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This study attempts to clarify the neural control of cerebral blood flow (CBF) during head-down postural rota-
tion, which induces a cephalad fluid shift in urethane-anesthetized rats. The animals were placed on a table,
tilted to a 45° head-down position over 5 s and maintained in that position. Head-down rotation (HDR) induced a
transient decrease (8 + 3 mm Hg; mean =+ SE) in mean arterial blood pressure (ABP) at 7.3 + 0.3 s after the onset
of HDR. The pressure returned to the pre-HDR level within 1 min in the head-down position. Pretreatment with
hexamethonium bromide suppressed the HDR-elicited decrease in ABP, suggesting that the decrease in ABP was
induced by the suppression of autonomic neural outflow. The administration of phenoxybenzamine (PB), an
a-adrenergic antagonist, also eliminated the HDR-elicited decrease in ABP, suggesting that this decrease was
elicited by the suppression of a-adrenergic vascular tone. To test sympathetic outflow during HDR, renal sym-
pathetic nerve activity (RSNA) and cervical sympathetic trunk (CST) activity (CSTA) were recorded. RSNA was
transiently suppressed at 2.3 + 0.4 s after HDR onset, followed by a decrease in ABP, suggesting that this
decrease was, at least in part, induced by the suppression of sympathetic nerves. CSTA did not change signifi-
cantly during HDR. These results suggest that HDR suppresses sympathetic nerves in the lower body rather than
in the head, which might result in a decrease in ABP. To test the effect of the decrease in ABP due to sympathetic
activity on CBF during HDR, changes in CBF during HDR were measured. CBF did not change significantly during
HDR in the control group after the administration of an a-receptor blocker or after denervation of the CSTs. These
results suggest that the impact of the CSTs on CBF is likely to be limited by a rapid increase in CBF due to HDR-
elicited cephalad fluid shift and that CBF autoregulation proceeds through an alternative mechanism involving
the myogenic properties of cerebral vessels.

1. Introduction

Understanding the mechanisms of orthostatic hypotension and its
treatments is necessary to elucidate the neural regulation of blood
pressure during postural alterations (Low and Tomalia, 2015).
Regarding the neural control of arterial blood pressure (ABP) during
postural changes, baroreceptor reflexes (BRs) and the vestibular appa-
ratus are mechanistically important (Doba and Reis, 1974; Eckberg
et al., 1976). Many researchers have shown that fluid shift towards the
head exerts BRs due to a hydrostatic effect (Guo et al., 1982; Thames
et al., 1982; Nagaya et al., 1995; Tanaka et al., 1999; Westerhof et al.,
2006; Nakamura et al., 2009). BRs induce inhibition of the renal sym-
pathetic nerve (DiBona and Sawin, 1985). Nakamura et al. (2009)

investigated the time course of aortic depressor nerve activity (ADNA),
renal sympathetic nerve activity (RSNA), and ABP during head-down
rotation (HDR) using anesthetized rabbits. They demonstrated that
vestibulo-sympathetic reflexes (VSRs) induced the suppression of RSNA
during HDR, which was followed by a transient decrease in ABP. ADNA,
the afferent activity of BRs, increased considerably during HDR. Peak
ADNA excitation occurred significantly later than peak RSNA suppres-
sion, and this suppression was eliminated by vestibular lesions. Thus,
this result suggests that the decrease in ABP during HDR is induced by a
rapid mechanism that is probably mediated by VSRs (Nakamura et al.,
2009).

