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ABSTRACT

Beyond the regulation of cardiovascular function, baroreceptor afferents play polymodal
roles. We hypothesized that baroreceptor denervation affects lipopolysaccharide (LPS)-
induced systemic inflammation (SI) and hemodynamic collapse in conscious rats, and
that these parameters are interconnected. We combine: a) hemodynamic and
thermoregulatory recordings after LPS administration at a septic-like dose b) analysis of
the cardiovascular complexity, c) evaluation of vascular function in mesenteric
resistance vessels, and d) measurements of inflammatory cytokines (plasma and spleen).
LPS-induced drop in blood pressure was higher in sino-aortic denervated (SAD) rats.
LPS-induced hemodynamic collapse was associated with SAD-dependent autonomic
disbalance. LPS-induced vascular dysfunction was not affected by SAD. Surprisingly,
SAD blunted LPS-induced surges of plasma and spleen cytokines. These data indicate
that sino-aortic afferents are key to alleviate LPS-induced cardiovascular collapse,
affecting the autonomic cardiovascular control, without affecting resistance blood
vessels. Moreover, baroreflex modulation of the LPS-induced SI and hemodynamic

collapse seem not to be interconnected.
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57  Introduction

58 Sepsis is a common disorder affecting 31.5 million people worldwide, with a

59  mortality rate of 5.3 million deaths every year (1). Considering the severity of sepsis

60 and its pathophysiological complications, different research groups have focused on the
61  study of mechanisms of systemic inflammation (SI) in search of therapeutic strategies
62  help manage signs and symptoms for the treatment of this condition (2—4). Systemic

63  administration of lipopolysaccharide (LPS) has been widely used in animal models to
64  induce changes observed during Sl, such as exacerbated production and release of

65  cytokines, catecholamines, hormones and nitric oxide (NO), associated with

66  hypotension, tachycardia, and hypothermia followed by fever (5-9). These

67 hemodynamic and thermoregulatory responses to LPS are similar to those observed in
68  humans with sepsis (10).

69 Classically, baroreceptor afferents are specialized structures in the homeostatic
70  control of blood pressure in health and disease (11,12). Baroreceptors afferents integrity
71 is mandatory in the control of blood pressure within a narrow range of variation and

72 surgically removed baroreceptors afferents rats [sino-aortic denervation (SAD)] had

73 higher variability of the mean arterial pressure (11,13,14). More recently, it has been

74 shown the role of baroreceptor afferents mediating LPS-induced cardiovascular collapse
75  (15-18). Moreover, in Sl, electrical baroreflex stimulation in rats has been reported to
76  blunt LPS-induced production of cytokines in the hypothalamus (19), indicating an anti-
77 inflammatory role played by aortic depressor nerve stimulation. However, the

78  involvement of the baroreceptors afferents in the inflammatory status has not received
79  the same attention, neither its putative relation with the cardiovascular system.

80 In this study we examined in an integrated matter to the role of baroreceptor

81 afferents integrity in LPS-induced classical inflammatory cytokines surges [in plasma
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and spleen — effector organ of the splenic anti-inflammatory reflex (2,20)], hypothermia
and fever, as well as the relation of the inflammatory status with cardiovascular function

in rats.

Results

Cardiovascular and thermoregulatory changes during LPS-induced Sl is
dependent on sino-aortic afferents integrity

First, we investigated whether LPS-induced responses in mean arterial pressure
(MAP) and heart rate (HR) were affected by the surgical removal of the arterial
baroreceptors (SAD). MAP (P = 0.5189) and HR (P = 0.2197) were similar in Control +
Sal and SAD + Sal animals throughout 180 min (Fig. 1 A). LPS-induced fall in MAP
was significantly higher (P < 0.0001) and occurred earlier (P = 0.0413) in SAD + LPS
in comparison to Control + LPS rats (Fig. 1 B and D). Furthermore, LPS-induced
tachycardia was blunted in SAD + LPS in comparison to Control + LPS rats (Fig 1 B, P
< 0.0001). Interestingly, SAD rats presented no fever, but a significant drop in Tb
(hypothermia) in response to LPS (Fig. 1 F and G, P = 0.0075). These data indicate that
hemodynamic and thermoregulatory control during LPS-induced SI depends on the
sino-aortic afferents integrity. Successfulness of SAD surgery was confirmed using
pharmacological activation of the baroreflex with phenylephrine (Phe, Fig. 1 C and E, P
< 0.0001).
Variability in HR and SAP during LPS-induced Sl

Variability of pulse interval (PI) in the time domain, determined by the standard
deviation of normal to normal Pl (SDNN) and root mean square of successive
differences (RMSSD), was significantly reduced in Control + LPS (P <0.0001 and P =

0.0004) and SAD + LPS (P < 0.0001 and P = 0.0009) in comparison with Control + Sal
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108  (Fig. 2 A and B). Variability of SAP in the time domain [evaluated by standard

109  deviation (SD) of SAP] was significantly increased in SAD + Sal (P = 0.0041), but not
110  in SAD + LPS (P > 0.9999) in comparison with Control + Sal animals (Fig. 2 C).

111 Spectral analysis in the frequency domain of the PI showed that LF power was
112 not significantly altered between Control + Sal, Control + LPS, SAD + Sal and SAD +
113 LPS groups (Fig. 3 A and C, P > 0.9999). Otherwise, HF power was significantly

114  reduced in Control + LPS (P < 0.0001) and in SAD + LPS rats (P < 0.0001) in relation
115  to Control + Sal group (Fig. 3 B and D). These results indicate that LPS administration
116  decreases cardiac vagal modulation in Control and SAD rats. Considering the SAP

117  spectral analysis, a significant increase in the LF component was observed in the

118  Control + LPS (P = 0.0051), but not in SAD + LPS (P >0.9999) in relation to Control +
119  Sal group, indicating that LPS-induced increase in the sympathetic vasomotor

120  modulation depends on the baroreceptors afferents integrity (Fig. 3 B and E).

