MUSCLE MECHANOREFLEX AND ARTERIAL BAROREFLEX
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Fig. 1. Typcal timc seres of i id sinus p (CSP), muscle
tension, sympathetic nerve activity [SNA; in arbitrary units (au)], and arterinl
pressure (AP) under control (lefi) and muscle strewch (righ) conditions. CSP
was perturbed sccording 1o # binary white noise sequence. Muscle stretch
increased mean levels of SNA and AP under muscle stretch conditions
compared with the control conditions

the frequency of input modulation increased under both con-
ditions, indicating derivative characteristics of the neural arc.
Muscle stretch caused an approximately parallel upward shift
of the gain plot. The phase approached —  radians (—1807) at
the lowest frequency (0.01 Hz) under both conditions, reflect-
ing the negative feedback character of the baroreflex neural arc
(i.e., an increase in CSP decreased SNA). Phase plots were
nearly superimposed between the two conditions. Coherence

Table 1. Mean levels and CVs of CSP, SNA, and AP at 1, 2,
4, and 6 min under conirol and muscle strerch conditions

Time
1 min 2 min 4 min 6 min
csp
Contro} 95+ 18 96=18 95+18 96+ 18
cv 1322 1223 1143 14%2
Muscle stretch 114215 1152 16* 113x16* 114+ 15%
cv 11£2 TES 1022 1222
SNA
Control 1024 995 1004 99+4
cv 46+ 11 4529 4329 47+9
Muscle stretch 1332220 12922]* 127£17* 126=17*
Cv 48+11 4728 449 49=10
AP
Control 90=21 80420 8816 8818
cv J=2 62 6=2 =2
Muscle stretch 107 =26* 105229 104 =15* 101 =15*
7=3 623 6x3 T2

Values are means + $D; n = 7. CSP, carolid sinus pressurc (in mmHg),
SNA, sympathetic nerve activity (in %): AP, arterial pressure (in mmHg): cv,
cocfficient of variation. Mean and CV values were calculated from 30-s dats
ending at each time point. *P < 0.05 vs. control
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Fig. 2. Transfer functions of the neural (leff) and peripheral (right) ancs under
control and muscle stretch conditions. In the neural arc, the input was CSP and
the output was SNA. In the peripheral ure, the input wus SNA and the output
was AP. The mean level of CSP input to the neural arc was set higher under
muscle siretch conditions than under control conditions (0 mimic the physio-
logical condition (i.c., barorefiex closed-loop conditions), Gain plois (tap),
phase plots (middle) and coherence (Coh) functions (bortom) arc shown. Thin
and thick solid lines indicate control and muscle streich conditions, respec-
tively. In the neural arc (left), muscle stretch caused an approximalely paraliel
upward shift of the gain plot. Solid und dashed lines represent means and
meuns = SD values, respectively.

values did not differ between both conditions. In the peripheral
arc, the dynamic gain decreased in the frequency range from
0.05 to 1 Hz as the frequency of input modulation increased
under both conditions, indicating the low-pass characteristics
of the peripheral arc. The phase approached 0 radians at the
lowest frequency (0.01 Hz) under both conditions, reflecting
the fact that an increase in SNA increased AP. The phase
lagged with increasing frequency up to 1 Hz. The gain plot,
phase plot, and Coh(f) did not differ between both conditions.

Table 2 summarizes gains of the transfer functions. In the
neural arc, Goor, Go1, Gos, and G, were higher under muscle

Table 2. Gains of the transfer functions

Control Muscle Stretch

Neural urc

Gao, sw/mmHg 1.01 =0.23 1.44+0.56*

G, m/mmHg 1.30=0.11 1. 86037

Gus, sn/mmHg 1.771=0.64 2,65+ 1.08%

Gy, auw/mmHg 1.7220.66 27221404
Peripheral arc

Guoi, mmHg/a 1.08=0.06 106020

G, mmHg/an 0.37:£0.09 0421009

Cig s, mmHg/au 0022001 0.02+0.01

G, mmHg/au 0,004:£0.001 0.004 0,002
Totul loap

Gogi, mmHg/mmHg 1.08:20.18 1.53+0.63*

Gy, mmHg/mmHg 0.48=0.12 0.81=031%

Gus, mmHg/mmHg 0,04 + 0,04 0.06+10.04*

G, mmHg/mmHg 0.006:+ 0,003 0.013+0,013

Values are means * S n = 7. Gom, Goy, Gas, and Gy, dynamic gains at
0.01, 0.1, 0.5, and | Hz, respectively; au, arbitrary units, * P < 0,05 vs. contral
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stretch compared with control conditions. In the peripheral arc.
Gom, Ga, Gos, and G, were unchanged between control and
muscle stretch conditions.

Figure 3 shows the total baroreflex loop transfer functions
(CSP to AP) under control and muscle stretch conditions. The
thin and thick solid lines in Fig. 3 indicate control and muscle
stretch conditions, respectively. The dynamic gain decreased as
the frequency of input modulation increased under both con-
ditions, indicating low-pass characteristics. The dynamic gain
under muscle stretch conditions was higher than that under
control conditions in frequency from 0.01 to 0.5 Hz (Table 2).
The phase plot and Coh(f) did not differ between both condi-
fions.

Figure 4 shows step responses of SNA corresponding to the
transfer functions in the neural arc shown in Fig. 2. The initial
drop in the SNA response as well as the steady-state response
was augmented during muscle stretch (Table 3). Tpea did not
differ between control and muscle stretch conditions (Table 3).

DISCUSSION

The key new findings of the present study are as follows.
Muscle stretch increased the dynamic gain of the carotid sinus
bharoreflex neural arc as estimated by binary white noise input
(Fig. 2). In contrast, the peripheral arc transfer function re-
mained unchanged irrespective of the muscle stretch (Fig. 2).
These results suggest that during muscle mechanoreflex acti-
vation, the dynamic SNA response to CSP perturbation is
augmented.

System identification by the white noise approach. To iden-
tify the dynamic characteristics of arterial baroreflex function
quantitatively, we described the carotid sinus barorefiex con-
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Fig. 3. Total loop ransfer functions from CSP to AP under control snd muscle
streich conditions. Gain plots (top), phase plots (middle) und coberence
functions (bottom) are shown. Thin and thick solid lines indicate control and
muscle stretch conditions, respectively. The dynamic gain decreased ax the
frequency of inpul modulation increased under both conditions, indicating
low-pass characteristics. Muscle stretch caused an approximately parallel
upward shifi of the gain plot. Solid and dashed lines represent means and
means = S values, respectively,
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Fig. 4. Step responses comesponding to transfer functions of the peural arc
obtained from Fig. 2, showing the SNA response o a l-mmHg increase in
input pressure. Thin and thick solid lines indicate control and muscle streich
conditions, respectively. The initial drop in the SNA response as well ax the
teady-stul T Wik Bug! d by the muscle streich. Solid und dashed
lines represent means and means = SD values, respectively

trol of SNA and AP in terms of system identification using the
white noise technique. Compared with the traditional approach
of testing dynamic properties of the physiological system with
step and sine wave stimuli, the white noise approach has
definite advantages, as follows (27). First, if a step stimulus is
applied, we learn the response of the system to this step and
have little notion of the response of the system to any other
type of stimulus. If a sinusoidal pulse is applied. then we know
the response of the system to such a stimulus and litle else.
The same applies for any other specific waveform. Theoreti-
cally speaking, the system is tested with every possible stim-
ulus in the white noise approach. The white noise stimulus is a
very rich stimulus. It should be emphasized that the white noise
method is perfectly suited to the analysis of linear systems. As
shown in Figs. 2 and 3, high coberence values close to unity
indicate the validity of our method for system identification.
Second, the identification of the physiological system through
the white noise technique is largely unaffected by the types of
contaminating noise usually present in such a system. Our
study provides the first and quantitative description of the
dynamic characteristics of the carotid sinus baroreflex during
isolated activation of mechanosensitive afferents from skeletal
muscle.