Why does ABP decrease transiently during HDR? Since a decrease in
ABP reduces cerebral perfusion pressure (CPP), which is the pressure
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gradient between systemic blood pressure and intracranial pressure
(ICP) (Gierthmiihlen et al., 2010; Ainslie and Brassard, 2014; Brassard
et al., 2017), the suppression of sympathetic nerves during HDR might
operate in a feedforward manner to avoid a rapid increase in cerebral
blood flow (CBF) due to a cephalad fluid shift. Therefore, we asked
whether this feedforward system suppresses the activity of cervical
sympathetic trunks (CSTs) as well as RSNA during HDR. With the level
of the heart as a reference, the head moves to a position lower than that
of the heart upon HDR by 45°; on the other hand, the animal’s lower
body moves to a position higher than the heart in HDR. If cephalad fluid
shift during HDR elicits the suppression of CST activity (CSTA), this
suppression causes a sudden increase in CBF during HDR. This increase
in CBF is not thought to be a pertinent response because hypertensive
encephalopathy occurs as the result of a sudden, sustained increase in
blood pressure (Cipolla, 2009) and because the increase in CBF might
cause brain edema (Kawai et al., 1993; Kawai et al., 1997; Asai et al.,
2002). Therefore, to prevent an increase in CBF during HDR, CSTA must
be simultaneously activated. Some researchers have observed a certain
decrease in CBF at baseline, especially during hypertension upon stim-
ulation of the superior cervical ganglion (Cassaglia et al., 2008; Willie
et al.,, 2014). These researchers have proposed that the sympathetic
vasoconstriction of cerebral vessels is a protective mechanism for the
brain that limits cerebral perfusion and microcirculatory pressure dur-
ing transient increases in arterial pressure (Cassaglia et al., 2008).
However, CSTA during HDR remains unclear. Thus, we sought to clarify
this regional difference in the activities of CSTs and renal sympathetic
nerves to elucidate the regulation of CBF during postural changes.

CBF autoregulation is the ability of the brain to maintain relatively
constant blood flow despite changes in perfusion pressure (Cipolla,
2009). Gotoh et al. (1971) demonstrated a loss of CBF autoregulation in
patients with severe impairment of the autonomic nervous system dur-
ing head-up tilt, suggesting that the autonomic nervous system con-
tributes to autoregulation during postural alteration (Gotoh et al.,
1971). Although cerebral autoregulation is widely accepted, the inter-
action between CSTA and autoregulation remains unclear. Additionally,
whether sympathetic outflow affects CBF remains controversial
(Strandgaard and Sigurdsson, 2008; van Lieshout and Secher, 2008;
Ainslie and Brassard, 2014; Brassard et al., 2017). Thus, if CSTs are
activated by HDR, the CSTs are an important candidate for cerebral
autoregulation. If not, an alternative mechanism for cerebral autor-
egulation should be considered. The purpose of this study was to
investigate whether HDR affects sympathetic outflow with regional
differences. We hypothesized that CSTA does not decrease significantly
to prevent a rapid increase in CBF due to a HDR-elicited cephalad fluid
shift. This study provides important information to clarify the role of the
CST in controlling brain circulation during postural alterations.

2. Materials and methods
2.1. Animal preparation

Four experiments were performed on 32 Sprague-Dawley rats
weighing 350-470 g. In the first experiment (Experiment 1), the RSNA
and ABP of 8 rats were recorded. In the second experiment (Experiment
2), the CSTA instead of RSNA and ABP of 8 rats were recorded. In the
third experiment (Experiment 3), the CBF and ABP of 8 rats whose CSTs
were intact were recorded. In the last experiment (Experiment 4), the
CBF and ABP of 8 rats whose CSTs were bilaterally denervated were
measured. All surgical and experimental protocols had been approved
by the Animal Care Committee of Tottori University (No: 17-Y-15 and
No: 19-Y-11) and complied with the Institute for Laboratory Animal
Research Guide for the Care and Use of Laboratory Animals. The animals
inhaled room air with 4% sevoflurane (Abbott Japan Co., Ltd., Tokyo)
for the introduction of anesthesia (Murakami et al., 2014). Depths of
anesthesia were maintained during surgery with 2 to 3.5% sevoflurane.
The state of anesthesia was monitored by heart rate and blood pressure,
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which remained stable (Nakamura et al., 2009). Lidocaine (0.5%) was
used for local infiltration anesthesia as necessary. After surgery, the
animals were anesthetized via an intraperitoneal injection of urethane
(1.2-1.9 g/kg, Wako, Tokyo, Japan) during the experimental protocols.
A supplementary dose (0.3-0.5 g/kg) was added as necessary.