121 The detrended fluctuation analysis (DFA a_2) scaling exponent was lower in
122 Control + LPS than in the Control + Sal group (P = 0.0223, Fig. 4 B), whereas the same
123 scaling exponent was significantly increased in SAD + Sal (P < 0.0001) and in SAD +
124  LPS (P = 0.0040) in relation to Control + Sal rats (Fig. 4 B). The DFA o_3 scaling

125  exponent was significantly higher in SAD + Sal (P = 0.0133) than in Control + Sal rats
126 (Fig. 4 C). The multiscale entropy (MSE) curves from all the evaluated groups are

127 shown in Fig. 5 A and B. The MSE for the SAD + Sal group was significantly reduced
128  on small time scales in relation to Control + Sal (P < 0.0001; P =0.0004 and P =

129  0.0017; Fig. 5 A, C, D and E). On the other hand, in the Control + LPS, the MSE was
130  significantly increased in comparison with Control + Sal group (P = 0.0444, Fig. 5 B
131 and B).

132
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133 Vascular reactivity during LPS-induced SI

134 Considering that LPS induced a significant drop in MAP associated with

135  autonomic dysfunction, we investigated whether Sl leads to vascular damage in

136  resistance blood vessels and if this eventual vascular dysfunction is exacerbated in rats
137  submitted to SAD. The contraction of mesenteric resistance arteries stimulated by

138  potassium chloride (KCI - 120 mM) was significantly reduced in Control + LPS, SAD +
139  Sal, and SAD + LPS when compared with Control + Sal group (P = 0.05, Fig. 6 A).

140  Similarly, maximum contractile responses induced by Phe were reduced in mesenteric
141  arteries from LPS-treated Control and SAD groups (P < 0.05, Fig. 6 B). Vascular

142 hyporesponsiveness to vasoconstrcitors was reverted by the incubation with a non-

143  selective inhibitor of nitric oxide synthase, L-NAME (P > 0.05, Fig. 6 C). These data
144  indicate that both SAD and LPS administration per se leads to vascular dysfunction, but
145  without additive effects.

146 Furthermore, endothelium-dependent vascular relaxation induced by cumulative
147  concentrations of acetylcholine (ACh) was similar among the groups (Fig. 6 D). In

148  contrast, endothelium-independent vasodilation to sodium nitroprusside (SNP) was

149  reduced in mesenteric arteries from Control + LPS, SAD + Sal, SAD + LPS groups in
150  comparison with the Control + Sal group (P < 0.05, Fig. 6 E). In addition, maximum
151  contractile responses induced by electrical-field stimulation (EFS) were significantly
152  decreased in arteries from Control + LPS, SAD + Sal and SAD + LPS rats (P < 0.05,
153  Fig. 7 A). L-NAME reversed decreased EFS-induced contractions only in arteries from
154  the Control + LPS group (P < 0.05, Fig. 7 B).

155  Cytokine levels in plasma and spleen during LPS-induced SI

156 Considering our previous study that documented hemodynamic and

157  inflammatory changes 3 hours following LPS administration (18), cytokine levels were
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158  evaluated at this same period in plasma and spleen as an index of Sl and the modulatory
159  role of sino-aortic afferents on the splenic anti-inflammatory reflex, respectively.

160 Plasma

161 LPS increased the plasmatic levels of the pro-inflammatory cytokines TNF-a (P
162  =0.0030), IL-6 (P < 0.0001), and IFN-y (P = 0.0086) and the anti-inflammatory

163  cytokine IL-10 (P = 0.0002) in Control + LPS in comparison with Control + Sal rats.
164 Interestingly, SAD decreased LPS-induced IL-6 (P = 0.0049) and IL-10 plasma levels
165 (P =0.05, Fig. 8 A, B, C and D). These results indicate that baroreflex positively

166  modulates LPS-induced peripheral cytokine surges.

167 Spleen

168 Spleen is considered the efferent component of the “splenic anti-

169  inflammatory reflex” (20). In the spleen, we observed a significant increase in TNF-a. (P
170 =0.0242), IL-6 (P = 0.0026), IL- 10 (P < 0.0001), and IFN-y (P = 0.05) in Control +
171 LPS in comparison with Control + Sal rats. In addition, we observed reduced surges of
172 TNF-o (P = 0.7554) or IFN-y levels (P > 0.9999) in SAD + LPS group in relation to

173 Control + LPS animals (Fig. 8 E, F, G and H). These findings indicate that SAD reduces
174  inflammatory signaling in spleen during SI.

