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steeper; the gain was thus higher and the coherence was
lower in H,.osed-spon cOmpared with Hy_gpen. The phase led
as frequency increased, while the step response oscillated
(Fig. 4F, left panel) in Hy.cosed-spons Which were markedly
different from Hy.open-

In contrast to the neural arc, the closed-loop-
spontaneous transfer function for the peripheral arc
(Hp-closed-spon) from SNA to AP (Fig. 4E, right panels, black
line) approximated that of the open-loop transfer function
(Hp-open» red line). The gain (except at 0.02-0.05 Hz) and
phase were similar up to 0.3 Hz, although the coherence
was lower in Hy.dosed-spon than in Hy_open (common feature
for both neural and peripheral arcs). The step response
was similar to that of Hp open except for a slower time
constant (Fig. 4F, right panel). Because of the closed-loop
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condition, the gain and phase functions of Hp.dosed-spon
were the inverse of those of Hy.closed-spon-

Since CSP exactly matched systemic AP in this
closed-loop-spontaneous baroreflex condition, the trans-
fer function of total arc baroreflex from CSP input to
systemic AP was calculated as all-pass filter without
modulating phase (Fig. 4D). This is greatly different from
the transfer function of the total arc identified from
open-loop experiments (Fig. 3E).

Comparison between open-loop and
closed-loop-spontaneous transfer functions

The closed-loop-spontaneous transfer functions (Fig. 54,
blue lines) (Hp.-closed-spon a1d Hp._closed-spon) Obtained from
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Figure 3. Open-loop transfer function

A, typical representative data of one rabbit in protocol 2, showing time series of carotid sinus pressure (CSP),
sympathetic nerve activity (SNA) and systemic arterial pressure (AP) during CSP perturbation in open-loop baroreflex
condition. CSP is changed according to a binary random (white-noise) signal with a switching interval of 500 ms. 8,
input power spectrum of CSP (green line) is reasonably flat up to 1 Hz. Autospectra of SNA (top line) and systemic
AP (bottom line) are also shown. The arrowhead indicates a peak of SNA autospectrum at 0.4 Hz. C, open-loop
transfer functions of the neural arc (Hn-open) from CSP input to SNA (left panels) and of the peripheral arc (Hp-open)
from SNA input to AP (right panels) identified in the same animal as in A. The gain (top), phase (second), coherence
(third) and normalized random error (Error, bottom) functions are shown. Units of gain are [a.u. mmHg~"] for the
neural arc and [mmHg a.u.~'] for the peripheral arc, respectively. D, step responses (Step res.) derived from the
transfer functions shown in C. The units are [a.u.] for the neural arc and [mmHg] for the peripheral arc, respectively.
E, open-loop transfer functions of the total arc (Hiotal-gpen) from CSP input to AP identified in the same animal as
in A. The gain (top), phase (second), coherence (third) and normalized random error (Error, bottom) functions are
shown. Unit of gain is [nmHg mmHg~']. F, step response (Step res.) derived from the transfer function shown in

E. The unit is [mmHg]. a.u., arbitrary unit.
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all animals (n=10) in protocol 2 were compared with
the open-loop transfer functions (Fig.5A, red lines)
in protocol 1. The step response was also compared
between closed-loop-spontaneous (Fig. 5B, blue line) and
open-loop experiments (Fig. 5B, red line).

In the neural arc (Fig. 5A and B, left panels; Table 1),
closed-loop-spontaneous transfer functions (Hy-dosed-spon»
blue lines) were markedly different from open-loop trans-
fer functions (Hp-open» red lines), similar to the example
shown in Fig. 4E. The difference was characterized by an
enhanced increase of gain versus frequency (slope), a phase
lead and an oscillation of step response. In contrast, in
the peripheral arc (Fig. 5A and B, right panels; Table 2),
closed-loop-spontaneous transfer functions (Hyp.dosed-spon)
were similar to open-loop transfer functions (Hy.open) in
gain, phase and step response.

A. Kamiya and others
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The transfer function of the baroreflex total arc from
CSP input to systemic AP in the open-loop condition
was identified as having low-pass filter characteristics
with negative feedback in all animals. In contrast, the
total arc transfer function in the closed-loop-spontaneous
condition had all-pass filter characteristics without
modulating phase in all animals.

Predictability of open-loop and closed-loop-
spontaneous transfer function compared with data
measured in open-loop condition (protocol 3)

Theability of the neural arc transfer functions (determined
by protocols 1 and 2) to predict output dynamics
(SNA) from given input signals (CSP) in the open-loop
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Figure 4. Closed-loop-spontaneous transfer function

A, typical representative data of protocol 3, showing time series of CSP, SNA and systemic AP in
closed-loop-spontaneous baroreflex condition, where CSP is matched with systemic AP. The data were obtained
from the same animal as in Figure 3. B-D show exactness of good match between CSP and systemic AP. B, auto-
spectrum of CSP (green line) overlaps with that of AP (black line). Autospectrum of SNA (top line) is also shown.
The arrowhead indicates a peak in the SNA autospectrum at 0.4 Hz. C, beat-to-beat waveform of CSP (green line)
overlaps with that of AP (black line). D, the transfer functions from CSP to systemic AP. Gain (top), phase (middle)
and coherence (bottom) functions are shown. Unit of gain is [mmHg mmHg~"]. £, the closed-loop-spontaneous
transfer functions of the neural arc (Hy-ciosed-spon) from CSP (=AP) input to SNA (left panels) and of the peripheral
arc (Hp-cosed-spon) from SNA input to AP (right panels) identified in the same animal as in A. The gain (top), phase
(second), coherence (third) and normalized random error (bottom) functions are shown. Units of gain are [a.u.
mmHg="] for the neural arc and [mmHg a.u.~"] for the peripheral arc, respectively. F, step responses (Step res.)
derived from the transfer functions. The units are [a.u.] for the neural arc and [mmHg] for the peripheral arc,
respectively. a.u., arbitrary unit; CSP, carotid sinus pressure; SNA, sympathetic nerve activity; AP, arterial pressure;
Step res., step response. In £ and F, the open-loop transfer functions and derived step responses are included for
reference (red lines).

€ 2011 The Authors. Journal compilation € 2011 The Physiological Society



J Physiol 589.7

B Open-loop
B Closed-loop spontaneous

Neural arc
(CSP/AP to SNA)

Peripheral arc
(SNAto AP)

)

P

&=

I

Q

=

o

@

£

o

Q 0

. 4

o

oy 2
0
0.01 01 1
frequency (Hz)

B 1

= AVt ot

g vy O

& | i —0.:;)-

0 1020304050
s) time (s)

Figure 5. Comparison between open-loop and
closed-loop-spontaneous transfer functions

Solid and dashed lines represent the mean and mean + SD,
respectively, obtained from all animals (n = 10). A, red lines are
open-loop transfer functions of the neural (Hn-open, left panels) and
peripheral arcs (Hp-open, right panels) identified in protocol 1. Blue
lines are closed-loop-spontaneous transfer functions (blue lines) of
the neural (Hn-closed-spon. left panels) and peripheral arcs
(Hp-closed-spon.» fight panels) identified in protocol 2. The gain (top),
phase (second), coherence (third) and normalized random error
(bottom) functions are shown. Units of gain are [a.u. mmHg~'] for
the neural arc and [mmHg a.u.~ '] for the peripheral arc, respectively.
The closed-loop-spontaneous baroreflex transfer function for the
neural arc is markedly different from the open-loop transfer
function, whereas that for the peripheral arc partially matches the
open-loop transfer function. B, step response (Step res.) calculated
from the open-loop (red lines) and closed-loop-spontaneous (blue
lines) transfer functions. The units are [a.u.] for the neural arc and
[mmHg] for the peripheral arc, respectively. a.u., arbitrary unit; CSP,
carotid sinus pressure; SNA, sympathetic nerve activity; AP, arterial
pressure; Step res., step response.
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Table 1. Transfer functions of the baroreflex neural arc (from CSP
to SNA) in open-loop and closed-loop-spontaneous conditions