The right femoral artery was cannulated to monitor ABP. A pressure
transducer (DT-4812, Viggo-Spectramed, FL) was attached to the thorax
of the animal and fixed to maintain a level relative to the heart during
HDR. The right femoral vein was also cannulated for intravenous
injection.

Regional CBF on the surface of the parietal lobe in rats in the prone
position was measured by means of a laser Doppler flowmeter (ALF 21D
Laser Doppler Flowmeter, Advance, Tokyo, Japan). After skin incision, a
small hole (approximately 2 mm in diameter) was made on the right
parietal skull bone 1.5 mm lateral to the midline, from which a guide
cannula to fix a Doppler probe (1.0 mm in diameter) was inserted into
the parietal lobe. The tip of the probe was placed into the lobe at a depth
of 0.5 mm from the surface and fixed to an anchor attached to the skull
bone using dental resin.

To record the sympathetic nerve outflow activity, the right CST and
renal sympathetic nerves were exposed. The method used to identify the
right renal nerves has been described elsewhere (Nakamura et al.,
2009). The CST was isolated at the rostral level of the superior cervical
ganglion and separated from the aortic and vagus nerves. A pair of
stainless-steel wire electrodes (50 pm in diameter, California Fine Wire,
Grover Beach, CA, USA) insulated with a silicon sheath was used to
record each nerve. The tip of each wire was uncovered from the sheath,
and the tips were attached to the nerve at a distance of approximately 1
to 1.5 mm (Nakamura et al., 2009). Then, the area where the wires were
attached and space between the nerves were embedded with silicone
gel. In Experiment 4, the CSTs were cut bilaterally at the rostral level of
the ganglion. A sham operation was carried out for all groups, that is, the
bilateral CSTs, unilateral renal nerve, and unilateral surface of the pa-
rietal lobe were exposed. Then, all layers of muscle and skin for all in-
cisions were sutured, and the hole on the skull bone was closed with
dental resin.

2.2. Protocols

After surgical preparation, the animal was placed on a tilting table in
the prone position. A potentiometer was placed (Matsuo et al., 1994).
After stable ABP had been confirmed, the animal was kept in the prone
position for 1 min. Then, the animal was rotated to a 45° head-down
tilted (HDT) position over 5 s (HDR). The HDT position was main-
tained for 1 min, after which the animal was rotated back to the hori-
zontal position. HDR was repeated at least 2 times. In Experiment 1,
hexamethonium bromide, a ganglionic transmission blocker, was
intravenously injected (n = 4, total dose; 15 mg/kg) after the HDR
protocols, after which HDR was performed two times. In Experiment 3,
phenoxybenzamine (PB), an a-adrenergic antagonist, was administered
via bolus injection within 1 min (total dose; 0.5 mg/kg) after the HDR
protocol, after which HDR was performed two times.

2.3. Measurement and recording

A Doppler probe inserted into the brain matter was connected to a
laser Doppler flow meter, and the blood flow volume was expressed by
digit numbers (ml/min/100 g), which were recorded as a DC voltage.
The bipolar wire electrodes were connected to a differential amplifier
during Experiment 1 and Experiment 2. The amplified neural activity was
integrated by a voltage integrator with a time constant of 0.05 s. The
table position was monitored by a potentiometer to show the tilting
angle as a DC voltage. ABP was measured using a pressure transducer
(attached to the body). These signals were connected to an amplifier
(AP-601G; Nihon-Koden, Tokyo, Japan). Heart rate was calculated from
the arterial pulse via off-line analysis.
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2.4. Data analysis

ABP signals, nerve activity, integrated nerve activity, CBF and tilt
angle were saved on DAT tape (TEAC RX832; Tokyo, Japan) for off-line
analysis. The signal traces were digitized at 2 kHz with an analog-to-
digital converter (Interface Corp, PCI-3153; Hiroshima, Japan) via a
low-pass filter with a cutoff of 8 kHz and subsequently analyzed with
MATLAB (MathWorks, Natick, MA, USA). The mean ABP was calculated
as the diastolic pressure plus one-third of the pulse pressure for each
beat, and the values are shown in Table 1. Nerve activity was calculated
as the area from the baseline and integrated traces every 1 s. The mean
ABP, CBF and nerve activity data were averaged over one-second in-
tervals during each HDR.