Effects of the muscle mechanoreflex on dynamic character-
istics of the carotid sinus baroreflex. The effects of activation
of afferents from skeletal muscle, such as those occurring
during exercise, on the arterial baroreflex have been exten-
sively studied (5, 13, 29, 42, 43, 49, 58, 59). These studies have
demonstrated that the afferent input from muscle resets the
baroreflex control of AP, heart rate, and SNA. However, the
dynamic characteristics of the arterial baroreflex during iso-
lated activation of muscle mechanosensitive afferents have
never been analyzed. In the present study, muscle stretch
increased dynamic gain in every frequency (Fig. 2 and Table

Table 3. Parameters of step responses

Conatrel Muscle Stretch
S 01 - 105 =030 - 1.69*0.69*
S pesi, A0 -2.10x0.50 ~3.08* | 45*
Tocnis & 0.63=0.21 0642020

Valucs are means + SD; n = 7. A step response is defined as u SNA
response to a |-mmHg change in input pressure. Sso, siep response at 50 s
Sgwes, NEgutive peak response; T, time 0 negative peak, *P < 0.05 v
control.

AJP-Heart Circ Physiol « VOL 9% « SEPTEMBER 2008 « www.ajpheart.org

6002 ‘82 Asenuer uo Bio ABojorsAyd ueaydfe wouy papeojumog




MUSCLE MECHANOREFLEX AND ARTERIAL BAROREFLEX

2), whereas it did not affect the peripheral arc. These data are
the first to provide quantitative evidence demonstrating that the
dynamic SNA response to CSP perturbation is augmented
during isolated activation of the muscle mechanoreflex. Al-
though an increase in dynamic gain in the lowest frequency
(0.01 Hz) was expected from the results of our previous studies
showing an increase in static gain by muscle stretch (58, 59),
the information was insufficient to perform a simulation study
to examine the effects of muscle stretch on the closed-loop
dynamic AP regulation (see Physiological implications). The
present study extended our previous work by providing addi-
tional information on the dynamic interaction over a wide
range of frequencies between 0.01 and 1 Hz in the carotid sinus
baroreflex.

The static characteristics of the arterial baroreflex determine
an operating point of the baroreflex system. Furthermore, the
static characteristics described by a modeled sigmoid function
provide the parameters of threshold, saturation, and maximal
gain at the centering point. However, the static characteristics
alone cannot provide the information on the changes over time
in the response of the baroreflex system. On the other hand,
dynamic analysis techniques such as transfer function analysis
estimated by the white noise approach provide information on
the stability and quickness of the system response. The dy-
namic SNA response to baroreceptor pressure input became
greater as the frequency of input modulation increased, sug-
gesting derivative characteristics (i.e., high-pass characteris-
tics) of the baroreflex neural arc (Fig. 2, left, thin solid line). In
contrast, the dynamic AP response to SNA became smaller as
the frequency of SNA modulation increased, indicating low-
pass characteristics of the baroreflex peripheral arc (Fig. 2,
right, thin solid line). The total loop transfer function (CSP to
AP) is determined by a product of the neural and peripheral arc
wransfer functions (Fig. 3, thin solid line). Therefore, the
decreasing slope of dynamic gain in the total loop transfer
function was shallower than that in the corresponding periph-
eral arc. In other words, the fast neural arc effectively com-
pensates for the slow peripheral arc to accelerate dynamic AP
regulation by the barareflex negative-feedback loop (14). Dur-
ing muscle stretch, the dynamic gain in the neural arc was
increased by ~50% in every frequency under study (Fig. 2 and
Table 2), indicating that the derivative characteristics of the
neural arc were maintained. As a result, the effect of the neural
arc compensating for the slow AP response was preserved
during the activation of muscle mechanorefiex (Fig. 3 and
Table 2). Furthermore, the total loop dynamic gain was aug-
mented during the muscle stretch due to the upward shift of the
neural arc transfer function.

Because we used passive muscle stretch as the input for the
muscle mechanoreflex, the physiological significance of the
present results should be interpreted carefully. Several smdies
have examined the arterial baroreflex control of SNA during
static and dynamic exercise. Static and heavy dynamic exercise
resets the baroreflex control of SNA to higher SNA levels with
an increase in its sensitivity (9, 11, 17, 32). On the other hand,
mild to moderate dynamic exercise resets the baroreflex control
of SNA without any change in its sensitivity (3, 24, 38).
Because the muscle mechanorefiex is activated during mild to
moderate dynamic exercise (4), our results indicate that the
muscle mechanoreflex may contribute to increasing the barore-
flex gain of SNA during mild 1o moderate dynamic exercise. In
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addition to differences in the measured SNA (renal vs. muscle),
analytic methods of baroreflex function, modes of mechanore-
flex activation, and/or species between the present study and
previous studies, the cardiopulmonary barorefiex should be
taken into account. Charkoudian et al. (1) demonstrated that
increasing central venous pressure via head-down tilt or saline
infusion attenuated the baroreflex sensitivity in the control of
SNA. The activation of cardiopulmonary baroreceptors in-
duced by increasing central venous pressure may influence the
arterial barorefiex control during dynamic exercise (37). In the
present study, however, the cardiopulmonary barorefiex did not
operate due to bilateral vagotomy.

Previous studies (7, 25) have suggested that the muscle
mechanoreflex has a dominant role in pressor reflexes during
muscle contraction in anesthetized or decerebrate cats. Al-
though we believe that the mechanorefiex is one of the pressor
reflexes during exercise, the functional importance of the
muscle mechanoreflex in cardiovascular regulation during ex-
ercise in conscious conditions is debatable. Matsukawa et al.
(28) recently reported that blockade of the muscle mechanore-
flex by gadolinium did not alter AP responses o isometric
exercise in conscious cats. Moreover, they found that gadolin-
jum significantly diminished the pressor responses to passive
muscle stretch in anesthetized cats. These observations suggest
that, under the experimental design, the muscle mechanoreflex
would not be activated during exercise or, even if it was
activated, it has no functional importance in cardiovascular
responses Lo exercise in conscious conditions. One criticism for
the study is that there is always a possibility that changes in the
central command in conscious conditions had compensated for
the lack of muscle mechanoreflex. Further studies are needed
to better understand the role of the muscle mechanorefiex on
neural cardiovascular responses during exercise.