Open-loop Closed-loop-spontaneous

TF (Hn-open: TF (Hn—closed-spon-
CSP to SNA) CSP [= AP] to SNA)
Gain (a.u. mmHg~")
0.01 Hz 1.2 £ 0.2 1.8 + 0.1*
0.1 Hz 20+ 03 53 + 2.8*
0.3Hz 2.6 £ 0.3 14.6 + 5.7*
Phase (rad)
0.01 Hz -27 £ 0.2 -5.4 + 04~
0.1 Hz -3.0 £ 0.1 -31+04
0.3 Hz —-3.7 £ 0.1 -2.6 + 0.11*
Coherence
0.01 Hz 0.8 + 0.1 0.8 + 0.2
0.1 Hz 0.9 £+ 0.1 0.6 + 0.2*
0.3 Hz 0.9 + 0.1 0.4 + 0.3*
Slope (dB per decade)
0.01 Hzto 0.3 Hz 47 + 0.4 12.1 £ 6.17
Step response
Initial response (a.u.) -24 + 0.2 Oscillating response

Steady-state level (a.u.) —-1.2 £0.2

Values are mean+SD (n=10). *P <0.05 open-loop vs.
closed-loop-spontaneous conditions. TF, transfer function.

Table 2. Transfer functions of baroreflex peripheral arc (from SNA
to AP) in open-loop and closed-loop-spontaneous conditions

Open-loop Closed-loop-spontaneous
TF (Hp-open: TF (Hp-closed-spon:
SNA to AP) SNA to AP)
Gain (mmHg a.u.™")
0.01 Hz 0.7 £ 0.2 0.6 £ 0.2
0.1Hz 0.1 + 0.1 0.1 £ 0.1
0.3Hz 0.03 + 0.01 0.03 + 0.02
Phase (rad)
0.01 Hz -08 £ 0.2 -09 + 0.2
0.1 Hz -3.0 £ 0.2 —-3.0+£0.2
0.3 Hz —-4.2 £ 041 —-4.0 £ 0.3
Coherence
0.01 Hz 09 £ 0.1 0.8 +£0.2
0.1 Hz 0.8 + 0.2 0.6 + 0.2*
0.3 Hz 0.9 + 0.1 0.4 + 0.3*
Step response
Steady-state -0.7 £ 0.2 -0.6 + 0.2

level (mmHg)

Values are mean+SD (n=10). *P <0.05 open-loop vs.
closed-loop-spontaneous conditions. TF, transfer function.

condition was quantified by comparing with the actual
measurements of SNA response to CSP changes in protocol
3. Figure 6 shows a typical example obtained from the
same animal as in Figs| and 2. CSP was randomly
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Table 3. Predictive power of baroreflex transfer functions

Open-loop TF Closed-loop-spontaneous TF
(Hn-open, CSP to SNA) (Hn-closed-spons CSP [= AP] to SNA)
r? (Predicted condition) r? (Predicted condition)
Neural arc 0.8 £ 0.1* (Open-loop) 0.1 + 0.1 (Open-loop)
0.1 £ 0.2 (Closed-loop-spon) 0.06 £+ 0.1 (Closed-loop-spon)
0.9 + 0.1* (Closed-loop-drug) 0.7 £ 0.1(r < 0% (Closed-loop-drug)
Open-loop TF Closed -loop-spontaneous TF
(Hp-open. SNA to AP) (Hp-closed-spons SNA to AP)
r? (Predicted condition) r? (Predicted condition)
Peripheralarc 0.8 + 0.1*  (Open-loop) 0.7 +£ 0.1* (Open-loop)
0.7 £ 0.1*  (Closed-loop-spon) 0.7 £ 0.1* (Closed-loop-spon)

Values are mean = SD (n = 10). P < 0.05; significant correlation between predicted and measured
values. ?Regarding the predictive power of closed-loop-spontaneous TF in neural arc closed-loop-drug
condition, r is less than 0 (r = —0.8 + 0.1). TF, transfer function; Open-loop, baroreflex open-loop
condition where CSP was binary random (white-noise) sequence and independent of systemic AP;
Closed-loop-spon, baroreflex closed-loop-spontaneous condition where CSP equalled systemic AP;
Closed-loop-drug, sequential infusions of phenylephrine and nitroprusside in closed-loop condition

where CSP equalled systemic AP.

assigned at 20 mmHg above or below the operating
AP (changes according to binary random (white-noise)
sequence; Fig.6A, top panel). The SNA response to
CSP changes predicted by the open-loop transfer
function (Hp.open) (Fig.6A; third panel) resembled the
actually measured SNA (Fig.6A, second panel) in
both the timing (phase) and magnitude of neural
burst. In contrast, the SNA response predicted by the
closed-loop-spontaneous transfer function (Hy.dosed-spon)
(Fig. 6A, bottom panel) was different from the actually
measured SNA (Fig. 64, second panel), showing markedly
exaggerated fluctuation and inconsistent burst timing.
As a result, scatter plot analyses showed that the SNA
predicted by Hy.open correlated significantly with the
actually measured SNA (7%, 0.83; RMS, 13 a.u.; P < 0.05)
(Fig. 6B), whereas the SNA predicted by Hi.-dosed-spon
showed no correlation (72, 0.04; RMS, 109 a.u.) (Fig. 6C).
Using the data from all animals, the SNA predicted by
Hopen correlated with the measured SNA (%, 0.8 £0.1;
RMS, 15+ 4a.u; P <0.05), whereas SNA predicted by
H i -dosed-spon Showed no correlation (r%, 0.1 £0.1; RMS,
102 £+ 24 a.u.).

In addition, the ability of the peripheral arc transfer
functions (determined by protocols 1 and 2) to predict
output dynamics (AP) from given input signals (SNA)
in the open-loop condition was quantified by comparing
with the actual measurements of AP response to SNA
changes. Figure 7 shows an example obtained from the
same animal as in Fig.6. The AP response to SNA
predicted by the open-loop transfer function (Hp.gpen)
(third panel) resembled closely the actually measured
AP (second panel). The AP response (bottom panels)

predicted by the closed-loop-spontaneous transfer
function (Hp-dosed-spon) Was also similar but with
limitations. Scatter plot analyses showed that the AP
predicted by Hp.open correlated well with the measured
AP (r?, 0.75; RMS, 2 mmHg; P < 0.05; Fig. 7B), whereas
the AP predicted by Hp.dosed-spon correlated partially
with the measured values (r*, 0.58; RMS, 3 mmHg;
P < 0.05; Fig. 7C). Using the data from all animals, the
H, open-predicted AP correlated well with the measured
AP (r?, 0.840.1; RMS, 2+2mmHg; P <0.05). The
H,.dosed-spon-predicted AP similarly correlated with the
measured AP, but with lower r* (0.7 £0.1) and higher
RMS (3 + 3 mmHg) compared with Hy.open (P < 0.05).