Analysis of variance with Dunnett’s multiple comparison test was
used to determine statistical significance of the experimental data.
Student’s t-test was used when comparing two groups. Differences were
considered statistically significant at P < 0.05.

3. Results
3.1. Changes in ABP during HDT positioning

Table 1 shows the mean ABP before and after HDR in anesthetized
rats. The mean ABP values in the horizontal prone position in Experi-
ments 1, 2, 3 and 4 were 95 + 5 mm Hg (mean =+ SE), 94 + 3 mm Hg, 100
+ 7 mm Hg, and 88 + 4 mm Hg, respectively (Table 1). The mean ABP
began to decrease during HDR (Figs. 1A, 2A and B, 3A and B, 4A, 5A and
6A). As shown in Table 1, the pressure reached its lowest level
approximately 7.5 s after the onset of HDR, after which the ABP
recovered to the pre-HDR level within 1 min (Fig. 1A). The average
mean ABP for all 32 trials was 95 + 3 mm Hg. The average reduction in
ABP was 8 + 3 mm Hg, and the time from the onset of HDR to the
maximum reduction in mean ABP was 7.3 & 0.3 s for all trials.

3.2. Effects of hexamethonium and PB on ABP

The possibility that the decrease in ABP occurred through a mech-
anism that did not involve the autonomic nerves was next tested. In
Experiment 1, four out of 8 rats were injected with hexamethonium, after
which RSNA immediately and markedly decreased, as shown in Fig. 1B.
The mean ABP significantly decreased from 93 + 7 to 66 + 4 mm Hg (n
=4, P < 0.01). HDR induced a significant decrease in mean ABP before
hexamethonium injection, but this effect was not observed 2 min after
the injection, as shown in Fig. 1. The average HDR-elicited decrease in

Table 1
Changes in arterial blood pressure during HDR.

Mean ABP (mm Hg) Latency of

maximum drop

Before 7.5 s after 1 min after d
HDR HDR onset”  HDR onset’
onset”
Experiment 1 (n 95+5 84 £ 7% 95 +6 7.5+ 0.5
= 8, 8 trials)
Experiment 2 (n 94 +3 86 + 3* 93 +3 7.1+0.3
= 8, 8 trials)
Experiment 3 (n 100 £ 7 90 + 8* 99 +7 7.5+04
= 8, 8 trials)
Experiment 4 (n 88 +4 80 + 3% 88 +4 7 £0.4
= 8, 8 trials)

Asterisks indicate P < 0.05 versus mean ABP before HDR.

# Average mean arterial blood pressure (ABP) for 1 to 2 s before onset of HDR
for each trial.

b Average mean ABP at the head-down position for 7 to 8 s after onset of HDR.

¢ Average mean ABP at the head-down position for 59 to 60 s after onset of
HDR.

4 Time to maximum reduction of mean ABP.
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Fig. 1. Effect of pretreatment with hexamethonium on ABP and RSNA during
HDR. A Traces show ABP (a) and integrated RSNA (b) of the control before the
injection of hexamethonium. B Traces show ABP (a) and integrated RSNA (b) at
2 min after the injection of hexamethonium. Vertical dotted lines indicate the
onset and end of rotation. HDT stands for head-down tilt.

mean ABP was significantly greater before injection (7 = 3 mm Hg) than
after injection (—3 + 1 mm Hg) (n = 4, P < 0.01; not illustrated).