175  Corticosterone, NOx, and norepinephrine during LPS-induced Sl

176 Plasma corticosterone levels were increased in Control + LPS (P < 0.0001) and
177 in SAD + LPS (P < 0.0001) in comparison with Control + Sal group. There was no

178  significant difference between Control + LPS and SAD + LPS groups (P > 0.9999, Fig.
179 9 A). Interestingly, the observed LPS-induced drop in MAP was accompanied by

180 increased plasma nitrate concentration, and these changes were independent of

181  baroreceptor afferents integrity (P < 0.0001, Fig. 9 B). Furthermore, plasma

182  norepinephrine levels were similar in all the evaluated groups (Fig. 9 C, P =0.7053).
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183  Discussion
184
185 The present study is the first to report that baroreceptors afferents are key to

186  modulate not only LPS-induced Sl but also its consequent cardiovascular changes and
187  to provide evidence that these phenomena are not dependent of each other. Supporting
188  this notion, we observed that the LPS-induced hypotension was higher and earlier in
189  rats previously submitted to SAD than in control rats. We also show that HF power of
190 Pl was altered in rats that received LPS, while LPS-induced increase in LF component
191  of SAP was dependent on sino-aortic afferents integrity, even in the presence of

192  vascular dysfunction. Of particular importance, we observed reduced surges of plasma
193 interleukin (IL)-6 and IL-10 and splenic TNF-a and interferon-y in SAD rats, indicating
194  that SAD not only modulated LPS-induced cardiovascular collapse but also reduced
195  peripheral cytokines surges. Moreover, this reduced LPS-induced plasma cytokines

196  surges seems to be at least in part mediated by the splenic anti-inflammatory reflex (20),
197  since reduced levels of pro-inflammatory cytokines in the spleen were observed after
198  SAD (Fig. 8).

199  Cardiovascular control during Sl is dependent on baroreceptor afferents integrity
200 Considering that baroreceptor afferents integrity is important in the moment-to-
201 moment control of cardiovascular function (21), we recorded blood pressure and HR in
202  conscious rats through 3 hours after LPS administration. LPS-induced hypotension was
203  significantly enhanced after SAD (Fig. 1). In contrast, LPS-induced tachycardia was
204  blunted in SAD rats. Tachycardia during Sl is a compensatory mechanism regulating
205  hypotension (17) which is associated with vascular dysfunction (22). Blunted

206  tachycardia with greater hypotension in SAD rats may be related, at least in part, to a
207  baroreflex-dependent cardiovascular regulation during Sl. Several studies document that

208  baroreflex modulates sympathetic and parasympathetic activity to the heart and
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209  resistance blood vessels in health and disease, including SI (11,23,24). Our results are
210  consistent with the notion that the LPS-induced hypotension (Fig. 1), caused by a

211  reduction in vascular resistance (Fig. 6 and 7) even in the presence of increase of

212 sympathetic vasomotor tone (Fig. 3), is critically dependent upon the baroreceptors

213 afferents integrity in conscious rats. These data are in agreement with prior studies

214  showing a significant fall in blood pressure of anesthetized rats that received a lethal
215 dose of LPS (15 mg.kg™, given IP) and in which carotid chemo and baroreceptors were
216  previously denervated (25). Moreover, it has been reported that SAD rats show a

217  significant reduction in the survival time during polymicrobial sepsis, indicating that
218  baroreflex dysfunction is associated with a poor sepsis prognosis (26). Of special

219  significance, LPS-induced tachycardia was significantly blunted in SAD + LPS rats,
220 indicating that in our experimental condition, baroreflex integrity is involved, at least in
221  part, with increased HR during SI.

222 Regarding HR variability in the time-domain, LPS-induced Sl acutely reduced
223 SDNN and in RMSSD, which were not affected by SAD (Fig. 2). These findings are
224  consistent with the notion that during SI, an imbalance in the autonomic cardiac control
225  takes place. Previous studies indicate that both LPS or TNF-a administration

226  significantly reduces HR variability in mice indicating a causal link between cytokines
227  and abnormal SDNN (27). More recently, clinical studies point out that HR variability
228 s significantly increased in athletes and reduced in patients (28). In respect of SAP
229  variability, the SD of MAP was only sustained in SAD + Sal group, suggesting that the
230  hallmark of SAD experimental model, [higher variability of the MAP (13)] is critically
231  affected during SI.

232 In the search for mechanisms underlying hemodynamic control during SI, we

233 used spectral analysis of PI in the frequency domain, which showed that HF component
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234  of Pl was significantly reduced at 3 hours after endotoxin in Control + LPS and in SAD
235 + LPS inrelation to Control + Sal (Fig 3 A and D). These observations are in line with
236 the concept that LPS-induced tachycardia is triggered by mechanisms resulting in a
237  decrease of vagal modulation to the heart (18). Significant changes in the autonomic
238  control to the heart have been observed during the initial phase of sepsis-associated Sl
239  as acompensatory adjustment to avoid circulatory shock (29). Regarding the variance
240  of SAP in the frequency domain, the LF component was significantly increased in

241  Control + LPS rats than in Control + Sal and SAD + LPS (Fig. 3), indicating that LPS-
242  induced increases in sympathetic vasomotor tone depends on sino-aortic afferents

243  integrity even in the presence of vascular dysfunction. This eventual sustained

244  sympatho-excitation during Sl is in agreement with a previous study (17) and suggest
245  that sympathetic drive to resistance vessels does not revert hypotension in this

246  experimental model.

247 In addition to linear methods (time and frequency-domain analyses), non-linear
248  approaches were also used in the present study. Methods for analysis of nonlinear

249  dynamics has been utilized to increase the interpretation of the complexity

250  cardiovascular function (30,31). We found that DFA a_2 scaling exponent of SAP was
251  reduced in Control + LPS rats and was greater in SAD + Sal and in SAD + LPS than in
252 Control + Sal rats (Fig. 4). These findings are consistent with the notion that the control
253  of blood pressure is highly complex and that during LPS-induced SI the oscillations in
254  SAP tend to erratic or random patterns (o._2 < 1). In contrast, when LPS is

255  administrated to SAD animals, SAP oscillations tend to be smoother (o_2 > 1).