Predictability of open-loop and closed-loop-
spontaneous transfer functions compared with data
measured in the closed-loop-spontaneous condition
(protocol 4)

The ability of neural arc transfer functions (determined
by protocols 1 and 2) to predict SNA from CSP input
in the closed-loop-spontaneous condition was quantified
by comparing with the actual SNA measurements in
protocol 4. Figure8 shows a typical example. Since
CSP was matched with systemic AP, spontaneous
fluctuation of AP was observed (Fig.8A, top panel).
AP increased spontaneously for 60-90s but SNA did
not decrease but increased, indicating that AP changes
did not induce a negative SNA response via the
baroreflex neural arc (Fig. 84, third panel). Indeed, SNA
predicted by Hy.open (Fig.8A, fourth panel) and
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Hop-dosed-spon  (Fig. 84, bottom panel) were markedly
different from the measured SNA (Fig. 8A, second and
third panels). Scatter plot analyses indicated that these
predicted SNAs did not correlate with the measured SNA
(Fig. 8Band C).

In addition, the ability of peripheral arc transfer
functions (determined by protocols 1 and 2) to pre-
dict AP from SNA input in the closed-loop-spontaneous
condition was also quantified by comparing with the
actually measured AP. Figure 9 shows a typical example
obtained from the same animal as in Fig.8. The
spontaneous changes in SNA (Fig. 94, second panel)
appeared to precede those in AP (Fig. 94, third panel),
suggesting that SNA changes induced a positive response
of AP via the baroreflex peripheral arc. Indeed, the AP
(grey lines, re-sampled at 0.1 Hz) predicted by Hp.open
(Fig. 94, fourth panel) and that predicted by Hy.qosed-spon
(bottom panel) resembled the measured AP (third
panel). Scatter plot analyses indicated that these predicted

Baroreflex transfer function in closed-loop vs. open-loop analyses
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APs correlated well with the measured AP (Fig.9B
and C).

Similar results were found in all animals in the
closed-loop-spontaneous resting condition. Changes in
SNA always preceded alterations in AP, and induced
a positive AP response. The closed-loop peripheral arc
transfer function predicted the time series of AP dynamics
with some degree of accuracy, whereas the neural arc trans-
fer function failed to predict SNA.

Predictability of open-loop and closed-loop-
spontaneous transfer functions compared with data
measured during pharmacological pressure
intervention in the closed-loop condition (protocol 5)

The ability of neural arc transfer functions (determined
by protocols 1 and 2) to predict SNA from CSP
change induced by pharmacological intervention under
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Figure 6. Predictability of neural arc transfer functions in open-loop condition

A, typical representative example of evaluating the predictability of SNA output from CSP input using the baroreflex
transfer functions of the neural arc. The data were obtained from the same animal as in Fig. 3. The time-series SNA
dynamics are predicted from CSP measured in protocol 4 (top panel), by the open-loop transfer function determined
in protocol 1 (red line, third panel) and by the closed-loop-spontaneous transfer function determined in protocol 2
(blue line, bottom panel). CSP is changed according to a binary random (white-noise) signal with a switching interval
of 500 ms under open-loop baroreflex condition. These predicted SNA changes are compared with the actual SNA
measured in protocol 4 (second panel). SNA (red line, third panel) predicted by open-loop transfer function
(Hn-open) appears to parallel the actually measured SNA, whereas SNA predicted by closed-loop-spontaneous
transfer function (Hy-closed-spon) is markedly different from the measured SNA. B, scatter plot analysis of the SNA
predicted by Hn-open versus the measured SNA. C, scatter plot analysis of the SNA predicted by Hp_ciosed-spon Versus

the measured SNA.
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closed-loop conditions was quantified by comparing
with the actual SNA measurements in protocol
5. The intervention was sequential bolus infusions
of phenylephrine, nitroprusside and phenylephrine.
Figure 10 shows a typical example. CSP was matched
with systemic AP (Fig. 104, first and second panels).
The phenylephrine-nitroprusside—phenylephrine bolus
infusions produced an increase-decrease—increase and
recovery changes in AP, which led to changes in SNA as
follows. When AP (which equals CSP) increased, actually
measured SNA decreased, and vice versa (Fig. 104, third
panel).

The SNA response to CSP changes predicted by the
open-loop transfer function (Hy.open) (Fig. 104; fourth
panel) resembled the actually measured SNA (third
panel) in both the timing (phase) and intensity of
neural activity. In contrast, the SNA response pre-
dicted by the closed-loop-spontaneous transfer function
(Hp-dlosed-spon) (bottom panel) showed oppositely directed
neural response as compared with actually measured SNA
(third panel). When AP (which equals CSP) increased,
the predicted SNA increased whereas the measured
SNA decreased, and vice versa. As a result, scatter plot
analyses showed that the SNA predicted by H,.open

A. Kamiya and others
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correlated significantly with the actually measured SNA
(r*, 0.87; RMS, 17 a.u; P < 0.05; Fig. 10B), indicating
a good predictability. However, the SNA predicted by
H . dosed-spon sShowed negative correlation (r, —0.91; RMS,
114 a.u.; Fig. 10C), indicating a lack of predictability. The
relationship between CSP (= AP) and actually measured
SNA (Fig. 10D and E, open circles) was similar to that
between CSP (=AP) and SNA predicted by H,.open
(Fig. 10D, red circles) but different from that between CSP
and SNA predicted by Hy_dosed-spon (Fig. 10E, blue circles).
Using the data from all animals, the SNA predicted by
H, open correlated with the measured SNA (r%, 0.9+0.1;
RMS, 16 £ 4 a.u.; P <0.05), whereas SNA predicted by
H - dosed-spon showed negative correlation (r, —0.8 +=0.1;
RMS, 112 £ 35a.u.). ‘

Discussion

Good predictability of open-loop baroreflex
transfer functions

Although baroreflex transfer functions have been
identified by open-loop analysis (Ikeda et al. 1996; Kawada
et al. 2002; Kamiya et al. 2005b, 2008a), whether the
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Figure 7. Predictability of peripheral arc transfer functions in open-loop condition

A, typical representative example of evaluating the predictability of AP output from SNA input using baroreflex
transfer functions of the peripheral arc. The data were obtained from the same animal as in Fig. 3. The time-series
AP dynamics are predicted from SNA measured in protocol 4 (top panel), by the open-loop transfer function
determined in protocol 1 (red line, third panel) and by the closed-loop-spontaneous transfer function determined
in protocol 2 (blue line, bottom panel). These predicted AP changes are compared with the actual AP measured in
protocol 4 (the grey and black lines indicate AP re-sampled at 10 and 1 Hz, respectively; second panel). AP predicted
by open-loop transfer function (Hp-pen) appears to parallel the actually measured AP, whereas AP predicted by
closed-loop-spontaneous transfer function (Hp-ciosed-spon) also correlates to some extent. B, scatter plot analysis of
the AP predicted by Hp-open versus the measured AP. C, scatter plot analysis of the AP predicted by Hp-closed-spon

versus the measured AP.
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functions predict time-series output dynamics, which
would confirm the accuracy of system identification of
transfer function, remains to be elucidated. In the present
study, we showed that the open-loop baroreflex trans-
fer functions were able to predict output dynamics with
high accuracy, even though the data set for determining
the transfer functions (protocol 1) was different from
that for investigating predictability (protocols 3, 4
and 5). The neural arc transfer function determined
by the open-loop experiment (H, open) predicted SNA
responses to measured CSP changes with r? of 0.8 +0.1.
Likewise, the peripheral arc transfer function (Hy.qpen ) also
predicted the AP responses to measured SNA changes
with r? of 0.8 £ 0.1 (Fig. 7). These results supported our
first hypothesis that the open-loop baroreflex transfer
functions for the neural and peripheral arcs are able to
predict time-series SNA and AP outputs from
baroreceptor pressure and SNA inputs, respectively. The
good predictability indicates the accuracy of system

Baroreflex transfer function in closed-loop vs. open-loop analyses
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identification of these transfer functions determined by
open-loop experiments.