In Experiment 3, changes in ABP during HDT positioning were
measured before and after intravenous administration of PB, an
a-adrenergic blocker. The administration of PB induced a significant
decrease in mean ABP from 100 + 8 to 69 + 3 mm Hg (n = 8, P < 0.05).
After administration, the ABP did not change significantly during or
after HDR (Figs. 4B and 5B).

3.3. Changes in RSNA and CSTA during HDT positioning

Fig. 2 shows the typical changes in ABP, RSNA (Fig. 2A), and CSTA
(Fig. 2B) observed in control rats. Sympathetic activity was identified as
phasic heartbeat-related firing that corresponds to the descending phase
in ABP (Kobayashi et al., 1999). HDR induced transient suppression of
RSNA (Figs. 2Ab, ¢ and 3C), which was followed by a transient decrease
in ABP (Figs. 1Aa, 2Aa and 3A). The mean latency of the peak sup-
pression from the onset of HDR was 2.3 + 0.4 s in the rats (n = 8, 8
trials). The peak suppression of RSNA preceded the initiation of the
decrease in ABP, as shown in Fig. 3A and C. The heart rate did not
change significantly during HDR (Table 2). These results suggest that the
decrease in ABP was produced by the inhibition of sympathetic vaso-
constrictor nerves. CSTA did not change significantly during HDR in the
rats (Figs. 2Bb, c and 3D).

3.4. Effects of HDR on CBF before and after the administration of an
a-blocker

Fig. 4 shows the typical responses of ABP and CBF to HDR before
(Fig. 4A) and after (Fig. 4B) intravenous administration of PB to a
control rat. Intravenous injection of PB produced a significant decrease
in the mean ABP from 100 + 7 mm Hg to 66 + 4 mm Hg (n = 8, P <
0.05). Before the injection, HDR induced a transient reduction in the
mean ABP (Experiment 3 in Table 1, Figs. 4Aa and 5A); however, after
the injection, HDR did not induce a significant reduction in ABP
(Figs. 4Ba and 5B). The average CBF value at baseline before HDR was
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Fig. 2. Changes in ABP, RSNA, and CSTA during HDR.
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1.9 + 0.3 ml/min/100 g in control rats (n = 8). As shown in Fig. 5C, HDR
had a tendency to induce a small, transient reduction in CBF for 1.5 s and
2.5 s after the onset of HDR; however, these changes were not significant
(P = 0.09). After the end of rotation, CBF did not differ significantly
compared to that at baseline (Fig. 5C). Fig. 5D shows the changes in CBF
during HDR after the administration of PB. Mean CBF after PB injection
was 2.0 + 0.2 ml/min/100 g, which was not significantly different from
that before the injection. HDR did not induce a significant change in CBF
(Fig. 5D).

3.5. Effects of HDR on CBF after bilateral denervation of the CSTs

Fig. 6 shows the changes in ABP (Fig. 6A) and CBF (Fig. 6B) observed
during HDR after bilateral denervation of the CSTs. The average mean
ABP before denervation (94 + 4 mm Hg, n = 8) was not significantly
different from that after denervation (88 + 4 mm Hg). In addition, CBF

time after onset of HDR (s)

before (2.1 + 0.2 ml/min/100 g, n = 8) or after denervation (2.0 £ 0.2
ml/min/100 g, n = 8) did not differ (not illustrated). HDR did not elicit a
significant change in CBF (Fig. 6B), although HDR induced a transient
reduction in the mean ABP (Experiment 4 in Table 1 and Fig. 6A).

4. Discussion

To summarize the major findings of this study, four points are of the
greatest importance. 1) HDR induced transient suppression of RSNA;
however, CSTA was not significantly changed. 2) ABP decreased tran-
siently after the suppression of RSNA. 3) The HDR-elicited decrease in
ABP disappeared after the administration of a ganglionic blocker and an
a-receptor blocker but did not disappear after denervation of the CSTs.
4) CBF did not change significantly during HDR in the control, after
administration of an a-receptor blocker, or after denervation of the
CSTs.
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Fig. 4. Changes in ABP and CBF during HDR. A The left panel shows changes in
ABP (a), CBF (b), and the body position of the animal (c). B The right panel
shows changes in ABP (a), CBF (b), and the body position of the animal (c) after
intravenous injection of PB. Vertical dotted lines indicate the onset and end of
rotation. HDT stands for head-down tilt.