High-pass characteristics of the barorefiex neural arc. 1t is
likely that the dynamic characteristics of the baroreflex neural
arc actually reflect the intrinsic and synaptic properties of
central nervous system neurons and neural circuits that trans-
mit baroreceptor input. However, the central baroreceptor syn-
apses are characterized as a low-pass filter (26). The difference
between high-pass characteristics of the neural arc transfer gain
and low-pass characteristics of the central baroreceptor synap-
tic transmission could be attributable to the difference of
estimated frequency ranges. Frequency-dependent depression
(FFD) of synaptic transmission in the baroreflex central path-
ways is the phenomenon that the probability of excitatory
postsynaptic potentials progressively reduces as the frequency
of afferent input increases beyond 1 Hz (2, 33). Although FDD
and transfer gain should be discriminated in theory, interac-
tions between FDD and transfer gain may occur when the
modulation frequency of afferent fiber stimulation approached
the frequency range of FDD, Indeed, Kawada et al. (23) found
high-cut characteristics of the barorefiex neural arc in the
frequency range above ~1 Hz. In the present study, the transfer
gain was derived from 0.01 to | Hz. Whether the dynamic
interaction between carotid sinus baroreflex and muscle mech-
anoreflex exists in the frequency range beyond 1 Hz awaits
further studies.

Part of the high-pass characteristics in the barorefiex neural
arc is attributable to the derivative nawre observed in the
baroreceptor transduction from CSP input to baroreceptor af-
ferent nerve activity (i.e., mechanoneural transduction) (21).
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However, we think there exists high-pass characteristics in the
transduction from baroreceptor afferent input to efferent SNA,
because the magnitude of high-pass characteristics slightly
differs between cardiac and renal SNAs in response to the same
harareceptor pressure perturbation (18).

In an electrical circuit, we can design a high-pass filter only
from low-pass filter elements using a feedback loop (Fig. 5).
Although the main forward path of the baroreflex neural arc
from afferent nerve activity to efferent SNA is considered to be
the nucleus tructus solitarius, candal ventrolateral medulla, and
rostral ventrolateral medulla (53), there could be feedback
connections between these areas. Therefore, il is possible that
synaptic connection has basically low-pass charucteristics,
whereas the baroreflex neural arc reveals high-pass character-
istics as a neural circuit. The speculation also needs to be
verified experimentally in the future.

Physiological implications. Under physiological conditions,
the baroreflex is closed as a negative feedback system. In the
following discussion, we will focus on the effect of the aug-
mentation of dynamic SNA modulation in the neural arc on the
closed-loop dynamic AP regulation. Figure 64 illustrates a
simulator consisting of the linear neural arc transfer function
(Hw) and linear peripheral arc transfer function (Hp) followed
by the nonlinear sigmoidal components (see the APPENDIX for
details). A closed-loop AP response to a slepwise pressure
perturbation (=40 mmHg) with pulsatile pressure was simu-
lated, and the result is shown in Fig. 6B. Muscle streich
shortened the time to 95% of steady state by ~33% from 7.2
to 4.8 s (shaded and solid arrows in Fig. 6B). This result
suggests that, under barorefiex closed-loop conditions, the rate
of recovery in AP following a pressure perturbation occurs
sooner when accompanied by the muscle mechanoreflex. In-
creasing the quickness of the negative-feedback system can be
caused by augmentation and/or acceleration of the open-loop
transfer function of the system. In our baroreflex open-loop
experiment, Sso and Spe in the step responses of SNA were

A

input —D——o output input —=
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augmented by the muscle stretch (Fig. 4 and Table 3). On the
other hand, T, did not differ between conirol and muscle
stretch conditions (Fig. 4 and Table 3). These results suggest
that the improvement in the quickness of the AP restoration via
the baroreflex observed in the closed-loop simulation was
induced by augmentation, rather than acceleration, of the
dynamic SNA response in the neural arc. However, further
experimental studies are needed to verify the simulation model.

Limitations. The present study has several limitations, First,
we performed the experiment in anesthetized animals. Previous
studies have suggested that any anesthetic could alter the
baroreflex regulation in AP (54-56). The gain of the baroreflex
is reported in the conscious state to be higher (~2-fold) than in
the anesthetized state. A previous study (52) suggested that
u-chloralose anesthesia could alter the dynamic characteristics
of the baroreflex regulation around the frequency of 5 Hz
However, the anesthesia was convenient for the elimination of
the central command. Furthermore, we compared the barore-
flex gain between muscle stretch and nonstretch conditions
both under anesthesia. Therefore, a reasonable interpretation
would be that the increased baroreflex gain is atributable to
muscle stretch in this experiment.

Second, stretching of skeletal muscle provides a stimulus for
the activation of mechanoreceptors that is different from that
which occurs during muscle contraction. During contraction,
mechanoreceptors are activated by a shortening of skeletal
muscle and by compression of the receptors. Thus, mechano-
receptors may be stimulated in a very different manner during
stretch, which would likely affect the magninude of the corre-
sponding reflex response. In addition, the level of muscle
stretch used in our experiment was relatively high (50).
The stretch may activate different afferents than contraction
(8). Furthermore, the discharge profile of mechanosensitive
afferents adapt during static muscle stretch (31). Accordingly,
during the muscle stretch for 6 min in the present study, the
firing level from the mechanoreceptors might have been

B
outpul

Fig. 5. An example that a circuit consisting of only
low-pass elements yields high-pass characteristics as a
circuit. A: block diagram of a single low-pass el 1

iangle) and its fer hi Units for gain and
frequency are arbitrary, B: block diagram of a circuit
with a negative feedback loop with the same low-pass
clement (triangles). Because gain in the lower fre-
quency range is mtienuated more by the low-pass
characteristics of the feedback path, the transfer func-
tion from input to output reveals high-pass character-
istics.
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steadily diminishing. In fact, the increase in SNA and AP
induced by muscle stretch gradually decreased from 90 s to 6
min after the initiation of the muscle stretch, which was used
for data analysis (Table 1). However, SNA and AP remained
significantly higher under muscle strerch conditions than con-
trol conditions over the protocol for 6 min. Thus, we believe
that the mechanoreflex remained activated in this protocol.
Further studies are required to elucidate the dynamic interac-
tions between baroreflex and mechanorefiex induced by differ-
ent modes of activation, such as cyclic activation of the
mechanoreflex.

Third, the transfer function analysis is useful in identifying
the linear input-output relationship of the baroreflex at a given
operating point. However, the transfer function cannot charac-
terize the nonlinear input-output relationship of the system. In
the presence of nonlinear system behavior such as the barore-
flex system, the transfer function analysis is partly compro-
mised, indicating that the absolute output values of the non-
linear system to given input signals cannot be predicted accu-
rately by the transfer function alone. Combining a linear
transfer function with a nonlinear sigmoidal element would
increase the accuracy io reproduce dynamic characteristics
observed in the baroreflex neural arc (20, 22).

Finally, we measured renal SNA as a proxy of systemic
sympathetic activity. SNAs to different organs may vary a
lot. Although static and dynamic regulations of the barore-
flex neural arc are similar among renal, cardiac, and muscle
SNAs (15, 16, 18), whether this holds true during muscle
stretch remains to be verified. Also, subsystems of the
peripheral arc transfer function such as those relatng car-

AJP-Heari Cire Physiol « VOL 295

Fig. 6. A: simulator of the baroreflex system during
activaton of the muscle mechanoreflex. A stepwise per-
wrbation with pulsatile pressure was applied to the
baroreflex negative feedback system (see the AFPENDIX
for details), Hy, neurnl are transfer function; Hy, periph-
eral arc transfer function. B: simulation results of the
closed-loop AP response to the stepwise pressure pertur-
bation (—40 mmHg). Muscle stretch shortened the time
to 95% of stcady state by —33% (shaded and solid
arrows ). Shaded and solid thick lines indicate mean AP
(MAP) resampled a1 | Hz. AMAP, change in MAP from
baseline.
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diac output and peripheral vascular resistance remain to be
identified.