Inappropriate system identification and limited
predictability of closed-loop spontaneous baroreflex
transfer functions

Regarding the neural arc, our results showed that the trans-
fer function determined under closed-loop-spontaneous
conditions (Hy.-dosed-spon) Was markedly different from that
determined under open-loop conditions (H _gpen) (Fig. 5).
In Hip dosed-spons the increase in gain versus frequency
was markedly enhanced (enhanced high-pass filter). A
phase lead rather than phase lag indicates that the
calculated phase may be incorrect since Hy.open Showed
a linear phase lag, reflecting a fixed pure time delay
from baroreceptor pressure to SNA (Orea et al. 2007).
Furthermore, the step response of SNA to CSP predicted
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Figure 8. Predictability of neural arc transfer functions in closed-loop-spontaneous condition

A, example of spontaneous changes in AP (resampled at 10 and 0.1 Hz represented by black and grey lines,
respectively, in the top panel) and SNA (re-sampled at 10 and 0.1 Hz in second and third panels, respectively)
in closed-loop baroreflex condition (protocol 5). Using the open-loop (Hn-open, identified in protocol 1) and the
closed-loop-spontaneous transfer functions (Hn-ciosed-spon. identified in protocal 2) of the neural arc, a time-series
of SNA output was predicted from the actual AP measured in protocol 5. However, the predicted SNA (re-sampled
at 10 Hz represented by grey line, and at 0.1 Hz represented by red and blue lines in fourth and bottom panels,
respectively) response is markedly different from the trend of measured SNA. B, scatter plot analysis of the SNA
predicted by Hn-open versus the measured SNA. C, scatter plot analysis of the SNA predicted by Hn_ciosed-spon Versus

the measured SNA.
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by Hi.-dosed-spon Oscillated, although an initial decrease
followed by partial recovery was predicted by H.gpen
(Fig.5). These contradicting and strange characteristics
of H.dosed-spon Were associated with less appropriate pre-
dictability of time-series SNA output dynamics. Although
the SNA predicted by Hy_open in response to the measured
changes in CSP was roughly similar to the actually
measured SNA with respect to both amplitude and timing
of the neural burst (Fig. 6A and B), the SNA predicted by
H - dlosed-spon Was greatly different from the measured SNA,
showing increased amplitude and inconsistent timing of
neural burst (Fig.6A and C). Therefore, with regard
to the neural arc, these results support our second
hypothesis that the closed-loop-spontaneous baroreflex
transfer function is limited in its ability to predict the
baroreflex dynamics compared with the open-loop trans-
fer function.

Regarding the peripheral arc, however, the present study
showed unexpected results. In contrast to the neural arc,
the closed-loop-spontaneous baroreflex transfer function

A. Kamiya and others
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for the peripheral arc (Hp.-dosed-spon) approximated the
open-loop transfer function (Hp.open) Not only in gain
and phase functions but also in the step response (Fig. 5).
The similar characteristics of Hp._dosed-spon aNd Hip_open
yielded high predictability of time-series AP dynamics.
The AP predicted by Hp.cosed-spon i response to the
measured SNA changes was roughly the same as the
actually measured AP (Fig.7), although the correlation
with measured data was lower than the AP predicted
by Hy-open. Therefore, regarding the peripheral arc, these
results support our second hypothesis and indicate that
the closed-loop-spontaneous baroreflex transfer function
is partially appropriate for system identification of the
peripheral arc and is able to predict the time-series
AP dynamics under resting conditions despite slightly
limited accuracy compared with the open-loop transfer
function. This finding may have great impact, because the
closed-loop-spontaneous baroreflex transfer function has
been believed to represent the neural arc function (Orea
et al. 2007; Cooke et al. 2009; Ogoh et al. 2009).
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Figure 9. Predictability of peripheral arc transfer functions in closed-loop-spontaneous condition

A, example of spontaneous changes in SNA (re-sampled at 10 and 0.1 Hz in top and second panels, respectively)
and AP (re-sampled at 10 and 0.1 Hz represented by grey and black lines, respectively, in third panel) under
closed-loop baroreflex condition measured in protocol 5. Using the open-loop transfer function (Hp-open, identified
in protocol 1) and the closed-loop-spontaneous transfer function (Hp-ciosed-spon. identified in protocol 2) of the
peripheral arc, a time-series of AP output was predicted (re-sampled at 10 Hz represented by grey line, and at
0.1 Hz represented by red and blue lines in fourth and bottom panels, respectively) from the actual SNA measured
in protocol 5. The predicted APs re-sampled at 0.1 Hz appear similar to the measured AP to some extent. B, scatter
plot analysis of the AP predicted by Hp-open versus the measured AP. C, scatter plot analysis of the AP predicted by

Ho-closed-spon Versus the measured AP.
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Potential mechanism for the limitation of
closed-loop-spontaneous baroreflex transfer
functions

It is indeed difficult to wunderstand why the
closed-loop-spontaneous  transfer ~ function  is
inappropriate for system identification of the neural
arc but is partially appropriate for the peripheral arc.
As a possible mechanism, we examined the effects of
noise on the calculation of the closed-loop-spontaneous
transfer function using numerical simulations (Fig. 11).
Noise is considered as a factor that modulates output
dynamics independent of input. Figure 11 (upper panels
in B, C and D) shows block diagrams of the closed-loop
baroreflex system. H, represents central processing
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from baroreceptor pressure input to SNA, while H,
represents peripheral processing from SNA input to
systemic AP. According to our previous studies (Ikeda
et al. 1996; Kawada et al. 2002), we modelled H,, using
derivative and high-cut filter characteristics with a pure
delay, and H, using second-order low-pass filter with
a pure delay (see Appendix B, Fig. 11A) (Kamiya et al.
2005b). In this closed-loop baroreflex system, CSP equals
AP. As noise, Gaussian white-noise was introduced
to the neural and/or peripheral arcs (Fig.1C). As in
protocol 2, closed-loop-spontaneous transfer functions
were calculated by the simplified method, from AP to
SNA as the neural arc (corresponding to the H,_doged-spon)
and from SNA to AP as the peripheral arc (corresponding
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Figure 10. Predictability of neural arc transfer functions during pharmacological pressure interventions

in closed-loop condition

A, example of changes in CSP and AP (re-sampled at 10 Hz in the top and second panels, respectively) induced
by pharmacological interventions and SNA responses (re-sampled at 10 and 0.1 Hz represented by grey and black
lines, respectively, in third panel) in closed-loop baroreflex condition (protocol 5). Sequential bolus infusions of
phenylephrine (P1), nitroprusside (N) and phenylephrine (P,) were administered. Using the open-loop (Hn-open.
identified in protocol 1) and the closed-loop-spontaneous transfer functions (Hn-ciosed-spon. identified in protocol
2) of the neural arc, time-series of SNA output was predicted (re-sampled at 10 Hz represented by grey line, and at
0.1 Hz represented by red and blue lines in fourth and bottom panels, respectively) from the actual AP measured
in protocol 5. SNA predicted by open-loop transfer function (Hn-open) appears to parallel the actually measured
SNA, whereas SNA predicted by closed-loop-spontaneous transfer function (Hn-ciosed-spon) is markedly different
from the measured SNA. B, scatter plot analysis of the SNA predicted by Hn-open versus the measured SNA. The
identity line is shown. C, scatter plot analysis of the SNA predicted by Hy-ciosed-spon Versus the measured SNA. D,
relationship between CSP and SNA predicted by Hn-open (red filled circle, red broken line) is similar to that between
CSP and actually measured SNA (open circle, black broken line) or E, relationship between CSP and SNA predicted
by Hn-closed-spon (blue filled circle, blue broken line) is different from that between CSP and actually measured SNA

(open circle, black broken line).
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to the Hp dosed-spon)» While neglecting the noise (see
Appendix A, Fig. 11B, C and D).