4.1. Difference between RSNA and CSTA during HDR

Changes in ABP during postural alterations are well known to be
related to vestibular inputs (Uchino et al., 1970; Doba and Reis, 1974;
Yates and Miller, 1994; Kerman and Yates, 1998; Wilson et al., 2006). In
our previous studies, HDR was shown to elicit the transient suppression
of RSNA, followed by a decrease in ABP after the end of HDR. Pre-
treatment with a ganglion-blocking agent, hexamethonium, eliminated
both the suppression of RSNA and decrease in ABP by HDR (Nakamura
et al., 2009). This study also showed that HDR induced the transient
suppression of RSNA and that ABP decreased transiently after the sup-
pression of RSNA, which is consistent with the data from the past study.
BRs are well known to be elicited by fluid shifts, which are induced by
postural alterations (Nagaya et al., 1995; Tanaka et al., 1999; Nakamura
et al., 2009). This suppression is a more rapid response than BRs and
may be induced by VSRs, because vestibular lesions were found to
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extinguish this more rapid response (Nakamura et al., 2009). The mean
latency (2.3 + 0.4 s) of the suppression of RSNA after HDR onset in this
study was also quicker than the mean latency (7.3 + 0.3 s) of the
decrease in ABP after the onset of HDR, suggesting that RSNA sup-
pression is more rapid than BRs. HDR did not significantly change heart
rate in the rats (Table 2). Therefore, the enhancement of cardiac vagal
tone does not seem to play an important role in decreased ABP (Naka-
mura et al., 2009). Since the activity of the vestibular nerve was
demonstrated to inhibit RSNA (Uchino et al., 1970; Kerman and Yates,
1998), HDR probably stimulates the vestibular nerves, which suppresses
sympathetic outflow to the lower body. This sympathetic suppression
might be a compensation mechanism against the rapid increase in CBF
due to HDR-elicited cephalad fluid shift. Importantly, CSTA was not
inhibited by HDR in this study. Kerman and Yates (1998) demonstrate
that vestibular inputs affect the activity of sympathetic outflow with
regional differences. Interestingly, the vestibulo-sympathetic suppres-
sion of renal sympathetic nerves is much greater than that of cervical
sympathetic nerves (Kerman and Yates, 1998). This result indicates that
vestibular stimulation hardly suppresses the activity of cervical sym-
pathetic nerves, which is probably why CSTA did not show any changes
during HDR. Another possibility is that CSTA did not change during
HDR because of the use of urethane anesthesia, which increases ABP,
heart rate, and RSNA (Shimokawa et al., 1998). The authors of a pre-
vious study demonstrated that urethane decreased the gain of BR control
of heart rate but elicited no change in that of RSNA (Shimokawa et al.,
1998.); therefore, CSTA might induce less change than RSNA during
HDR. Further research using alert animals is needed to determine the
effect of anesthetics.

There are limitations to our methods. As shown in Fig. 3A and C,
RSNA was restored to the baseline level after 5 s of rotation but the blood
pressure remained reduced, which showed that the reduction in blood
pressure was not associated with RNSA recovery. BRs may restrict the
increase in blood pressure when the HDT position is adopted (Nagaya
et al., 1995; Tanaka et al., 1999); however, it is difficult to explain the
dissociation by only the pattern of sympathetic nerve activity. Sympa-
thetic and parasympathetic nerve activities were noted to show not only
reciprocal but also nonreciprocal, co-activation or co-inhibition patterns
(Paton et al., 2005). The authors of this study reported that many

Fig. 5. Summary of changes in ABP and CBF during

HDR in Experiment 3.