Conclusions. In conclusion, baroreflex open-loop transfer
function analysis demonstrated that the activation of mechano-
sensitive afferents from skeletal muscles augmented the dy-
namic SNA response in the neural arc. This augmentation of
the dynamic SNA response with maintained derivative char-
acteristics of the neural arc may accelerate closed-loop AP
regulation via the baroreflex.

APFPENDIX

To simulate the closed-loop AP response 1o stepwise pressure
perturbation (Fig. 6), we used the derivative-sigmoidal cascade model.
The cascade model consists of a lincar derivative filler followed by a
nonlinear sigmoidal component (20, 22).

We modeled the sigmoidal nonlinearity in the baroreflex neural arc
interacting with the muscle mechanoreflex by the following four-
parameler logistic function with threshold according to a previous
study (59):

P,
———— 3 Th
1 + exp[Pyix — Py)] T }

where x and y are input (in mmHg) and output (in au) values. P,
denotes the response range (in av), P; is the coefficient of gain, P;
is the midpoint of the input range (in mmHg), P, is the minimum
output value of the symmetric sigmoid curve (in au), and Th is a
threshold value for the output (in au). The function max{a,b| gives
the greater or equal value between @ and b, We set Py = 135 au,
P: =013, Py = 110 mmHg, P, = —40 au, and Th = 0 au. Under
muscle streich conditions, the value of Py was changed to 5 au.
These settings were delermined based on the static interaction

y= rnnx{ (Al)
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between the baroreflex and muscle mechanoreflex obtained from
previous sludies (58, 59)

The sigmoidal nonlinearity in the peripheral arc was modelled by a
four-parameter logistic function as follows:

e
T+ explOib - Qsi]

where v and z are input (in au) and output (in mmHg) values. Q,
denotes the response range (in mmHg), - is the coefficient of gain,
(4 is the midpoint of the input range (in av), and Q4 is the minimum
output value (in mmHg), We set Q; = 120 mmHg, Q. = -0.05,
@1 = 70 au, and Qs = 30 mmHg under both conditions, according 1o
a previous study (58).

The neural arc (Hx) and peripheral arc (Hyp) linear transfer {unc-
tions under control and muscle stretch conditions were obtained from
Fig. 2. Because absolute values of the steady-state gains in the neural
and peripheral arcs were determined by a sigmoid curve (Egs. Al and
A2), the steady-state gains of Hy and Hy under both conditions were
normalized to unity.

The input amplitude of the stepwise pressure perturbation was — 40
mmHg. To mimic pulsatile pressure, we imposed a sinusoidal input on
the output from the peripheral arc. The frequency and zero to peak
amplitude of the sinusoidal input were 4 Hz and 15 mmHg, respec-
tively (Fig. 64). The closed-loop AP response was simulated up to
30 s (Fig. 6B).
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Abstract: Maintenance of arterial pressure (AP) under orthos-
tatic stress against gravitational fluid shift and pressure distur-
bance is of great importance. One of the mechanisms is that up-
right it resets steady-state baroreflex control to a higher
sympathetic nerve activity (SNA). However, the dynamic feed-
back characteristics of the baroreflex system, a hallmark of fast-
acting neural control, remain fo be elucidated. In the present
study, we tested the hypothesis that upright tilt resets the dy-
namic transfer function of the baroreflex neural arc to minify the
pressure disturbance in total barorefiex control. Renal SNA and
AP were recorded in ten anesthetized, vagotomized and aortic-
denervated rabbits. Under barorefiex open-loop condition, iso-
lated intracarotid sinus pressure (CSP) was changed according
to a binary white noise sequence at operating pressure + 20

mmHg, while the animal was placed supine and at 60° upright
tilt. Regardless of the postures, the baroreflex neural (CSP to
SNA) and peripheral (SNA to AP) arcs showed dynamic high-
pass and low-pass characteristics, respectively. Upnght tilt in-
creased the transfer gain of the neural arc (resetting), decreased
that of the peripheral arc, and consequently maintained the
transfer characteristics of total baroreflex feedback system. A
simulation study suggests that postural resetting of the neural
arc would significantly increase the transfer gain of the total arc
in upright position, and that in closed-loop baroreflex the reset-
ting increases the stability of AP against pressure disturbance
under orthostatic stress. In conclusion, upright tilt resets the dy-
namic transfer function of the baroreflex neural arc to minify the
pressure disturbance in total baroreflex control.

Key words: baroreflex, blood pressure, sympathetic nervous system.

Since human beings are often under orthostatic stress,
the maintenance of arterial pressure (AP) under orthostat-
ic stress against gravitational fluid shift is of great impor-
tance, During standing, a gravitational fluid shift directed
toward the lower part of the body would cause severe pos-
tural hypotension if not counteracted by compensatory
mechanisms [1]. Arterial baroreflex has been considered
to be the major compensatory mechanism [1-3], since
denervation of baroreceptor afferents causes profound
postural hypotension [4].

The baroreflex system consists of two subsystems: the
neural arc that represents the input-output relationship be-
tween baroreceptor pressure and sympathetic nerve activity
(SNA), and the peripheral arc that represents the relation-
ship between SNA and systemic AP. Recently, we investi-
gated the steady-state functional structure of these systems
under orthostatic stress [5], and reported that upright tilt
shifted the baroreflex peripheral arc to a lower AP for a giv-
en SNA. However, upnight tilt reset the baroreflex neural
arc to a higher steady state SNA. The resetting compensat-

ed for the blunted responsiveness of the peripheral arc and
contributed to prevent postural hypotension [5].

In addition to the steady state characteristics [6, 7], the
dynamic characteristics are other hallmark of the barore-
flex system. It is because the system is a fast-acting neural
control that quickly negative-feedback controls and stabi-
lises AP against pressure disturbance in contrast to the
slow-acting hormonal and humoral systems [8]. Earlier
studies reported that the dynamic characteristics in supine
position have a high-pass (fast) neural arc that may com-
pensate for the low-pass (slow) peripheral arc to achieve
rapid and stable AP regulation [8]. The importance of the
dynamic characteristics in AP control increases under or-
thostatic stress that can cause postural hypotension. How-
ever, little 1s known about the dynamic characteristics of
the baroreflex system in upright posture.

Because the gravitational body fluid shift decreases the
effective circulatory blood volume [1, 9], we speculated
that upright tilt may attenuate the dynamic transfer func-
tion from SNA to AP in the baroreflex peripheral arc.
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Moreover, if the upright tilt resets the dynamic charac-
teristics of the neural arc in addition to resetting the steady
state SNA reported previously [5], it would compensate
for a blunted pressor response of the baroreflex peripheral
arc and contribute to maintain the stability and quickness
of the total baroreflex system. Accordingly, we hypothe-
sized that upright tilt resets dynamic transfer function of
baroreflex neural arc to minify the pressure disturbance in
total baroreflex control.

In the present study, we identified the transfer functions
of two baroreflex subsystems (the neural and peripheral
arcs) separately in 60° upright posture, while opening the
baroreflex negative feedback loop by vascular isolation of
carotid sinus regions [8]. In addition, by connecting the
subsystem transfer functions in series and closing them,
we investigated the dynamic transfer characteristics and
the stability against pressure disturbance of total barore-
flex arc system in upright posture.