We next examined how the noise modifies the
closed-loop-spontaneous transfer functions calculated by
the simplified method and renders them different from
the open-loop transfer functions by simulating three
situations. Because of the closed-loop nature, changes
in AP (thus, in CSP) modulate SNA via the neural
arc transfer function (H,), which in turn change AP
via peripheral arc transfer function (Hp). In the first
simulation, noise is present only in the neural arc
(Fig. 11B). Regardless of the magnitude of the noise,
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the closed-loop-spontaneous transfer function for the
neural arc is greatly different from the open-loop trans-
fer function H, (red lines), with markedly increased
gain and phase lead versus frequency. In contrast, the
closed-loop-spontaneous transfer function for the peri-
pheral arc overlaps with the open-loop transfer function
H,. In the second simulation, noise is present only in the
peripheral arc (Fig. 11C). Regardless of the magnitude of
the noise, the closed-loop-spontaneous transfer function
for the neural arc overlaps with the open-loop transfer
function H,,, whereas that of the peripheral arc deviates
markedly from the open-loop transfer function H, (red
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Figure 11. A numerical simulation of the effects of noise on calculation of baroreflex transfer functions
Noise (Gaussian white-noise) is introduced to the neural and/or peripheral arcs in closed-loop-spontaneous
baroreflex condition, where CSP equals AP (see Figure 1C). A, the original baroreflex transfer functions of the
neural (Hn, left panel) and peripheral (Hp, right panel) arcs. Hn is modelled using derivative and high-cut filter
characteristics with a pure delay, and Hp, using the second-order low-pass filter with a pure delay (see APPENDIX B).
Units of gain are a.u. mmHg~" for H, and mmHg a.u.~" for Hp, respectively. 8-D, block diagrams (upper panels)
and closed-loop-spontaneous transfer functions (lower panels); calculated from AP to SNA as the neural arc (left
lower panel) and from SNA to AP as the peripheral arc (right lower panel). The open-loop transfer functions (Hn, Hp)
are included as reference (gray lines). Units of gain are a.u. mmHg~" for the neural arc and mmHg a.u.~! for the
peripheral arc, respectively. B, first simulation: noise (0.029, 0.117, 0.264, 0.732 and 2.928 x 103 au?) is present
only in the neural arc. The same results are obtained irrespective of the noise intensity. The closed-loop-spontaneous
transfer function of the neural arc is totally different from the open-loop transfer function H,, whereas that of
the peripheral arc overlaps with H,. C: Second simulation: noise (0.029, 0.117, 0.264, 0.732 and 2.928 x 103
mmHg? is present only in the peripheral arc. The same results are obtained irrespective of the noise intensity. The
closed-loop-spontaneous transfer function of the neural arc overlaps the open-loop transfer function H,, whereas
that of the peripheral arc is markedly different from H,. D, third simulation: noise with incremental intensity
[from 0.029 (broken line) to 0.117, 0.264, 0.732 and 2.928 (solid lines) x 103 au?] is present in the neural arc,
while a small constant noise (29 mmHg?) is present in the peripheral arc. The closed-loop-spontaneous transfer
function of the neural arc is different from the open-loop transfer function of H,, whereas that of the peripheral
arc approaches Hp and the two become overlapped as the noise in the neural arc increases. Hy, neural arc transfer
function; Hp, peripheral arc transfer function, NN, unknown neural noise; PN, unknown peripheral noise.
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lines). In the third simulation, an incremental noise is
present in the neural arc and a small constant noise in the
peripheral arc (Fig. 11D). Regardless of the magnitude of
the noise, the closed-loop-spontaneous transfer function
for the neural arc is different from the open-loop trans-
fer function H, (red lines). However, as the noise in the
neural arc increases, the closed-loop-spontaneous transfer
function for the peripheral arc approaches the open-loop
transfer function H, and becomes superimposed with
respect to gain, phase and coherence functions. These
simulations indicate that the presence of noise in the neural
and peripheral arcs reduces the accuracy of identification
of closed-loop-spontaneous transfer function for the
neural and peripheral arc, respectively. Importantly, our
experimental results (Fig.5) may be consistent with the
situation that noise is predominant in the neural arc
rather than in the peripheral arc (Fig. 11B and D). This
might reflect our experimental condition that had little or
no noise in the peripheral arc (i.e. perturbation to AP),
probably because the body did not move in closed-loop
baroreflex and spontaneous resting conditions. Therefore,
a noise predominantly in the neural arc may be a potential
mechanism responsible for our experimental finding
that the closed-loop-spontaneous transfer function is
inappropriate in identifying the neural arc but partially
appropriate in identifying the peripheral arc under resting
conditions.

Physiological implication (1): Baroreflex is
predominantly feedforward rather than feedback
in the closed-loop-spontaneous condition

While we separate the total arc (CSP input to systemic
AP) of the baroreflex system into the neural (CSP input
to SNA) and peripheral (SNA input to systemic AP) arc
subsystems, the neural and the peripheral arcs are
equivalent to the feedback and feedforward arcs,
respectively, as reported in earlier studies (Barres et al.
2004; Brychta et al. 2007). Using these terms, our
data indicate that the baroreflex loop is predominantly
feedforward rather than feedback in the closed-
loop-spontaneous resting condition. This may be
explained by the block diagram and simulation results
shown in Fig. 11D. As the noise in the neural arc increases,
SNA fluctuates more but becomes less dependent on
CSP (baroreceptor pressure input), while the augmented
SNA changes strongly the control systemic AP via the
peripheral arc transfer function (H,) with little inter-
ruption by noise in the peripheral arc. As a result,
baroreflex control becomes feedforward-like, while the
closed-loop-spontaneous transfer function for the peri-
pheral arc approaches the open-loop transfer function
H,. This concept may explain our findings that the
closed-loop-spontaneous baroreflex transfer function for
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the peripheral arc partially matched the open-loop transfer
function, whereas that for the neural arc did not (Fig. 5).
In addition, this concept may also explain other data that
in the closed-loop-spontaneous condition, spontaneous
changes in SNA appeared to precede changes in AP
and induce positive AP responses (Fig. 9A), and that the
closed-loop-spontaneous peripheral arc transfer function
was capable of predicting the time-series AP dynamics
from SNA (Fig. 9B and C).