The left panels show the normalized mean ABP (A)
and normalized CBF (C) over time. The right panels
show the time course of the normalized mean ABP (B)
and normalized CBF (D) over time after intravenous
injection of PB. Vertical dotted lines indicate the
onset and end of rotation. HDT stands for head-down
tilt. Asterisks indicate P < 0.05 vs. baseline levels.

A B
105 110 :
100 o—u-
% b* . - 105 §
§ £ 100 !
* '
g 90 * g bgseline
= 85 * = 9% |
rotation HDT rotation HDT R
80 r r T — 20 T T T T —
-2 0 2 4 6 8 10 -2 0 2 4 6 8 10
time after onset of HDR (5) time after onset of HDR ()
C D
105 120
115+
100{ A—A 1104
f
L baseline L 105-baseline
8 o5 8 "™
2 2 100 A—x’
90 &
rotation HDT - 901 rotation HDT -
85 r —— — 85 - T r T —
-2 0 2 4 6 8 10 -2 0 2 4 6 8 10

time after onset of HDR (5)

time after onset of HDR (S)



N. Matsuo et al.

A 105
1004 0—e-
o *
] *
c 954 ¥ x %
3 HH—{
g 90+
S
85+
rotation HDT R
80 T T T T

-2 0 2 4 6 8 10
time after onset of HDR (s)

110+
1054

100{ A2

% CBF

rotation HDT

< > >

90 T T T T
-2 0 2 4 6 8 10

time after onset of HDR (5)

Fig. 6. Changes in mean ABP and CBF during HDR after denervation of the
CSTs.

The top panel shows changes in the normalized mean ABP (A), and the bottom
panel shows changes in the normalized CBF (B) after the CSTs were bilaterally
cut. Vertical dotted lines indicate the onset and end of rotation. HDT stands for
head-down tilt. Asterisks indicate P < 0.05 vs. baseline levels.

Table 2
Effect of HDR on heart rate in rats.

Heart rate, bpm

Before HDR During HDR After HDR

Rats (n = 32, 32 trials) 380 £ 8 379 £ 8 377 £ 8

Mean value of heart rate for 2 s before onset of HDR, during HDR, and after HDR.

protective reflexes, such as peripheral chemoreceptor, startle, noxious,
ocular, and defensive reflexes, appear to simultaneously excite both
autonomic outflows to the heart (Paton et al., 2005). Therefore, car-
diovascular responses to co-activation of both the sympathetic and
parasympathetic nerves might have overlapped in this case. The inter-
pretation of results obtained by recording cardiac nerves is not simple
(Paton et al., 2005). Moreover, the interactions of parasympathetic and
sympathetic postganglionic neurons with the brain and systemic circu-
lation are still unknown (Paton et al., 2005; Oliveira-Sales et al., 2016;
Roloff et al., 2016). To clarify the mechanism of these sympathetic and
parasympathetic interactions, further study using new methods is
needed (Paton, 1996; Paton et al., 2005; Oliveira-Sales et al., 2016).

4.2. Role of sympathetic nerve activity in CBF during HDR

As shown in Fig. 5, HDR tended to induce a small, transient reduction
in CBF in the control during rotation; however, this change was not
significant (P = 0.09). Moreover, CBF did not change significantly
during HDR after the administration of an a-receptor blocker or dener-
vation of the CSTs in this study. These results suggest that the impact of
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the CSTs on CBF is probably limited by the increase in CBF due to a HDR-
elicited cephalad fluid shift. However, Gotoh et al. (1971) demonstrated
that the loss of CBF autoregulation in patients with severe impairment of
the autonomic nervous system during head-up tilt, such as that in Shy-
Drager syndrome. Interestingly, they showed that the degree of
impairment of autoregulation was dependent on the extent of autonomic
nervous system involvement, suggesting that changes in CBF during
postural alterations might be affected by autonomic outflow (Gotoh
et al., 1971).

