REF]. In the latter study, however, changes in SNA were baroreflexly mediated via the infusion of vasoactive drugs. To further examine this question, we analyzed the effect on Mayer waves and accompanying LF oscillations of RSNA of sympathoexcitation induced by infusion of lipopolysaccharide (LPS) in conscious rats [START_REF] Julien | Renal sympathetic nerve activity and vascular reactivity to phenylephrine after lipopolysaccharide administration in conscious rats[END_REF].

Materials and methods

General procedures

The surgical procedures and experimental protocol have been extensively described in a previous report [START_REF] Julien | Renal sympathetic nerve activity and vascular reactivity to phenylephrine after lipopolysaccharide administration in conscious rats[END_REF]. Briefly, 10 adult male Sprague-Dawley rats were chronically instrumented with femoral arterial and venous catheters and a bipolar electrode around the left renal sympathetic nerve. The following day, the AP and rectified renal SNA (RSNA) signals were sampled at 500 and 5000 Hz, respectively. All experiments were performed under cardiac autonomic blockade (atenolol and methylatropine, 2 mg/kg each followed by 2 mg/kg/h IV) for assessment of vascular reactivity to α-adrenoceptor stimulation with phenylephrine [START_REF] Julien | Renal sympathetic nerve activity and vascular reactivity to phenylephrine after lipopolysaccharide administration in conscious rats[END_REF]. Two periods were selected for analysis, one 60-min period under baseline conditions, and one 60-min period initiated after induction of endotoxemia with LPS infusion (20 mg/kg IV over 15 min).

Data analysis

All AP and RSNA data were resampled at 50 Hz and segmented into 2048-point periods (40.96 s) overlapping by half. After applying a Hanning window, a fast Fourier transform analysis was performed and average spectra were computed for each rat [START_REF] Bertram | Differential responses of frequency components of renal sympathetic nerve activity to arterial pressure changes in conscious rats[END_REF]. Spectral power was calculated in selected frequency bands as follows: very-low frequency (VLF, 0-0.3 Hz), low-frequency (LF, 0.3-0.6 Hz), highfrequency (HF, 0.6-2.5 Hz), cardiac-related (CR) band centered on mean heart rate (± 0.5 Hz), and very-high frequency (VHF, from the upper limit of the CR band up to 25 Hz). Total power was computed from 0 to 25 Hz.

The sensitivity of the sympathetic nervous component of the baroreceptor reflex was computed as the gain of the transfer function relating RSNA to AP in the heart rate range (Kanbar, 2007b). The gain was calculated at the frequency where maximum, significant coherence was observed [START_REF] Gallet | The significance threshold for coherence when using the Welch's periodogram method: Effect of overlapping segments[END_REF].

Values are expressed as means ± SEM. In each band, the Wilcoxon signed-rank test for paired comparisons was used to assess the significance of differences between control and endotoxemic conditions.

Results

Effect of LPS administration on total and VLF powers of AP and RSNA

The effects of LPS-induced endotoxemia on mean levels of AP, RSNA and heart rate have been reported in [START_REF] Julien | Renal sympathetic nerve activity and vascular reactivity to phenylephrine after lipopolysaccharide administration in conscious rats[END_REF]. In brief, LPS administration decreased the mean AP level (-7 ± 2 %, p<0.01) and strongly increased the mean RSNA level (304 ± 59 %, p<0.01). Despite autonomic blockade, there was a slight decrease in heart rate (-8 ± 3 %, p<0.05).

Total and VLF powers of AP decreased markedly, whereas total power of RSNA was more than doubled and its VLF power did not change significantly (Table 1).

Effect of LPS administration on Mayer waves and related RSNA oscillations

In the LF band, LPS administration decreased AP spectral power by >90 % and RSNA power by >60% (Table 1). In addition, and for both AP and RSNA, there was not any discernible peak in the band, contrary to baseline conditions (Fig. 1).

Effect of LPS administration on respiratory related variability

After LPS administration, it was observed that AP and RSNA spectral power linked to respiration tended to be shifted towards lower values and was much less spread over the band (Fig. 1), pointing to slightly slower and more regular respiratory movements. Spectral power increased in 8 of 10 rats for AP and in 6 of 10 rats for RSNA.

Effect of LPS administration on CR and VHF powers of AP and RSNA

The CR power of AP markedly decreased, and this was accompanied by a large decrease in its VHF power. On the contrary, the CR power of RSNA strongly increased as well as its VHF power (Table 1).

Effect of LPS administration on the spontaneous sympathetic baroreflex gain

The spontaneous sympathetic baroreflex gain could be computed in all rats and under both conditions, as coherence between AP and RSNA was always significant, both before (0.70 ± 0.05 at 6.2 ± 0.1 Hz, n=10) and after (0.84 ± 0.04 at 5.5 ± 0.2 Hz, n=10) LPS administration. The gain of the transfer function increased significantly (p=0.005) from 0.016 ± 0.005 to 0.039 ± 0.012 µV/mmHg after LPS infusion.