Physiological implication (2): Potential mechanisms
for AP and SNA fluctuations in the
closed-loop-spontaneous condition

Our experiments of opening and closing the baroreflex
loop in individual animals may help to suggest
potential mechanisms responsible for AP and SNA
fluctuations in the closed-loop condition. First, both
SNA auto-rhythmicity (pacemaker) and baroreflex
mechanisms may contribute to fluctuations of AP and
SNA at approximately 0.4 Hz actually observed in the
closed-loop-spontaneous baroreflex condition (Fig. 4B),
which is often termed the Mayer wave (Malpas & Burgess,
2000; Barres et al. 2004). It is noteworthy that even in the
baroreflex open-loop condition, the SNA autospectrum
shows a small peak at approximately 0.4 Hz (arrowhead,
Fig. 3B) despite no peak in CSP autospectrum, indicating
the existence of SNA auto-rhythmicity at 0.4 Hz, which in
turn produces systemic AP fluctuation at that frequency
(Fig. 3B) via peripheral arc transfer function (Fig.3C).
This may explain the coherence drop at approximately
0.4Hz (from CSP to SNA) in open-loop condition
(Fig. 3C). Furthermore, since closing the baroreflex loop
greatly increases the peak of the SNA autospectrum
(arrowhead, Fig. 4B), interaction between the baroreflex
neural and peripheral arcs is important for these
fluctuations. This may be consistent with the report
that bilateral denervation of aortic and carotid sinus
baroreceptors eliminated 0.4 Hz oscillations of AP and
SNA during sympathoexcitatory stress (Barres et al
2004). Collectively, SNA auto-rhythmicity (which equals
‘origin’ activity) and its development and propagation by
the baroreflex may partly be responsible for the 0.4 Hz
fluctuations of AP and SNA in this experimental condition.

Second, although the baroreflex feedback system can
theoretically generate oscillations of AP and SNA by itself
without other factors (i.e. SNA auto-rhythmicity) in the
closed-loop condition (Guyton & Harris, 1951; deBoer
et al. 1987; Kamiya et al. 2005a), the baroreflex loop
theory might not contribute to the 0.4 Hz AP and SNA
fluctuations observed in the closed-loop-spontaneous
condition, for the following reason. The key point of
the baroreflex loop theory is that when the gain of total
arc baroreflex transfer function is greater than 1 at the
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frequency where the phase reaches —27 radians (which
we define as fy), oscillations of AP and SNA will occur
at around f,. In our actual data, f, was approximately
0.13 Hz (Fig. 3E), which is consistent with a previous
study (Malpas & Burgess, 2000) showing increased
0.1 Hz oscillation of AP during haemorrhage in rabbits.
Moreover, the gain at f, was less than 1 (Fig. 3E), indicating
no oscillations generated according to the baroreflex
loop theory. Therefore, in the closed-loop-spontaneous
condition, the baroreflexloop theory would not contribute
to the 0.4 Hz fluctuations of AP and SNA.

Lastly, respiratory-mediated fluctuation of AP may
contribute to SNA fluctuation via baroreflex mechanisms.
In the baroreflex open-loop condition (Fig.3B), SNA
autospectrum shows no peak whereas systemic AP shows
a large peak at the frequency of artificial respiration
(approximately 0.57 Hz) (Fig. 3B). This indicates that AP
fluctuation at that frequency is not mediated by SNA but by
mechanical aspects of respiration (i.e. respiratory changes
in intrathoracic pressure), consistent with an earlier
report (Brychta et al. 2007). Since closing the baroreflex
loop produces a peak in the SNA autospectrum at the
respiratory frequency (Fig. 4B), a baroreflex mechanism
may partly be responsible for respiratory-mediated SNA
fluctuation in this experimental condition.

Physiological implication (3): open-loop baroreflex
neural arc transfer function is able to predict
closed-loop time-series SNA response to
drug-induced AP change

The data discussed so far were obtained using mechanical
interventions to change carotid sinus pressure, which
arguably are not physiological changes. To validate
whether the predictabilities of the open-loop and
closed-loop-spontaneous transfer functions apply to
more physiological conditions, we tested the neural
arc transfer functions using pharmacological pressure
intervention (phenylephrine and nitroprusside infusions)
under closed-loop conditions. First, the SNA predicted
by the open-loop baroreflex neural arc transfer function
(Hp-open) in response to the measured changes in CSP
(=AP) was roughly similar to the actually measured
SNA with respect to both amplitude and timing of
neural activity (Fig. 104, third and fourth panel), showing
high correlation (* = 0.9, Fig. 10B). This result indicates
that with regard to the neural arc, the open-loop
transfer function is able to predict time-series SNA
output from AP input even during pharmacological
pressure interventions. A possible explanation for the
good predictability is that since the pharmacological inter-
ventions exert a noise to the peripheral and not the
neural arc, time-series SNA is almost determined by
the pharmacologically induced changes in baroreceptor
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pressure (= systemic AP) via the neural arc transfer
function (= H.open)-

In contrast to the open-loop transfer function, the
SNA predicted by the closed-loop-spontaneous baroreflex
neural arc transfer function (Hy.-dosed-spon) Was different
from the measured SNA. The predicted SNA was an
oppositely directed neural response: when AP (= CSP)
increased, the predicted SNA increased whereas the
measured SNA decreased, and vice versa. Therefore, with
regard to the neural arc, the closed-loop-spontaneous
transfer function is not able to predict SNA dynamics
from AP. The failure in predicting SNA change may
be explained by inappropriate system identification in
the closed-loop condition. Because of the closed-loop
condition, the calculated phase function of Hi_dosed-spon
was the inverse of that of Hy,.josed-spon- Indeed, the phase led
as frequency increased (Figs 5, 11B and D) in contrast to
the phase lag of the open-loop transfer function (Hy.gpen)-
Furthermore, the calculated phase of H,.-ciosed-spon resulted
in an oppositely directed response of predicted SNA as
compared with actually measured SNA, in contrast to the
good match of predicted SNA by H,.qpen. These results
indicate that with regard to the neural arc, the open-loop
neural arc transfer function predicts time-series SNA
response to changes in AP induced by pharmacological
interventions, while the closed-loop-spontaneous trans-
fer function cannot predict SNA response.

Although spontaneous baroreflex measures are believed
to represent the neural arc function (baroreflex control of
SNA), the present study raises potential methodological
issues. First, since the baroreflex is a closed-loop feedback
system, there is theoretical difficulty in identifying system
characteristics in the closed-loop spontaneous condition.
Since a relationship calculated from SNA input to AP
during their spontaneous fluctuations is the inverse of
that calculated from AP input to SNA, the calculation
itself cannot determine the causality between them. Our
present data clearly indicate limitation in estimating
closed-loop-spontaneous transfer function of the neural
arc, and that a good estimation requires opening the loop
and introducing an intervention to the loop. Furthermore,
although the spontaneous baroreflex transfer function
obtained in the closed-loop condition (Orea et al. 2007;
Cooke et al. 2009; Ogoh et al. 2009) has been used
as a surrogate for the neural (feedback) arc function
of the baroreflex loop, it actually represents the peri-
pheral (feedforward) arc function since baroreflex loop
is predominantly feedforward rather than feedback in the
closed-loop-spontaneous condition.