It is clear that the CST innervates the cerebral artery (Nielsen and
Owman, 1967; Iwayama et al., 1970; Edvinsson et al., 1975). Stimula-
tion of the superior cervical ganglion has been proposed to induce a
reduction in CBF at baseline as well as during acute hypertension
(Heistad et al., 1978; Cassaglia et al., 2008). Some investigations in rats
demonstrated that high-frequency (20-30 Hz) stimulation of CST
induced a short-term increase in CBF, followed by a decrease in CBF
(Saeki et al., 1990; Shiba et al., 2009). These results suggest that stim-
ulation of the CST affects CBF in rats. Saeki et al. showed that the
stimulation-induced decrease in CBF was abolished by an a-adrenergic
blocking agent (Saeki et al., 1990; Shiba et al., 2009). As shown in
Fig. 5C, HDR had the tendency to induce a small transient reduction in
CBF during HDR, which might be explained by the suppression of
a-adrenergic vascular tone; however, the change in CBF was not sig-
nificant (P = 0.09). This result suggests that sympathetic outflow is
unlikely to contribute in a major way to CBF autoregulation. However,
there are limitations to our study as studies have also shown the role of
parasympathetic involvement in the autoregulation of CBF (Kurosawa
et al., 1989; Morita et al., 1994; Cipolla, 2009; Roloff et al., 2016).
According to a report by Morita et al. (1994), although bilateral para-
sympathetic denervation did not affect either the frequency or ampli-
tude of vasomotion, the lower limit of cerebral autoregulation was
shifted towards a higher blood pressure in denervated rats (Morita et al.,
1994), which suggests the contribution of parasympathetic nerves to
cerebral autoregulation. Since focal electrical stimulation of the nucleus
basalis of Meynert was reported to produce an increase in acetylcholine
release and blood flow in the parietal cortex in rats (Kurosawa et al.,
1989), intracranial basal forebrain cholinergic nerves should also be
considered. Thus, further study is needed to clarify the influence of other
neural systems that control CBF, including parasympathetic nerves and
intracranial basal forebrain cholinergic nerves.

In terms of the changes in CBF observed during HDR, CBF in the
control did not significantly change during HDR in this study. The
change in CBF after bilateral denervation of the CSTs (Fig. 6B) and after
the injection of PB (Fig. 5D) varied more widely than that in the control,
but the flow was not significantly changed during HDR. According to a
report by Sadoshima et al. (1981), superior cervical ganglionectomy did
not affect CBF, although sympathetic nerve traffic increased fivefold
during intracranial hypertension. They concluded that intense reflex
activation of the sympathetic nerves during intracranial hypertension
does not affect CBF (Sadoshima et al., 1981). These results suggest that
an alternative mechanism for cerebral autoregulation other than a
mechanism involving CSTA should be considered. Cipolla reported that
autoregulation of CBF was most likely due to the myogenic behavior of
cerebral smooth muscle when pressure fluctuated at the high end of the
autoregulatory curve (Cipolla, 2009). Thus, our results during HDR can
be explained by the contribution of myogenic activity to autoregulation,
although involvement of the parasympathetic nerves is possible.

In conclusion, HDR suppressed RSNA but not CSTA in this study. The
HDR-elicited suppression of sympathetic outflow to the lower body is
probably larger than that to the head, which probably reduces systemic
blood pressure. The consequent decrease in ABP reduces the CPP, which
is the pressure gradient between the systemic ABP and ICP (Gierth-
miihlen et al., 2010). HDR did not change CSTA during rotation in this
study. Furthermore, CBF did not change significantly during HDR.
Denervation of the CSTs or pretreatment with an a-blocker did not
significantly affect CBF during HDR. Hence, changes in CBF may be
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elicited mainly by another mechanism, i.e., the autoregulation of cere-
bral vessels, which acts to keep CBF constant during HDR (Gierthmiihlen
et al., 2010; Ainslie and Brassard, 2014; Brassard et al., 2017), despite
the possible contribution of CSTA to CBF regulation.
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