Discussion

This novel analysis of previously collected data [START_REF] Julien | Renal sympathetic nerve activity and vascular reactivity to phenylephrine after lipopolysaccharide administration in conscious rats[END_REF] shows that in conscious endotoxemic rats, strong sympathoexcitation is accompanied by a profound and complex pattern of changes in AP variability, and even more so, in RSNA variability. The most impressive and consistent change is the complete disappearance of Mayer waves and of accompanying RSNA oscillations.

Endotoxemia, therefore, is a previously unrecognized situation of sympathetic overactivity resulting in the abolition of Mayer waves.

LPS administration had profound and almost immediate behavioral effects, namely, decreases in the performance of activities that were frequently or occasionally displayed under control conditions, such as exploring, grooming, eating or drinking. It has been shown that these natural behaviors invariably induce changes in AP and RSNA (Miki et al., 2005), which are erratic and rather long lasting, and thus, contribute to VLF power in the spectra. The apparent sedation of rats after LPS infusion was therefore mainly responsible for the decrease in AP VLF power. RSNA VLF power did not change significantly, probably because the expected decrease was partly offset by the large increase in the mean RSNA level that tended to affect all components of its variability [START_REF] Bertram | Differential responses of frequency components of renal sympathetic nerve activity to arterial pressure changes in conscious rats[END_REF].

As mentioned in the Results section, respiratory related variability tended to be increased after LPS, possibly as a consequence of the slowing down of respiratory movements and the ensuing increase in tidal volume.

The CR powers of AP and RSNA varied in opposite directions. The decrease in AP CR power points to a decrease in the pulse pressure, which was indeed observed in recordings of AP, as showed by Fig. 2 in [START_REF] Julien | Renal sympathetic nerve activity and vascular reactivity to phenylephrine after lipopolysaccharide administration in conscious rats[END_REF]. This acute decrease is likely to reflect a fall in cardiac output mainly resulting from a reduction in left ventricular stroke volume [START_REF] Mulder | The fall of cardiac output in endotoxemic rats cannot explain all changes in organ blood flow: a comparison between endotoxin and low venous return shock[END_REF]. Not surprisingly, VHF power of AP, which is almost entirely constituted by harmonics of the CR peak, was also decreased. By contrast, CR power of RSNA was amplified, which is consistent with an increased sensitivity of the sympathetic nervous component of the baroreceptor reflex (Tohyama et al., 2018). This was indeed confirmed by the calculation of the transfer function relating RSNA to AP (Kanbar et al., 2007b). VHF power of RSNA strongly increased, which reflects the contribution of VHF components to the mean level of RSNA [START_REF] Bertram | Differential responses of frequency components of renal sympathetic nerve activity to arterial pressure changes in conscious rats[END_REF][START_REF] Chapuis | Very high frequency components of renal sympathetic nerve activity in conscious rats[END_REF].

The effects of experimental endotoxemia or clinical sepsis on AP and SNA variability have scarcely been examined. In critically ill patients, it was reported that LF power of AP was shifted towards lower frequencies (0.02 Hz; [START_REF] Berg | Spontaneous blood pressure oscillations in mechanically ventilated patients with sepsis[END_REF].

No indication was given, however, of the sympathetic origin of this power in this study. In experimental animals, we have been unable to locate any report about the effects of LPS-induced endotoxemia on AP and SNA variability. One article reported on the chronic effects on AP and RSNA of IV infusion of Escherichia coli in conscious sheep, but no mention was made about its variability [START_REF] Lankadeva | Clonidine restores pressor responsiveness to phenylephrine and angiotensin II in ovine sepsis[END_REF]. The suppression of Mayer waves in endotoxemic rats is an original and intriguing finding.