Second, a recent study (Hart et al. 2010) has
reported that spontaneous baroreflex measures (slope of
strength of muscle SNA burst over-binned or non-binned
AP) did not correlate (r*=0.05-0.13) with the ‘gold
standard’ modified Oxford analysis (nitroprusside and
phenylephrine), whereas spontaneous threshold measure
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(slope of % occurrence of muscle SNA burst over 1 mmHg
binned AP, eliminating strength of SNA burst) correlated
with it mildly (r* =0.5). Although we cannot directly
compare the transfer function analysis in our present study
with the spontaneous threshold measure reported by Hart
et al. (2010) because of methodological differences, our
open-loop transfer function of the neural arc was able
to predict occurrence and magnitude of time-series SNA
with a higher degree of accuracy (r* = 0.9, Fig. 10B) and
reproduce the AP-SNA relationship during closed-loop,
drug-induced AP changes (Fig. 10D).

Limitations

The present study has several limitations. First, we
excluded the efferent effect of the vagally mediated arterial
baroreflex, which could affect the properties of baroreflex
control of SNAs. Second, artificial respiration and surgical
procedures used in this study could affect baroreflex.
Third, anaesthetic agents tend to inhibit efferent SNA and
depress the gain of baroreflex control of SNA. Fourth,
since the present study was animal research, it is limited
in its applicability to humans. However, a problem of
difficulty inidentifying the ‘closed-loop’ system in contrast
with the ‘open-loop’ system is common in animal and
human studies. Lastly, we perfused the carotid sinuses with
physiological saline pre-equilibrated with atmospheric.
Local hypoxia could have occurred and somewhat affected
baroreflex control of SNA. Further research to examine
the relevance of the present findings to true physiological
conditions is necessary.

Summary

In summary, the open-loop baroreflex transfer functions
for the neural and peripheral arcs allowed good
prediction of the time-series SNA and AP outputs from
baroreceptor pressure and SNA inputs, respectively. In
contrast, the closed-loop-spontaneous baroreflex trans-
fer function for the neural arc deviated greatly from
the open-loop transfer function, and could not predict
the time-series SNA dynamics. However, the closed-
loop-spontaneous baroreflex transfer function for the
peripheral arc partially matched the open-loop trans-
fer function, with reasonable predictability of the
time-series AP dynamics although slightly inferior in
accuracy. Furthermore, the predictabilities of open-loop
and closed-loop-spontaneous transfer functions of the
neural arc were validated by closed-loop pharmacological
(phenylephrine and nitroprusside infusions) pressure
interventions. Time-series SNA responses to drug-induced
AP changes predicted by the open-loop transfer function
matched closely the measured responses, whereas SNA
responses predicted by the closed-loop-spontaneous
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transfer function deviated greatly and were the inverse of
measured responses. Therefore, although the spontaneous
baroreflex transfer function obtained by closed-loop
analysis has been believed to represent the neural arc
function, it is inappropriate for system identification
of the neural arc but is partially appropriate for
system identification of the peripheral arc under resting
condition, compared with open-loop analysis.

Appendix A

In a block diagram of the open-loop baroreflex system
(Fig. 1A), CSP is independent of systemic AP because
of vascular isolation of the carotid-sinus regions. In this
framework, input—output relationships of these arcs are
expressed in the frequency domain as:

SNA(f ) = Ha(f ) - CSP(f ) + NN(f) (A1)

AP(f) = Hy(f) - SNA(f) +PN(f)  (A2)

where CSP(f), SNA(f) and AP(f) are the fast Fourier
transforms of CSP, SNA and systemic AP, respectively.
H,(f) and H,(f) denote the neural arc and the peripheral
arc transfer functions, respectively. NN(f) and PN(f)
represent unknown noise in the neural and peripheral
arcs, respectively.

In the neural arc, calculating the ensemble averages of
cross-powers between the terms of eqn (A1) and CSP(f)
yields

E[SNA(f) - CSP(f )*] = Ha(f ) - E[CSP(f ) - CSP(f )*]

+ E[NN(f) - CSP(f)*] (A3)

where E[] indicates an ensemble average operation.
CSP(f)* denotes the complex conjugate of CSP(f).
As H,(f) is supposed to be time invariant during
the observation period, H,(f) is outside the ensemble
average operation. When CSP is a white-noise signal,
E[NN(f)-CSP(f)*] diminishes to zero asymptotically
because the white noise is statistically independent of any
other noise signal. Thus, we can estimate H,(f) by the
following equation, which we designate Hoyopen (F):

E[SNA(f ) - CSP(f )*
E[CSP(f) - CSP(f)

Hn(f) Hn-open(f)

(A4)

Similarly, in the peripheral arc, calculating ensemble
averages of cross-powers between terms of eqn (A2) and
SNA(f) yields

E[AP(f ) - SNA(f)*] = Hp(f ) - E[SNA(f ) - SNA(f )"]

+ E[PN(f) - SNA(f)*]  (a5)

where SNA(f)* denotes the complex conjugate of SNA(f).
As H,(f) is supposed to be time invariant during the
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observation period, Hy(f) is outside the ensemble average
operation. In the open-loop condition, since PN(f)
cannot affect SNA(f) and is statistically independent of
SNA(f) by definition, E[PN(f)-SNA(f)*] diminishes to
zero asymptotically. Thus, we can estimate H,(f) by the
following equation, which we designate Hp_gpen (f).

E[AP(f ) - SNA(f )*]
E[SNA(f ) - SNA(f )*]

Hp(f) = = Hp-open(f)

(A6)

In contrast to the open-loop condition, CSP is
matched with systemic AP in the closed-loop-spontaneous
baroreflex condition (Fig. 1B). Thus, the input—output
relationships of the arcs in the frequency domain are
expressed as:

SNA(f ) = Hu(f ) - AP(f ) + NN(f) (A7)

AP(f) = H,(f)-SNA(f) +PN(f)  (A8)

In the neural arc, calculating ensemble averages of
cross-powers between the terms of eqn (A7) and AP(f)
yields

E[SNA(f) - AP(f)*] = Hy(f ) - E[AP(f ) - AP(f)"]
+ E[NN(f) - AP(f)*]  (aq)
_ E[SNA(f)-AP(f)*]  EINN(f) - AP(f "]

(A10)

However, in the baroreflex closed-loop conditions, the
unknown noise in SNA (NN) can affect AP through
the peripheral arc transfer function (Hp). In other
words, AP(f) inevitably correlates with NN(f), and
E[NN(f)-AP(f)*] does not diminish to zero. H,(f)
cannot be determined because the unknown noise
NN is practically impossible to quantify. Therefore in
protocol 3, we simplify eqn (A10) by neglecting the last
term, and define the closed-loop-spontaneous transfer
function by the following equation, which we designate

Hn-closed-spon (f) .

_ E[SNA(f) - AP(f)*] _
Hn(f) = E[AP(f) - AP(f )*] - Hn-closed~spon(f)

(A11)

However, from eqns (A4) and (All), it is evident that
H - dosed-spon (f) should be different from H.open(f) when
NN(f) is large and cannot be neglected.