MATERIAL AND METHODS

Animals were cared for in strict accordance with the
Guiding Principles for the Care and Use of Animals in the
Field of Physiological Science approved by the Physio-
logical Society of Japan. Ten Japanese white rabbits
weighing 2.4-3.3 kg were initially anesthetized by intra-
venous injection (2 ml/kg) of a mixture of urethane (250
mg/ml) and a-chloralose (40 mg/ml). Anesthesia was
maintained by continuously infusing the anaesthetics at a
rate of 0.33 ml/kg/h using a syringe pump (CFV-3200, Ni-
hon Kohden, Tokyo). The rabbits were mechanically ven-
tilated with oxygen-enriched room air. Bilateral carotid
sinuses were isolated vascularly from systemic circula-
tion by ligating the internal and external carotid arteries
and other small branches originating from the carotid si-
nus regions, The isolated carotid sinuses were filled with
warmed physiological saline pre-equilibrated with atmo-
spheric air, through catheters inserted via the common ca-
rotid arteries. Intra-carotid sinus pressure (CSP) was con-
trolled by a servo-controlled piston pump (model ET-
126A, Labworks; Costa Mesa, CA). Bilateral vagal and
aortic depressor nerves were sectioned in the middle of
the neck region to eliminate reflexes from the cardiopul-
monary region and the aortic arch. Systemic AP was mea-
sured using a high-fidelity pressure transducer (Millar In-
struments; Houston, TX) inserted retrograde from the
right common carotid artery below the isolated carotid si-
nus region. Body temperature was maintained at around
38°C with a heating pad.

The left renal sympathetic nerve was exposed retro-
peritoneally. A pair of stainless steel wire electrodes
(Bioflex wire AS633, Cooner Wire) was attached to the
nerve to record renal SNA. The nerve fibers peripheral to
electrodes were ligated securely and crushed to eliminate
afferent signals. The nerve and electrodes were covered

with a mixture of silicone gel (Silicon Low Viscosity,
KWIK-SIL, World Precision Instrument, Inc., FL) to in-
sulate and immobilize the electrodes. The preamplified
SNA signal was band-pass filtered at 150-1,000 Hz. The
nerve signal was full-wave rectified and low-pass filtered
with a cutoff frequency of 30 Hz to quantify the nerve ac-
uvity.

Protocols. Both protocols | and 2 were performed on
each of eight animals. After the surgical preparation, the
animal was maintained supine (0°) on a tilt bed. To stabi-
lize the posture, the head was fixed full-frontal to the bed
by strings, and the body and legs were rigged up in a
clothes-like bag. Before performing protocols 1 and 2, we
confirmed that the nerve activity measured in supine posi-
tion was SNA. CSP was decreased stepwise from 100
mmHg to 40 mmHg in decrements of 20 mmHg, and then
increased stepwise to 100 mmHg in increments of 20 mm-
Hg. Each pressure step was maintained for 60 s. In all ani-
mals, a decrease in CSP increased SNA, whereas an in-
crease in CSP decreased SNA (Fig. 1), indicating that the
nerve activity recorded was SNA.

Protocol 1: The animal was placed supine. CSP was
firstly matched with systemic AP to obtain the operating
AP under the baroreflex closed-loop condition. After at
least 5 minutes of stabilization, the SNA and AP were re-
corded for 10 min to obtain closed-loop baseline values.
The data were stored on the hard disk of a dedicated labo-
ratory computer system for analysis at a sampling rate of
200 Hz using a 12-bit analog-to-digital converter. The av-
eraged AP over 10 min was defined as the operating AP in

120]
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Fig. 1. Representative data of one rabbit in supine position,
showing time series of carotid sinus pressure (CSP) and
sympathetic nerve activity (SNA). CSP was decreased step-
wise from 100 mmHg to 40 mmHg in decrements of 20 mm-
Hg, and then increased stepwise to 100 mmHg in increments
of 20 mmHg. Each pressure step was maintained for 60 s. A
decrease in CSP increased SNA, whereas an increase in
CSP decreased SNA, indicating that the nerve activity re-
corded was SNA. a.u., arbitrary unit.
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supine position. Then, afier at least 5 min of stabilization,
CSP was randomly changed by 20 mmHg above or below
the operating AP every 500 ms according to a binary
white noise sequence for which the input power spectrum
of CSP was reasonably flat up to 1 Hz [10]. The vaniables
were recorded for a 10-min period and stored.

Protocol 2: CSP was firstly matched with systemic AP
via a servo-controlled piston pump to obtain the actual op-
erating pressure under baroreflex closed-loop conditions
in supine and 60° upright postures. The animal was main-
tained supine for 10 min, and then tilted upright to 60°
within 10 s by inclining the tilt bed to 60° and dropping
the lower regions of the rabbit with the fulcrum set at the
level of the carotid sinus. The 60° upright posture was
maintained for 10 min for stabilization. Since the clothes-
like bag stabilized the posture of the animal, there was no
additional mechanical movement that reduced the quality
of measurements. The position of the head remained al-
most fixed during the tilt to minimize vestibular stimula-
tion, Thereafter, the average AP over the next 10 min was
defined as the operating AP in upright tilt position. Then,
after at least 5 mun of stabilization, CSP was randomly
changed according to a white noise sequence for 10 min as
in protocol 1.

Data analysis, SNA signals were normalized by the fol-
lowing steps. First, the post-mortem noise level was as-
signed 0 arbitrary unit (a.u.). Second, SNA signals during
the 10-min closed-loop baseline recording in protocol 1
(supine position) were averaged over | min, and assigned
100 a.u. Finally, the other SNA signals in all protocols
were normalized to these values,

In both protocols | and 2, the transfer functions (gain
and phase) and coherence function were calculated from
CSP input to SNA in the baroreflex neural arc and from
SNA input to AP in the baroreflex peripheral arc. The sig-

nals of CSP, SNA and AP were resampled at 10 Hz and
segmented into 10 sets of 50% overlapping bins of 2'°
data point ¢ach. The segment length was 102.4 s, which
yielded the lowest frequency bound of 0.01 (0.0097) Hz.
We subtracted a linear trend and applied a Hanning win-
dow for each segment. We then performed fast Fourier
transform to obtain frequency spectra of the variables. We
ensemble averaged the input power [Sxx(/)], output power
[Sy¥(N)]. and cross power between them [Syx(f)] over the
10 segments. Thereafter, we calculated the transfer func-
tion [H(f)] from input to output signals as follows,

To quantify the linear dependence between input to
output signals in the frequency domain, we calculated the
magnitude-squared coherence function [Coh(/)] as fol-
lows:

|Syx( 1) 8
Sxx()Sw(f)

The coherence value ranges from zero to unity. Unity
coherence indicates a perfect linear dependence between
input and output signals, whereas zero coherence indi-
cates total independence of these two signals.

Statistic analysis. All data are presented as means + SD.
Effects of upright tilt on baroreflex parameters were eval-
uated by repeated-measures analysis of variance. When
the main effect was found to be significant, post hoc mul-
tiple comparisons were done using the Scheff’s F-test to
compare baroreflex controls between the supine and up-
right postures [11]. Differences were considered signifi-
cant when P < 0.05.