256  Reconciling the data obtained from MSE curves, we observed that SAP entropy of the
257  SAD + Sal and Control + LPS was significantly different from those for Control + Sal

258  group (Fig. 5), suggesting the that the baroreflex plays an important role in the complex

10
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259  response to challenges imposed to the cardiovascular system (30). Although a direct
260 interpretation of the functional meaning of these results is not an easy task, the analyses
261  of SAP complexity has been used to predict cardiovascular outcomes and has been

262  associated with high mortality risks (32). As far as we know, this is the first study that
263  analyzed these cardiovascular complexity patterns by nonlinear approaches in SAD rats
264  during SI. Whether or not SAD-induced changes in cardiovascular complexity may
265  worse hemodynamic collapse during Sl is an interesting matter deserving further

266  investigation.

267  Vascular dysfunction during Sl or SAD are not cumulative

268 Considering previous studies (17,18,33) and our own data (Fig. 1) documenting
269  cardiovascular collapse during Sl, we further evaluated the vascular function after LPS
270  administration in Control and SAD animals in mesenteric resistance arteries. After LPS
271 administration, a significant reduction in contraction induced by Phe and by EFS in

272 mesenteric arteries from LPS-treated Control and SAD groups occurs (Fig. 6 and 7).
273 Vascular hyporesponsiveness was reverted by the nitric oxide synthase inhibitor L-

274  NAME, indicating that LPS-induced Sl reduces contraction of resistance arteries by
275  mechanisms that involve nitric oxide synthase activation whereas may be independent
276  of baroreceptors afferents integrity. It is important to point out that LF component of
277  SAP (an index of sympathetic vasomotor tone) was observed to be increased in Control
278  + LPS conscious rats and that vascular responsiveness to Phe was observed to be

279  decreased in mesenteric resistance arteries of these animals in comparison with Control
280  + Sal suggesting that in SI changes in the sympathetic nerves modulation to alphal-
281  adrenergic receptors in mesenteric resistance arteries take place.

282 Additionally, the endothelium-dependent relaxation response induced by

283  cumulative concentrations of ACh was similar between the all Control and SAD groups

11
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284  groups (Fig. 6), indicating that neither SAD itself nor LPS administration cause

285  endothelium dysfunction in our experimental condition. Conversely, endothelium-

286 independent relaxation response was reduced in mesenteric arteries from all the groups
287  that received LPS, probably due to changes in the sensitivity to guanylate cyclase/

288  cGMP pathway (34). The hypothesis that the guanylate cyclase/cGMP pathway is

289  affected during Sl is possible given that NO-induced activation of guanylate cyclase
290  enzyme in vascular smooth muscle cells leads to recruitment of intracellular signaling
291  cascades that reduce intracellular Ca?* levels, open K* channels and cause relaxation
292 (35).

293  Changes in Tb during Sl are affected by SAD

294 Interestingly, rats submitted to SAD presented no fever, but a significant fall in
295  Tb (hypothermia) after LPS administration (Fig. 1). The mechanisms involved in LPS-
296 induced hypothermia are not completely known. Nevertheless, Sl-associated

297  hypothermia has considerable clinical implications (36). One may consider LPS-

298 induced hypothermia as a failure in neural control of Th. Alternatively, recent studies
299  have suggested that hypothermia is precisely controlled by specific mechanisms

300 mediated by the central nervous system (37). Based on these data, we suggest that

301  baroreceptor afferents integrity affect thermoregulatory control during SI by impairing a
302  key part of the afferent signals to the brain. We further speculate that among the

303  important multimodal functions of arterial baroreceptors (21) febrigenic signaling in the
304  periphery affects brain circuitry at least in part by interacting with peripheral

305  baroreceptors afferents. The reduced LPS-induced plasma surges of IL-6 in SAD rats
306  (Fig. 8) may be at least one of the contributing factors in thermogenesis during Sl, since
307 this cytokine is known to induces increases in Th acting as an important endogenous

308 pyrogen (38). These baroreceptor afferents effects on thermoregulation must take place

12
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309 through thermoeffectors modulation, but it remains unknown if this modulation is via
310 sympathetic innervation of the brown adipose tissue (affecting non-shivering

311  thermogenesis) or sympathetic innervation of the tail artery (affecting heat loss index).
312  Plasma and spleen surges of pro-inflammatory cytokines during Sl are affected by
313 SAD

314 The LPS-induced plasma surges of IL-6 (a pro-inflammatory cytokine) and IL-
315 10 (an anti-inflammatory cytokine) in SAD rats were significantly reduced after SAD
316  (Fig. 6). These findings indicate that baroreflex does modulate the LPS-induced

317  peripheral cytokine surges and adds new information to a previous study that

318  documented that electrical baroreflex stimulation inhibits LPS-induced pro-

319 inflammatory cytokines surges not in the periphery but in the brain (19). A putative
320 mechanism by which sino-aortic afferents may play a modulatory effect in the LPS-
321  induced IL-6 and IL-10 plasma surges may be related to macrophages polarization, a
322  highly heterogeneous cell population, during SI. Activated macrophages M1 exhibit
323 high levels of pro-inflammatory cytokines, while activated M2 macrophages exhibit
324  high levels of anti-inflammatory cytokines (39).

325 In addition to circulating macrophages aforementioned, the main efferent target
326  organ for the splenic anti-inflammatory reflex is the splenic macrophages located in the
327  white pulp (2). We showed here that spleen tissue homogenates collected from rats that
328  received LPS exhibit a significant increase of pro-inflammatory cytokines. Surprisingly,
329 there were no significant increases in TNF-a [an essential early mediator of

330 inflammation (2,40)] or IFN-y [a later inflammatory marker (41)] levels in rats

331  submitted to SAD during LPS-induced SI (Fig. 8 B). Combining a previous study

332  showing that stimulation of the efferent fibers impinges upon the spleen leads to a

333 significant anti-inflammatory effects in this organ during LPS-induced Sl (42) and our

13
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334  own data in which SAD rats showed decreased LPS-induced surges of pro-

335 inflammatory cytokines in the spleen, we suggest that the efferent arm of the splenic
336 anti-inflammatory reflex is modulated by baroreceptors afferents.