Mayer waves originate from instability in the sympathetic baroreflex loop, and their amplitude depends on at least two factors: (1) the strength of the slow perturbations affecting AP, and (2) the sensitivity of the sympathetic vascular component of the baroreceptor reflex [START_REF] Julien | The enigma of Mayer waves: Facts and models[END_REF]. Slow AP perturbations produce spectral power in the VLF band. In the present study, decreased VLF power of AP may have contributed to suppression of Mayer waves. However, this effect should have been, at least partly, compensated for by the enhanced sensitivity of the sympathetic limb of the baroreceptor reflex. In a previous study on conscious rats, it was shown that progressively decreasing AP with sodium nitroprusside caused sympathoexcitation associated with a proportional increase in the amplitude of RSNA oscillations in the Mayer band. Below a certain limit (about -20 mmHg), however, there was an almost complete reversal of the latter effect. A very similar pattern of changes in CR oscillations was observed. A model of dynamic baroreceptor function, incorporating a pressure threshold above which baroreceptors start to discharge, accounted for the bell-shaped curve of the latter relation [START_REF] Bertram | Differential responses of frequency components of renal sympathetic nerve activity to arterial pressure changes in conscious rats[END_REF]. The model is valid in this frequency range because the reflex operates open loop [START_REF] Julien | The enigma of Mayer waves: Facts and models[END_REF]. However, to apply the model to oscillations of RSNA in the LF band, where the reflex operates closed loop, it is necessary to assume that the properties of the vascular limb of the sympathetic baroreceptor reflex (from SNA to AP) are preserved. This was probably the case in the study by [START_REF] Bertram | Differential responses of frequency components of renal sympathetic nerve activity to arterial pressure changes in conscious rats[END_REF], but not in the present one. We have indeed shown in the present series of rats that vascular reactivity to α-adrenoceptor stimulation was strongly diminished (ED50 to phenylephrine was increased 4 to 5 times after LPS administration; [START_REF] Julien | Renal sympathetic nerve activity and vascular reactivity to phenylephrine after lipopolysaccharide administration in conscious rats[END_REF]. This conclusion accords with the effects of acute α-adrenoceptor blockade with phentolamine in conscious rats [START_REF] Barrès | Effect of alpha-adrenoceptor blockade on the 0.4-Hz sympathetic rhythm in conscious rats[END_REF]. In this study, we observed that phentolamine decreased AP, increased RSNA and eliminated Mayer waves and accompanying RSNA oscillations.

Increased sensitivity of the sympathetic nervous component of the baroreflex during LPS-induced endotoxemia is not an original finding. In a previous study on anesthetized rats (Tohyama et al., 2018), animals were challenged with LPS (60 µg/kg IV). It was reported that sympathoexcitation developed slowly and that this was accompanied by a progressive increase in the sensitivity of the sympathetic nervous component of the baroreflex, together with a progressive decrease in AP responsiveness to SNA. To our knowledge, the cardiac vagal component of the reflex has been studied on two occasions in LPS infused rats, and was reported to be impaired [START_REF] Liu | Effects of ketanserin on endotoxic shock and baroreflex function in rodents[END_REF][START_REF] Radaelli | Infusion of Escherichia coli[END_REF]. Because the rats of the present study were under complete cardiac autonomic blockade, it was impossible to examine this question.

Conclusion

It is still widely accepted that changes in the amplitude of Mayer waves can be related to changes in SNA, including in septic shock patients [START_REF] Carrara | Baroreflex sensitivity and blood pressure variability can help in understanding the different response to therapy during acute phase of septic shock[END_REF].

We provide here the demonstration that in conscious endotoxemic rats, changes in Mayer waves are completely dissociated from changes in RSNA. This observation prompts to use with great caution the amplitude of Mayer waves as an index of the SNA level.
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Legend to Fig. 1 :

 1 Example of AP (A) and RSNA (B) power spectra computed in a conscious rat before (black traces) and after (grey traces) LPS administration. The frequency scale was chosen to emphasize the LF and HF bands containing Mayer waves and respiratory related oscillations, respectively. The vertical dotted lines delimit the LF band. Note especially the disappearance of the peaks produced by Mayer waves and accompanying RSNA oscillations under endotoxemic condition. In this particular rat, LPS infusion increased the mean level of RSNA from 2.0 to 6.1 µV.
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Table 1

 1 Effect of lipopolysaccharide (LPS) administration on variability of arterial pressure (AP) and renal sympathetic nerve activity (RSNA) in 10 conscious rats.Variability was estimated as the spectral power in selected frequency bands. Ptot, total power; VLF, very-low frequency power; LF, low-frequency power; HF, highfrequency power; CR, cardiac-related power; HR, heart rate; VHF, very-high frequency. p values contained in the column refer to paired comparisons (Wilcoxon signed rank test) between basal and endotoxemic conditions.

	AP (mmHg 2 )	Baseline	LPS	p
	Ptot (0-25 Hz)	243 ± 11	122 ± 9	0.005
	VLF (0-0.3 Hz)	10 ± 2	2.3 ± 0.3	0.005
	LF (0.3-0.6 Hz)	6.5 ± 3.7	0.55 ± 0.10	0.005
	HF (0.6-2.5 Hz)	2.2 ± 1.4	2.5 ± 0.2	0.075
	CR (HR ± 0.5 Hz)	172 ± 8	77 ± 7	0.005
	VHF (HR + 0.5-25 Hz)	53± 3	39 ± 2	0.017
	RSNA (% change from			
	baseline)			
	Ptot (0-25 Hz)	-	118 ± 32	0.028
	VLF (0-0.3 Hz)	-	45 ± 61	0.285
	LF (0.3-0.6 Hz)	-	-62 ± 11	0.008
	HF (0.6-2.5 Hz)	-	50 ± 29	0.139
	CR (HR ± 0.5 Hz)	-	339 ± 115	0.009
	VHF (HR + 0.5-25 Hz)	-	193 ± 36	0.005