Coh(f) =

f : - Fig. 2. Representative data of
Suplne Upnght tt one rabbit in supine (left panels)
130+ 130+ and 60° upright tilt (right panels)
= positions, showing time series of
FIL o0l e carotid sinus pressure (CSP),
Q E sympathetic nerve activity (SNA)
=~ 10 70 and systemic arerial pressure
(AP) during CSP perturbation.
Lok 5007 CSP was changed according to a
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Z = 2501 250 switching interval of 500 ms. a.u.,
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o o4
130 130+
=)
% E 100 100
£
= 704 ; y 70 i : :
0 10 20 30 o 10 20 30
time (s) time (s)

The Journal of Physiological Sciences Vol. 58, No. 3, 2008 191




A. KAMIYA et al

RESULTS

Figure 2 shows the typical time series of CSP, SNA and
AP derived in supine and 60° upright tilt positions in indi-
vidual animal, CSP was perturbed according to a binary
white noise sequence at 500-ms intervals. In both posi-
tions, SNA increased and decreased roughly in response
to the decrease and increase in CSP, respectively. Howev-
er, the SNA responses appeared higher in the upright tilt
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Fig. 3. A: The transfer function of the baroreflex neural arc
from CSP to SNA averaged from all animals (n = 8) in supine
(left panels) and 60° upright tilt (right panels) positions. The
gain plots (top), phase plots (middie), and coherence function
(bottom) are shown. Upright tilt increases the gain. B: Step re-
sponses (Step res.) derived from the transfer function corre-
sponding to the transfer function shown in A. Upright tilt en-
hances the initial and steady-state responses. Solid line
represents the mean values, and dashed line represents
mean + SD in A and mean - SD in B. a.u., arbitrary unit.

than in the supine position. Data from all animals (# = 8)
showed that the upright tilt increased the averaged SNA
(175 = 21 a.u.) during CSP perturbation compared with
the supine position (96 + 13 a.u.). Averaged AP during
CSP perturbation was similar in supine (96 = 13 mmHg)
and in upright positions (103 + 15 mmHg).

The baroreflex neural arc

Figure 3A shows the transfer function of baroreflex
neural arc from CSP to SNA averaged from all animals. In
both supine and upright tilt positions, the transfer gain in-
creased as the frequency of CSP perturbation increased
for the frequency range of 0.01 to | Hz. This shows dy-
namic high-pass characteristics, indicating that more rap-
id change of CSP results in greater response of SNA. Note
that upright tilt increased the transfer gain for the whole
frequency range observed (Table 1). In addition, upright
tilt decreased the slope of gain increase. In both positions,
the phase approached slightly above —m radians at the low-
est frequency reflecting negative feedback characters, and
lagged as the frequency of CSP perturbation increased.
The coherence was over 0.7 for the frequency range of
0.01 to 0.2 Hz. Upright tilt did not affect the phase or co-
herence. Figure 3B shows the step response of SNA corre-
sponding to the transfer function shown in Fig. 3A. In
both positions, the SNA response consisted of an initial
decrease followed by partial recovery and then a steady
state. Of note, upright tilt enhanced the initial decrease by
50%, and also decreased the steady-state SNA.

Table 1. Transfer function of baroreflex neural arc (from CSP
to SNA) in supine and upright tilt positions.

Supine Upright tilt
Gain (a.u./mmHg)
0.01 Hz 1.11£0.13 214+ 041°
0.1 Hz 2.75+0.43 463 +0.52*
0.3 Hz 3.69 +£0.30 5.08 + 0.42*
Phase (rad)
0.01 Hz -2.51+0.15 -2.66 +0.09
0.1 Hz —2.96 +0.08 -2.93 +0.06
0.3 Hz -3.58 + 0.14 -353+0.12
Coherence
0.01 Hz 0.67 £ 0.08 0.67 + 0.07
0.1 Hz 0.84 +0.04 0.89 +0.02
0.3 Hz 0.77 £ 0.06 0.82+0.03
Slope (dB/decade)
001Hzto 0.3 Hz 7.0+04 5.1 £0.5*
Step response (a.u.)
Initial response -3.41+0.21 -4.99 + 0.62°
Steady-statelevel -1,26 +0.18 -1.80 £ 0.32°

Values are mean + SD (n=10). *P < 0.05; supine position vs.
upright tilt.

192 The Journal of Physiological Sciences Vol. 58, No. 3, 2008



Baroreflex Dynamics in Upright Tilt

A Supine Upright tilt
=]
<4
=
E
S
s
£
L]
()
Eo)
=
Y
w0
1]
£=
a8
©
o
=
bl
@
" =
o]
Q
0.01 0.1 1 0.01 0.1 1
frequency (Hz) frequency (Hz)
—_ 1.2 -
B : i T -
@‘ 06
8' 0_3 W NESETITTY. TGRS, —
n 0
(] 20 40 0 20 40

time (s) time (s)

Fig. 4. A: The transfer function of the baroreflex peripheral
arc from SNA to AP averaged from all animals (n = 8) in su-
pine (left panels) and 60° upright tilt (right panels) positions.
The gain plots (top), phase plots (middle), and coherence
function (bottom) are shown. Upright tilt decreases the gain
below the frequency of 0.1 Hz. B: Step responses (Step res.)
derived from the transfer function corresponding to the trans-
fer function shown in A. Upright tilt attenuates the response.
Solid and dashed lines represent the mean and mean + SD
values, respectively. a.u., arbitrary unit.

The baroreflex peripheral arc

Figure 4A shows the transfer function of the baroreflex
peripheral arc from SNA to AP averaged from all animals.
In both supine and upright tilt positions, the transfer gain
decreased as the mput frequency increased for the fre-
quency range of 0.01 to 1 Hz, indicating low-pass charac-
teristics. Upright tilt decreased the transfer gain between
0.01 and 0.1 Hz (Table 2). In both positions, the phase ap-
proached zero radian at the lowest frequency reflecting an
increase in SNA with increased AP, and lagged as the in-

Table 2. Transfer function of baroreflex peripheral arc (from
SNA to AP) in supine and upright tilt positions.

Supine Upright tilt
Gain (mmHg/au)
0.01 Hz 0.97 £ 0.09 0.63 + 0.06*
0.1 Hz 0.23+0.03 0.15+0.03°
0.3 Hz 0.04 + 0,006 0.03 + 0.003
Phase (rad)
0.01 Hz -0.79£0.16 -0.69 + 0.07
0.1 Hz -2.83+0.14 -258+0.15
0.3 Hz —4.74 +0.18 -4.63 +0.08
Coherence
0.01 Hz 0.72 +0.07 0.71+£0.03
0.1 Hz 0.64 +0.08 0.62 + 0.04
0.3 Hz 0.61 +0.08 0.68 £ 0.02
Step response (mmHg)
Steady-state level -0.97 + 0.06 —0.75 + 0.06"

\Talues are mean + SD (n =10). *P < 0.05; supine position vs.
upright tilt.

put frequency increased. The coherence was over 0.5 for
the frequency range of 0.01 to 1 Hz. Upright tilt did not af-
fect the phase or coherence. Figure 4B shows the step re-
sponse of AP corresponding to the transfer function
shown in Fig. 4A. In both positions, the AP response in-
creased gradually to reach a steady state. Upright tilt de-
creased the steady-state AP,

The total baroreflex arc

Figure 5A shows the transfer function of the total
baroreflex arc from CSP to AP averaged from all animals.
In both supine and upright tilt positions, the transfer gain
decreased as the input frequency increased for the fre-
quency range from 0.01 to 1 Hz, indicating low-pass char-
acteristics. Upright tilt did not affect the transfer gain (Ta-
ble 3). In both positions, the phase approached —n radians
at the lowest frequency reflecting negative feedback at-
tained by the total baroreflex loop, and lagged as the input
frequency increased. The coherence was over 0.5 for the
frequency range from 0.01 to 0.2 Hz. Upright tilt did not
affect the phase or coherence. Figure 5B shows the step
response of AP corresponding to the transfer function
shown in Fig. SA. In both positions, the AP response in-
creased gradually to reach a steady state. Upright tilt did
not affect the step response.