337 Considering that baroreflex stimulation downregulates pro-inflammatory

338  cytokines in hypothalamus, but not in plasma, heart and spleen (19) we hypothesized
339  that SAD worsens cytokines surges in plasma. Contrary to our expectations, after SAD,
340  LPS-induced surges of cytokines were blunted in plasma and spleen (Fig 8.) suggesting
341 that the baroreceptor afferents integrity/stimulation may differentially affect peripheral
342  and central pro-inflammatory cytokines surges in this critical condition that resembles
343  some features of sepsis, a considerable healthcare burden.

344 A plethora of studies have provided strong evidence demonstrating autonomic
345  regulation of immune function (2,43). For instance an inhibitory action of the

346  sympathetic nervous system and its main neurotransmitter, norepinephrine on Sl has
347  been documented (2,43). In the present study, we show that the known LPS-induced
348  enhancement of sympathetic vasomotor tone (23, 43) may be attributable, at least in
349  part, to sino-aortic afferents integrity (Fig. 3). Whether the LPS-induced sustained

350 increase in the activity of the splenic nerves (2) is affected by sino-aortic afferents is a
351  possibility that requires additional investigation. In addition, if pro-inflammatory

352 cytokines surges in Sl (2) are regulated by baroreceptor afferents or if this exacerbate
353  release of immune mediators represents a failure of the adaptive mechanisms are

354  interesting matters to be explored.

355 Even though we observed that SAD affects LPS-induced cardiovascular

356  collapse, thermoregulation and inflammatory signaling, we can make no conclusions
357  about the causal link between these important regulatory functions, reflecting the

358  complexity of this experimental model in which a myriad of events lead to multiple
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359  organ failure and eventually death depending on the doses of LPS. We suggest that the
360 baroreflex-dependent mechanisms mediating inflammatory status are not associated
361  with cardiovascular collapse, given that SAD reduced cytokines surges (both in plasma
362  and spleen) and exacerbate hypotension.

363  Corticosterone, NOx and norepinephrine during Sl are not affected by SAD

364 In SI, a significant increase in plasma corticosterone (a hormone with anti-

365 inflammatory action) levels occurs. This LPS-induced increased corticosterone levels
366  were not affected in SAD rats (Fig. 9 A). These data support the notion that during LPS-
367 induced Sl an increase in the hypothalamic-pituitary-adrenal axis activity occurs (44)
368 and that this activation is independent of the baroreceptor afferents integrity.

369 To provide insights into the mechanisms involved in hypotension during SI, we
370 also assessed plasma NO (a potent vasodilator) and norepinephrine (a vasopressor

371 neurotransmitter) levels (Figs 9). Taking into consideration that during sepsis, NO

372 pathway system is markedly stimulated leading to decreased vascular responsiveness to
373 constrictor stimuli (22), our findings further support the notion that indeed LPS-induced
374 Sl is accompanied by a significant increase in plasma NO production, that does not

375  depend on baroreceptors integrity. Moreover, these findings indicate that greater

376  hypotension in SAD rats is not associated with higher NO production, but rather to the
377  autonomic imbalance per se (Fig. 9 B). Siminarly, the observed effects of SAD on the
378  LPS-induced hemodynamic dysfunction seems to be independent of systemic

379  noradrenaline levels, since this catecholamine levels were similar among groups (Fig. 9
380 C). However, these data do not rule out that local noradrenaline release from

381  sympathetic nerve terminals during SI may be different depending on the vascular bed.
382 In conclusion, the present data are consistent with the notion that the role of

383  baroreflex afferents on LPS-induced Sl goes beyond the lessening hypotension and
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384  tachycardia despite severe vascular dysfunction and affecting inflammatory status. The
385  present findings shed light on the mechanisms underlying the contribution of

386  cardiovascular afferents in the regulation of the inflammatory surges in plasma and
387  spleen during SI.

388

389  Materials and Methods

390 All animal experimentation was executed according to directions for animal
391  study from the National Council for Animal Experimentation Control in Brazil

392 (CONCEA). The experimental procedures were also reviewed and approved by The
393  Ethics Committee on Animal Research of the Dental School of Ribeirdo Preto -

394  University of Sdo Paulo, Ribeirdo Preto, Brazil (#2017.1.585.58.9).

395  Animals

396 Male Wistar rats (300-350 g) were acquired from the Animal Care Facility of
397  the University of Sdo Paulo at Ribeirdo Preto. During experiments they were kept in
398  plastic cages in the animal facility of the Dental School of Ribeirdo Preto, University of
399  Sdo Paulo under a 12-h light/dark cycle (lights on at 6 am) at 23-24 °C. Rats had

400  unrestricted access to standard chow and tap water.

401  Surgical procedures

402  Sino-aortic denervation

403 The most well accepted model of baroreceptor afferents removal, called sino-
404  aortic denervation (SAD) (45,23,46), was performed aseptically using a standard

405  technique (47). Briefly, rats were anesthetized with a cocktail of ketamine (100 mg.kg™)
406  and xylazine (10 mg.kg™) and fixed in the supine position after the absence of the

407  withdrawal reflex to tail and paw pinch. Additional doses of anesthetic were

408  administrated if necessary. A ventral midcervical incision was performed and fibers
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409  from the aortic depressor nerve traveling with the superior laryngeal nerve and superior
410 cervical ganglion were transected. The carotid baroreceptors were denervated by

411  removal of surrounding tissues from the carotid sinus.

412 Arterial and venous catheterization

413 On the fourth day after SAD rats were anaesthetized with ketamine and xylazine
414  and a polyethylene catheter (PE-10 connected to PE-50 tubing; Clay Adams,

415  Parsippany, NJ, USA, Intramedic, Becton Dickinson, Sparks, MD, EUA), was placed
416  into the abdominal aorta by means of femoral artery. Femoral vein was also

417  catheterized. Artery catheterization was used to direct hemodynamic recordings while
418  vein catheter was utilized for drug administration. Both catheters were tunneled

419  subcutaneously and exteriorized through the skin in the nape of the neck, and the

420  surgical wounds were sutured aseptically. Rats recovered individually in the recording
421 room. On the following day the arterial catheter was connected to a pressure transducer
422  (MLTO0380; ADInstruments), and in turn, to an amplifier (Bridge Amp, ML221;

423 ADlInstruments). Pulsatile arterial pressure (PAP) and heart rate (HR) were recorded
424  using the Chart Pro software (ADInstruments) were recorded simultaneously placed in
425  side-by-side cages. Rats from different groups were recorded simultaneously placed in
426  side-by-side cages. Beat-by-beat series of systolic arterial pressure (SAP) and Pl were
427  obtained from the raw PAP recordings and SAP or Pl variability was evaluated using
428  the software CardioSeries (48) and JBioS (49).

429 In the time domain, standard deviation (SDNN) and root mean square of the
430  successive differences (RMSSD) were calculated from Pl series. Standard deviation
431  (SD) was also obtained from SAP series. In the frequency domain, the power spectra of
432 Pl and SAP were estimated by the modified periodogram and Welch protocol (50).

433  Briefly, all series were interpolated at 10 Hz (cubic spline) and divided into segments of
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434 512 points (51.2 seconds). Segments containing artifacts or transients were excluded.
435  Next, each selected segment was multiplied by a Hanning window and the periodogram
436  was estimated. The PI spectra were integrated into low- (LF, 0.2-0.75 Hz) and high-
437  frequency (HF, 0.75-3 Hz) bands, while the SAP spectra were integrated at LF band
438  only. The power at LF band was assessed in normalized units (nu), represented by

439  LF/(LF+HF), whereas the power at HF band was evaluated in absolute units. According
440  to previous studies (31,51), this representation provides the best correlation of spectral
441  indices to the sympathetic and parasympathetic modulation of the heart rate,

442  respectively.

443 Nonlinear properties of Pl and SAP series were assessed by multiscale entropy
444  (MSE) and detrended fluctuation analysis (DFA) (52,53). MSE quantifies the degree of
445  irregularity (unpredictability) of time series over increasing time scales and can be

446  considered a measure of physiological complexity. Healthy systems represent the most
447  complex physiological status, whereas aging and diseases denote some disruption in the
448  integrative regulatory mechanisms, decreasing the capability of the organism to adapt to
449  changing demands (54). MSE parameters were set to m=2 (embedding dimension),

450  r=15% of time series SD (tolerance factor) and t=1...20 (time scales). On the other

451  hand, DFA quantifies the power law scaling of time series, which is related to its fractal
452  temporal structure (55). In the present study, a. 1 comprises windows from 5 to 15

453  points and a2 comprises windows from 30 to 10 and o3 comprises windows from 100
454 to N/10 points, where N is the time series length.

455  Temperature datalogger implantation

456 In the same surgical procedure for arterial and venous catheterization, a median

457  laparotomy was done and an intraperitoneal temperature data-logger capsule (SubCue,
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458  Calgary, AB, Canada) was inserted to deep body (Th) temperature recordings in rats.
459  Afterward, surgical wounds were sutured aseptically.

460  Vascular reactivity studies

461 The method described by Mulvany and Halpern (1977) (56) was used. Animals
462  were euthanized and segments of third-branch mesenteric arteries, measuring about 2
463  mm in length, were mounted in a small vessel myograph (Danish Myo Tech, Model
464  620M, A/S, Arhus, Denmark). Arteries were maintained in a Krebs Henseleit solution
465  [(in mM) NaCl 130, KCI 4.7, KH2PO4 1.18, MgSO4 1.17, NaHCOs 14.9, Glucose 5.5,
466 EDTA 0.03, CaCl; 1.6], at a constant temperature of 37 °C, pH 7.4, and gassed with a
467  mixture of 95% O, and 5% CO..

468 Mesenteric resistance arteries were set to reach a tension of 13.3 kPa (kilopascal)
469  and remained at rest for 30 min for stabilization. The arteries were stimulated with

470  Krebs solution containing a high concentration of potassium [K*, (120 mM)] to evaluate
471  the contractile capacity of the segments. After washing and return to the basal tension,
472  arteries were contracted with Phe (10 M) and then stimulated with ACh (10° M) to
473  determine the presence of a functional endothelium. Arteries exhibiting a vasodilator
474  response to ACh greater than 80% were considered endothelium-intact vessels. After
475  washing and another period of stabilization, concentration-response curves to Phe (1071
476  to 3x107°) and EFS were performed in mesenteric resistance arteries to produce

477  contractions, measured as increases in baseline tension. EFS was applied to arteries

478  placed between platinum pin electrodes and conducted at 20 V, 1-ms pulse width, and
479  trains of stimuli lasting 10 s at varying frequencies (1 to 32 Hz).