The right column of Table 3 shows a simulation of the
total arc transfer function in the absence of resetting in the
neural arc. The simulation was based on the neural arc
transfer function in supine position and the peripheral arc
transfer function in upright tilt position. Without the reset-
ting, the upright tilt would decrease the transfer function
gain and would attenuate the step response of AP at steady
state, compared with the values in supine position and
those in upright tilt position with resetting.
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DISCUSSION

Arterial baroreflex is obviously a pivotal mechanism for
maintaining AP under orthostatic stress against gravita-
tional fluid shift and pressure disturbance [1, 2, 4], but the
baroreflex function and its modulation in upright position
are not fully understood. We previously reported that 60°
upright tilt resets the steady-state characteristics of the
baroreflex neural arc to a higher SNA [5]. However, the
dynamic characteristics of the baroreflex system, which is
a hallmark of fast-acting neural systems, in upright pos-
ture remain to be elucidated. Accordingly, in the present
study, we identified the transfer function of the total
baroreflex system and its two subsystems. The new major
findings are that a 60° upright tilt increases the transfer
gain of the baroreflex neural arc (CSP to SNA), decreases
the transfer gain of the peripheral arc (SNA to AP), and as
a result maintains the dynamic characteristics of the total
baroreflex feedback system. These findings support our
hypothesis that upright tilt resets dynamic transfer func-
tion of baroreflex neural arc to minify the pressure distur-
bance in total baroreflex control. These results were not
affected by the order of postures, since returning the ani-

Fig. 5. A: The transfer function of the total baroreflex arc from
CSP to AP averaged from all animals (n = 8) in supine (left pan-
els) and 60° upright tilt (right panels) positions. The gain plots
(top), phase plots (middle), and coherence function (bottom) are
shown. B: Step responses (Step res.) derived from the transfer
function corresponding to the transfer function shown in A. The
transfer function and step response are similar in the supine and
upright tilt positions. Solid and dashed lines represent the mean
and mean + SD values in A and mean - SD values in B, respec-
tively. a.u., arbitrary unit,

Table 3. Transfer function of total barorefiex arc (from CSP to AP) in supine, upright tilt and simulated upright tilt positions.

Simulated upright tilt without

Supine Upaight Ui resetting of the neural arc
Gain (a.u./mmHg)
0.01 Hz 1.10+0.12 1.38 +0.18 0.71+0.18°F
0.1 Hz 0.63 +0.09 0.69 £ 0.12 0.41+£0.13°
0.3 Hz 0.15+0.03 0.15+0.03 0.1 £ 0.04*
Phase (rad)
0.01 Hz -3.33+0.11 -3.29 £ 0.07 -3.21+0.10
0.1 Hz -576+0.20 -5.55+0.10 -5.51+0.15
0.3 Hz -1.98+0.25 -1.87 +0.23 -1.91+0.24
Coherence
0.01 Hz 0.63 + 0.06 0.65+0.05
0.1 Hz 0.60+0.10 0.61+0.06
0.3 Hz 0.53 £ 0.07 0.55+0.04
Step response (mmHg)
Steady-state level -1.09+0.11 -129+012 -067 £0.11**

Simulated transfer function in the absence of neural arc resetting is calculated from the neural arc transfer function in supine posllin;);\—.
and the peripheral arc transfer function in upright tilt position. Values are mean + SD (n =10). *P < 0.05; supine vs. simulated upright tilt,
¥P < (0.05; upright tilt vs. simulated upright tilt.
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mal posture from 60° upright tilt to horizontal supine po-
sition restored the transfer functions to the magnitudes
observed mn the mitial supine position (data not shown).
Little is known about the arterial baroreflex feedback
system under orthostatic stress. Although earlier studies
investigated the gains of baroreflex control of SNA [12-
14], vascular resistance [15] and R-R interval [16], these
gains are parts of the total baroreflex system, and thus are
insufficient to explain the dynamics of the total arc of the
baroreflex feedback system. In addition, no study has ex-
amined the phase function of baroreflex in the subsystems
and the total system. Moreover, while earlier studies ad-
dressed baroreflex in relation to AP regulation under
orthostatic stress, most of them evaluated the baroreflex in
supine, and not orthostatic posture [14]. In the present
study, we identified the transfer functions of the two
baroreflex subsystems (the neural and peripheral arcs) in

A

upright posture independently using the baroreflex open-
loop technique. Moreover, by connecting the subsystem
transfer functions in series and closing them, we revealed
the dynamic characteristics of the total baroreflex arc.
Our actual and simulation data indicated that resetting
of the baroreflex neural arc in upright posture increases
the transfer function gain of the total baroreflex arc. In our
experiments, the 60° upright tilt reset and nearly doubled
the transfer gain of the neural arc. Although the upright tilt
decreased the transfer gain of the peripheral arc, resetting
in the neural arc counteracted it and consequently pre-
served the dynamic transfer gain of the total baroreflex arc
(1.4, Table 3). In a simulation of a situation where reset-
ting in the neural arc is absent (Table 3), a 60° upright tilt
would decrease the total arc transfer gain. These findings
suggest that resetting of the neural arc (that 1s, baroreflex
control of SNA) with dynamic characteristics plays an im-
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Fig. 6. A: Simulator of the baroreflex system during upright tilt.
A stepwise perturbation was applied to the baroreflex negative
feedback system (see APPENDIX for details). Hy, neural arc
transfer function: H, peripheral arc transfer function. Nonlin-
ear sigmoidal functions in the supine and upright tilt positions
are shown by gray and black lines, respectively. B: Simulation
results of integrated dynamic transfer function of linear-sigmoi-
dal nonlinear cascade model in the neural (AP to SNA) and

The Journal of Physiological Sciences Vol. 58, No. 3, 2008

peripheral (SNA to AP) arcs in the supine (gray lines) and up-
right tilt (black lines) positions. C: Simulation results of a
closed-loop AP and SNA responses to the stepwise pressure
perturbation (—40 mmHg). The resetting during upright tilt
(black line) would enhance SNA excitation as compared with
the supine position (gray line) to minify a hypotension. Without
the resetting in upright tilt, SNA responses would largely be at-
tenuated to lead a hypotension.
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portant role to maintain the dynamic transfer function of
the total baroreflex system in upright posture.

A simulation of AP stability by baroreflex feedback con-
trol against pressure disturbance clearly suggests the impor-
tance of resetting of baroreflex neural arc in upright pos-
ture. Figure 6 shows the simulation of closed-loop
baroreflex control of AP, when pressure disturbance was
loaded to the peripheral cardiovascular compartment. Ac-
cording to an earlier study [17]. we used the linear-sigmoi-
dal nonlinear cascade model (Fig. 6A) to simulate the
baroreflex dynamics. The result of simulation (Fig. 6B) was
consistent with our in vivo findings that an upright tilt in-
creased the dynamic transfer gain of the neural arc and de-
creased the dynamic gain of the peripheral arc. The simula-
tion (Fig. 6C) shows that the baroreflex feedback system
would minify the pressure disturbance (40 mmHg) by 50%
or more in supine (14 mmHg) and upright tilt (19 mmHg)
positions. However, without the resetting of the neural arc
in upright tilt, the residual pressure disturbance (29 mmHg)
would persist and the velocity of pressure response would
become slower (Fig. 6C). These findings suggest that dy-
namic resetting of the neural arc increases the stability and
quickness in response of orthostatic AP against pressure
disturbance in closed-loop condition of the total baroreflex
arc. In addition, the simulation indicates that the resetting
would enhance increases in SNA in response to pressure
disturbance in upright tilt compared to supine position (Fig.
6C). Without the resetting in upright tilt, the SNA response
would be greatly attenuated (Fig. 6C). This suggests that re-
setting of the neural arc has a critical role in activating SNA
appropriately to prevent hypotension by pressure distur-
bance during orthostatic stress.