480 Vasodilation responses were determined in mesenteric resistance arteries

481  contracted with Phe (10 to 3x10°® M). After 15 min, concentration-response curves to

482  ACh (10 to 3x10° M) and SNP (10° to 10 M) were carried out. Concentration-
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483  response curves to Phe, EFS and ACh were also performed in the presence of L-NAME
484 (10 M).

485  Plasma measurements

486 At the end of the cardiovascular and Tb recordings, arterial blood was

487  withdrawn in EDTA-coated tubes and centrifuged (20 min at 3.500 rpm, 4 °C), for

488  plasma extraction, on the third hour after saline or LPS administration. All plasma

489  samples were kept at —80 °C until assays.

490  Cytokines and noradrenaline

491 Plasma samples were assayed for measurement of tumor necrosis factor (TNF)-
492 o, interleukin (IL)-6, IL-10 and interferon (IFN)-y using multiplex assay kits according
493  to standard instructions (LXSARM - 05, R&D System, Minnesota, USA) with

494  Luminex® Magpix™ technology (Austin, TX, USA). Plasma samples were assayed for
495  measurement of noradrenaline (Cloud-Clone, Texas — USA) levels, using enzyme-

496  linked immunosorbent assay (ELISA) kits according to standard instructions.

497 Spleens were homogenized in 0.5 mL of PBS, protease inhibitor cocktail (Cell
498  Signaling, Massachusetts, USA) and then centrifuged at 13,000 rpm for 20 min at 4 °C.
499  Tissue supernatant samples were used to measure TNF-a, IL-6, IL-10, and IFN-y levels
500 by a multiplex assay as in plasma samples. Data from splenic cytokines were

501 normalized by protein concentrations by means of Bradford assay (#5000205, Bio-Rad
502  Laboratories, USA).

503  Radioimmunoassay for corticosterone

504 Plasmatic corticosterone extractions and radioimmunoassay were performed
505  from 25 pL of plasma by adding 1 mL of ethanol according to Haack et al., (1979) (57).
506  Nitric oxide (nitrate, NOXx)

507 Plasma NOx levels were assessed by using the chemiluminescence NO-Ozone
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508 technique. Nitrate concentrations were measured using 40 uL aliquots of the plasma
509 samples inserted into a NO analyzer (model 280, Sievers Instruments, Boulder, CO,
510 USA).

511  Experimental Design:

512  Rats were assigned into 4 experimental groups:

513  Control + Sal: Naive rats that received saline administration.

514  Control + LPS: Naive rats that received LPS administration.

515 SAD + Sal: SAD rats that received saline administration.

516  SAD + LPS: SAD rats that received LPS administration.

517 1) Protocol #1: To study the role of sino-aortic afferents integrity in LPS-induced

518 changes in MAP, HR and Tb, rats were catheterized and had a datalogger implant and
519  on the day after they received an iv injection of saline or LPS and were recorded up to
520 180 min after iv administration. To avoid the influence of variability of MAP of SAD
521  rats in the results, the reported values of MAP and HR were obtained as the delta of
522  beseline values (using a mean of 10 min of recording before the intravenous injection)
523  and the minimum value for MAP and the maximum value for HR obtained from the last
524  minute of every 10 min period throughout 180 min. This analysis was done in all the
525  experimental groups.

526  2) Protocol #2: To further characterize the role of sino-aortic afferents integrity in LPS-
527 induced cardiovascular collapse, spectral analysis of Pl and SAP in the time and in the
528  frequency domain, and analyze of the complexity of cardiovascular function were

529  evaluated offline.

530  3) Protocol #3: 180 min after LPS or saline administration, arterial plasma was

531  withdrawn to assess corticosterone, NOXx, and norepinephrine levels. Cytokines levels

532 were also assessed in plasma and spleen.
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4) Protocol #4: 180 min after LPS or saline administration, rats were euthanized and

vascular reactivity was evaluated in mesenteric resistance arteries.

Statistical analysis

Data are expressed as mean + S.E.M. (standard error of the mean) and

significant differences were considered at P < 0.05, but exact P values are described.

Unpaired t test, one-, two-way ANOVA followed by the Bonferroni multiple

comparisons test or Kruskal-Wallis test followed by Dunn's multiple comparisons test

were performed when necessary.
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704  Fig. 1. Effects of sino-aortic denervation (SAD) on mean arterial pressure (MAP), and
705  heart rate (HR) of saline (Sal)-treated rats (panel A) and rats with SI (panel B, LPS,
706  1.5mgkg?). Bradycardic gain during stimulation of the arterial baroreceptors (panel C)
707 and maximal hypotensive response to LPS-induced Sl (panel D). Representative
708  recordings showing PAP, MAP (white line; top) and HR responses to i.v. injection of
709  phenylephrine (Phe; panel E). A Tb (panel F) and thermal indexes (panel G). Results are
710  presented as individual values and mean + SEM. *, # p < 0.05 compared with time zero
711  and Tt p < 0.0001 difference between groups using the two-way ANOVA with
712 Bonferroni's post hoc test (panel A and B). *p < 0.05 using the unpaired t test (panel C
713 and D). **p < 0.01 compared with Control + Sal group using the one-way ANOVA with
714  Bonferroni's post hoc test (panel G). Control + Sal (n = 5-7), Control + LPS (n = 7-9),
715  SAD + Sal (n =5-9), and SAD + LPS (n = 8-9).

716

717  Fig. 2. Variability in heart rate (HR) and in systolic arterial pressure (SAP) in the time-
718  domain during LPS-induced SI. Standard deviation (SDNN, panel A) and root mean
719  square of the successive differences (RMSSD, panel B) from Pl series. Standard deviation
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720  (SD) from SAP series (panel C). Control + Sal, Control + LPS, SAD + Sal, and SAD +
721 LPS groups were evaluated 3 and 24 hours after LPS administration. Results are presented
722 as individual values and mean = SEM. ** p < 0.01, *** p < 0,001, **** p < 0.0001
723 compared with Control + Sal group using the one-way ANOVA with Bonferroni's post
724 hoc test. Control + Sal (n =9), Control + LPS (n =8), SAD + Sal (n =9), and SAD + LPS
725  (n=7).

726

727  Fig. 3: Power spectral analyses of pulse interval (PI) and systolic arterial pressure (SAP)
728  from Control + Sal, Control + LPS, SAD + Sal, and SAD + LPS groups. Representative
729  tracings from each experimental group (panel A and B). Magnitude of low frequency (LF,
730 panel C) and high frequency (HF, panel D) components of Pl. Magnitude of HF
731 component of LF component of Pl (panel E). Results are presented as individual values
732  and mean £ SEM. ** p < 0.01, and **** p < 0.0001 compared with Control + Sal group
733 using the one-way ANOVA with Bonferroni's post hoc test. Control + Sal (n = 8-9),
734  Control + LPS (n = 8-9), SAD + Sal (n = 8-9), and SAD + LPS (n = 8-9).

735

736  Fig. 4: Detrended fluctuation analysis (DFA) from Control + Sal, Control + LPS, SAD +
737  Sal, and SAD + LPS groups that where evaluated 3 hours after LPS administration.
738  Average values of al (panel A), a2 (panel B) and a3 (panel C) are shown. Results are
739  presented as individual values and mean + SEM. * p < 0.05, ** p < 0.01, **** p < 0.0001
740  compared with Control + Sal group using the one-way ANOVA with Bonferroni's post
741  hoc test. Control + Sal (n =9), Control + LPS (n=9), SAD + Sal (n =8), and SAD + LPS
742 (n=9).

743

744  Fig. 5: Multiscale entropy (MSE) from Control + Sal, Control + LPS, SAD + Sal and,
745  SAD + LPS groups that where evaluated 3 hours after LPS administration. Mean MSE
746  profiles obtained from Control + Sal, SAD + Sal (panel A), Control + LPS, and SAD +
747  LPS (panel B). Average values of entropy calculated for scales 1 and 2, 3 to 7 and 8 to 20
748  are shown (panel C). Results are presented as individual values and mean £ SEM. * p <
749  0.05, ** p <0.01, *** p < 0,001, **** p < 0.0001 compared with Control + Sal group
750  using the one-way ANOVA with Bonferroni's post hoc test. Control + Sal (n =9), Control
751+ LPS (n=9), SAD + Sal (n =9), and SAD + LPS (n =9).

752

753 Fig. 6: Vasoconstrictor responses to KCI (120 mM, panel A) from Control + Sal, Control
754  + LPS, SAD + Sal and, SAD + LPS groups. Cumulative concentration-response curves
755  to the a-1 adrenergic agonist [phenylephrine (Phe) panel B], Phe in presence of L-NAME,
756  non-selective inhibitor of nitric oxide synthase, (10 M, panel C), Acetylcholine (ACh),
757  endothelium-dependent vasodilator (panel D), sodium nitroprusside (SNP) endothelium-
758  independent vasodilator (panel E). * p < 0.05 compared with Control + Sal group using
759  the one-way ANOVA with Bonferroni's post hoc test. Control + Sal (n = 4-5), Control +
760  LPS (n=5), SAD + Sal (n =4), and SAD + LPS (n =5).

761

762  Fig. 7: Electrical-field stimulation (EFS, panel A) from Control + Sal, Control + LPS,
763 SAD + Sal and, SAD + LPS groups. EFS in presence of L-NAME (10* M, panel F) in
764  resistance mesenteric arteries. Results are presented as mean + SEM * p < 0.05 compared
765  with Control + Sal group using the one-way ANOVA with Bonferroni's post hoc test.
766  Control + Sal (n = 4-5), Control + LPS (n =5), SAD + Sal (n =4), and SAD + LPS (n =
767 5).

768
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769  Fig. 8: Plasma (panel A, B, C, and D) and splenic levels (E, F, G, and H) of pro-
770  inflammatory and anti-inflammatory cytokines from Control + Sal, Control + LPS, SAD
771+ Sal and SAD + LPS groups. Results are presented as individual values and mean *
772 SEM. * p <0.05, ** p < 0.01, *** p < 0,001, **** p < 0.0001 compared with Control +
773 Sal group. # p < 0.05 and ## p < 0.01 compared with Control + LPS group using the one-
774  way ANOVA with Bonferroni's post hoc test or or Kruskal-Wallis test followed by
775  Dunn's post hoc test. Control + Sal (n = 8-12), Control + LPS (n = 9-10), SAD + Sal (n =
776  5),and SAD + LPS (n = 7-13).

777

778  Fig. 9: Plasma levels of corticosterone (panel A), NOx (nitrate, panel B), and
779  norepinephrine (panel C) from Control + Sal, Control + LPS, SAD + Sal and SAD + LPS
780  groups. Results are presented as individual values and mean £ SEM. **** p < 0.0001
781  compared with Control + Sal group using the one-way ANOVA with Bonferroni's post
782  hoc test. Control + Sal (n = 9), Control + LPS (n = 8-9), SAD + Sal (n = 5-6), and SAD
783  + LPS (n=5-9).

784
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