Some explanations for the changes in baroreflex pe-
ripheral arc in upright tilt posture may be postulated. First,
since the gravitational fluid shift toward the lower part of
body (i.e., abdominal vascular bed, lower limbs) during
upright posture decreases the preload and effective circu-
latory blood volume [1, 9], it may attenuate the dynamic
transfer function from SNA to AP. Our actual data re-
vealed that upright tilt decreased the transfer gain, but not
the transfer phase, of the baroreflex peripheral arc (Fig.
4A). Therefore, upright tilt would blunt the magnitude of
AP response to SNA without delaying the response, as
shown in the calculated step response (Fig. 4B). Next, in-
creases in humoral factors (i.e.. catecholamine, angio-
tensin IT) during upright posture could reduce the depen-
dency of vascular resistance on neural control. However,
intravenous infusion of angiotensin II did not affect the
transfer function of baroreflex peripheral arc [18]. More-
over, intravenous infusion of catecholamine had no effects
on the transfer function from sympathetic stimulation to
heart rate [19)]. These studies are consistent with the pre-
dominance of sympathetic neural control on cardiovascu-
lar pressor function [20].

Limitations

The present study has several limitations. First, we ex-
cluded the efferent effect of vagally mediated arterial and
cardiopulmonary baroreflexes that may affect baroreflex
control of SNA. Second, we used an anesthetic agent that
may attenuate the baroreflex peripheral arc by reducing
the cardiac pumping function, and may affect the neural
arc gain. Third, since we sectioned the aortic depressor
nerves to open the baroreflex feedback loop, the total
baroreflex gain may be lower than the physiological level.
Fourth, since we measured only renal SNA, our findings
have limited applicability to other SNA. Although static
[10, 21] and dynamic [21] regulation of the baroreflex
neural arc is similar in renal, cardiac and muscle (vaso-
constrictor) SNAs in supine posture, whether this holds
true during orthostatic stress remains to be verified.

Lastly, we used rabbits that are quadrupeds. Since hu-
mans spend most of their time in nearly 90° upright pos-
tures whereas rabbits do not, our findings have limited ap-
plicability to humans. However, Japanese White rabbits
spend most of their time in 10-40° head-up postures, and
frequently stand up to nearly 70°. Since the denervation of
both carotid and aortic arterial baroreflexes is known to
cause severe postural hypotension at 60° upright tilt in
quadrupeds [4], this suggests that even in quadrupeds, ar-
terial baroreflex has a very important function in the
maintenance of AP under orthostatic stress. Accordingly,
despite the difference in species, our findings may reflect,
at least, the qualitative aspects of orthostatic baroreflex
physiology in humans. Indeed, recent human studies have
suggested that orthostatic stress (lower body negative
pressure) enhances the SNA response to AP change [22,
23] and increases baroreflex control of SNA (assessed by
the relation between spontaneous changes in diastolic AP
and SNA) [12] under baroreflex closed-loop condition.

In conclusion, the transfer function identified in
baroreflex open-loop condition showed that 60° upright
tilt increases the transfer gain of the baroreflex neural arc,
decreases the transfer gain of the peripheral arc, and as a
result maintains the dynamic characteristics of the total
baroreflex feedback system. Simulation study suggests
that resetting of the neural arc increases the transfer gain
of the total baroreflex arc and also increases the stability
of orthostatic AP against pressure disturbance. These
findings suggest that upright tilt resets the dynamic trans-
fer function of the baroreflex neural arc to maintain total
baroreflex stability.

APPENDIX

To simulate the closed-loop AP response to stepwise pres-
sure perturbation (Fig. 6), we used the linear-sigmoidal
nonlinear cascade model [17].

We modeled the sigmoidal nonlinearity in the barore-
flex neural arc by a four-parameter logistic function with
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threshold according to our previous study [5] using the
following equation;

P

=+ 4

L+exp[P(x-A)]
where x and y are input (in mmHg) and output (in au) val-
ues. P, denotes the response range (in a.u.), P, is the coef-
ficient of gain, P; is the midpoint of the input range (in
mmHg), P, is the minimum output value of the svmmcrric
sigmoid curve (in a.u.). We set P, =94, P, = 0.10, P,
109, P, = 4 in the supine position, and = 12, P,=0. 09
Py= 109 P, =29 during upright tilt, according to our pre-
vious study [5],

The sigmoidal nonlinearity in the peripheral arc was
modeled by a four-parameter logistic function using the
following equation:

= o
T l+explQy(y - 0))] &

where y and = are input (in a.u.) and output (in mmHg) val-
ues. O, denotes the response range (in mmHg), O, is the
coefficient of gain, 0, is the midpoint of the input range (in
a.u), and Q, 1s the minimum output value (in mmHg). We
set 0, =115, 0,=-0.04, 0, =63, 0, = 50 in the supine po-
sition, and Q, = 82, 0, =-0.05, O, = 88, O, = 50 during up-
right tilt, according to our previous study [5].

In rabbits, the transfer function of the baroreflex neural
arc (baroreceptor pressure to SNA) approximates deriva-
tive characteristics in the frequency range below 0.8 Hz,
and high-cut charactenstics of frequencies above 0.8 Hz
[17]. Therefore, according to our previous study [17], we
modeled the neural arc transfer function (H,) using the
following equation:

where f and j represent the frequency (in Hz) and imagi-
nary units, respectively; K, is static gain (in a.u./mmHg);
£ and £, (fe, < /,) are comer frequencies (in Hz) for de-
rivative and high-cut characteristics, respectively; and L
is a pure delay (in s) that would represent the sum of de-
lays in the synaptic transmission through the baroreflex
central pathways and the sympathetic ganglion. The dy-
namic gain increases in the frequency range of £ to 1.
and decreases above f .. In simulations showed in Fig. 6,
we matched K, to the actual data in the supine and upright
tilt positions in this study. We also setf,. /.. and L at 0.05,
0.8 and 0.2, respectively, according to the present and pre-
vious studies [17].

In addition, the transfer function of the baroreflex pe-
ripheral arc (SNA to AP) approximates a second-order
low-pass filter with the dead time as follows:

Hy(f)= - 3 exp(-27fL)
T ()
11-2' = -] ==
< F; J J

I N 9 !v

where f,, and £ are the neutral frequency (in Hz) and
damping ratio, respectively; and L is a pure delay (in s). In
simulations showed in Fig. 6, we matched K, to the actual
data in the supine and upright tilt positions in this study.
We also set f,,, Cand L at 0.07, 1.4 and 1.0, respectively,
according to the present and previous studies [17].

The input amplitude of the stepwise pressure perturba-
tion was —40 mmHg (Fig. 5, A and C, top panel). The
closed-loop AP (Fig. 5C, middle panel) and SNA (Fig.
5C, bottom panel) responses were simulated up to 30 s.
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