In the peripheral arc, calculating ensemble averages of
cross-powers between the terms of eqn (A8) and SNA(Y)
yields:

E[AP(f) - SNA(f )*] = Hy(f ) - E[SNA(f ) - SNA(f )"]

+ E[PN(f) - SNA(F)*] (12
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Hy(f)
_ EI[AP(f)-SNA(f)"] _ E[PN(f) - SNA(f)"]
E[SNA(f) - SNA(f )*] ~ E[SNA(f ) - SNA(f )*]
(A13)

However, in the baroreflex closed-loop conditions, the
unknown noise in AP (PN) can affect SNA through the
neural arc transfer function (H,). In other words, SNA(f)
inevitably correlates with PN(f), and E[PN(f)-SNA(f)*]
does not diminish to zero. H,(f) cannot be determined
because the unknown noise PN is practically impossible
to quantify. Therefore in protocol 3, we simplify
eqn (A13) by neglecting the last term and define
the closed-loop-spontaneous transfer function by the
following equation, which we designate H.ciosed-spon (f)-

E[AP(f ) - SNA(f )*]

) = Fisnag) - snag

= Hp-closed-spon(f )
(Al4)

However, from eqns (A6) and (Al4), it is evident that
Hy_dosed-spon (f) should be different from Hy.open(f) when
PN(f) is large and cannot be neglected.

Appendix B

In rabbits, the transfer function of the baroreflex neural
arc (baroreceptor pressure/CSP to SNA) approximates
derivative characteristics in the frequency range below
0.8 Hz, and high-cut characteristics of frequencies above
0.8 Hz (Kawada et al. 2002). Therefore, according to our
previous study, we model the neural arc transfer function
(H,) using eqn (B1) as follows

1+ £j .
——— exp(—27fjL)
(1+£

where f and j represent the frequency (in Hz)
and imaginary units, respectively; K, is static gain
(in a.u.mmHg™"); fo and fo (fa <fae) are corner
frequencies (in Hz) for derivative and high-cut
characteristics, respectively; and L is a pure delay (in
s), that would represent the sum of delays in synaptic
transmission in the baroreflex central pathways and the
sympathetic ganglion. The dynamic gain increases in the
frequency range from f to f;, and decreases above f,.
Based on the measured results, we set Ky, fc1, fco and L at
1,0.1, 0.8 and 0.2, respectively, in all simulations in Fig. 11.

In addition, the transfer function of the baroreflex
peripheral arc (SNA to systemic AP) approximates the
second-order low-pass filter with a lag time in rabbits
(Kawada et al. 2002). Therefore, we model the peripheral
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arc transfer function (H,) using eqn (B2) as follows:

Ky

Hy(f) = - exp(—2nfjL) (B2)

1+2§)%j+(fNj

where K, is static gain (in mmHga.u.™"); fN and ¢
indicate a natural frequency (in Hz) and a damping ratio,
respectively; and L is a pure delay (in s) that would
represent the sum of delays in synaptic transmission in
the neuroeffector junction and intracellular signal trans-
duction in the effector organs. Based on the measured
results, we set K, fx, ¢and L at 1, 0.07, 1.4 and 1.0,
respectively, in all simulations in Fig. 11.
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Mizuno M, Kawada T, Kamiya A, Miyamoto T, Shimizu S,
Shishido T, Smith SA, Sugimachi M. Exercise training augments the
dynamic heart rate response to vagal but not sympathetic stimulation in
rats. Am J Physiol Regul Integr Comp Physiol 300: R969-R977, 201 1. First
published January 26, 2011; doi:10.1152/ajpregu.00768.2010—We exam-
ined the transfer function of autonomic heart rate (HR) control in
anesthetized sedentary and exercise-trained (16 wk, treadmill for 1 h,
5 times/wk at 15 m/min and 15-degree grade) rats for comparison to
HR variability assessed in the conscious resting state. The transfer
function from sympathetic stimulation to HR response was similar
between groups (gain, 4.2 = 1.5 vs. 45 = 1.5 beats-min~"-Hz™";
natural frequency, 0.07 = 0.0l vs. 0.08 = 0.01 Hz; damping coeffi-
cient, 1.96 = 0.55 vs. 1.69 = 0.15; and lag time, 0.7 = 0.1 vs. 0.6 £
0.1 s; sedentary vs. exercise trained, respectively, means = SD). The
transfer gain from vagal stimulation to HR response was 6.1 * 3.0 in
the sedentary and 9.7 + 5.1 beats-min~'-Hz ™" in the exercise-trained
group (P = 0.06). The corner frequency (0.11 = 0.05 vs. 0.17 = 0.09
Hz) and lag time (0.1 = 0.1 vs. 0.2 = 0.1 s) did not differ between
groups. When the sympathetic transfer gain was averaged for very-
low-frequency and low-frequency bands, no significant group effect
was observed. In contrast, when the vagal transfer gain was averaged
for very-low-frequency, low-frequency, and high-frequency bands,
exercise training produced a significant group effect (P < 0.05 by
two-way, repeated-measures ANOVA). These findings suggest that,
in the frequency domain, exercise training augments the dynamic HR
response to vagal stimulation but not sympathetic stimulation, regard-
less of the frequency bands.

heart rate variability; transfer function; systems analysis

HEART RATE VARIABILITY (HRV) is considered to be a useful
noninvasive assessment of autonomic nervous system activity.
It has been well recognized that exercise training increases
HRYV at rest (4, 19). A recent meta-analysis by Sandercock et
al. (28) demonstrated that exercise training results in signifi-
cant increases in R-R interval and high-frequency (HF) power
of HRV. Nevertheless, not all studies have demonstrated in-
creases in HRV after exercise training (7). To date, the exact
mechanisms underlying increases in HRV after exercise train-
ing remain to be elucidated. Many earlier studies have sug-
gested that the augmentation of HRV induced by exercise
training may be caused by a withdrawal of sympathetic tonus
and/or an increase in vagal tonus (5, 14, 36). Autonomic tone
assessed by HRV may reflect both the autonomic outflow from
the central nervous system and the peripheral autonomic reg-
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ulation of atrial pacemaker cells. The latter can be assessed
quantitatively by examining the heart rate (HR) response to
electrical stimulation of the autonomic nerves. Furthermore,
recent studies suggested that peripheral autonomic regulation
of atrial pacemaker cells could contribute to the exercise
training-induced increases in cardiac vagal function (9, 10).

Equivocal results, however, have been reported using auto-
nomic nerve stimulation. Regarding the vagal system, the
effects of exercise training have been inconsistent among
studies, showing both increases (9, 10) and reductions in
vagally stimulated HR control (25). When considering the
sympathetic system, a previous study demonstrated that the HR
response to sympathetic stimulation was reduced by exercise
training (22). However, the mechanisms underlying the train-
ing effect are controversial (3, 15, 26, 29, 33, 35). These
equivocal results could be explained by differences in species
and modes of exercise training among studies (i.e., exercise
type, intensity, and duration, etc.). More importantly, since
these studies of autonomic nerve stimulation did not evaluate
HRYV, a causal relationship between increased HRV and adap-
tation in peripheral autonomic HR control remains largely
undetermined. Furthermore, despite the fact that HRV has been
evaluated by using frequency domain as well as time domain
analyses, to date, there are no reports available examining the
effects of exercise training on the dynamic HR response to
sympathetic or vagal stimulation in the frequency domain.
Analysis of peripheral autonomic regulation in the frequency
domain would advance our understanding of the mechanisms
responsible for the alterations in HRV that occur in response to
exercise training.

We have recently developed a technique to assess the dy-
namic characteristics of HR control by the autonomic nervous
system in rats using transfer function analysis (21). The trans-
fer function analysis can quantitatively evaluate the HR re-
sponse to autonomic nerve stimulation over a wide frequency
range that is necessary for interpreting the generation of HRV.
Therefore, the aims of the present study were /) to identify the
dynamic characteristics of sympathetic and vagal HR control in
exercised-trained rats and 2) to determine whether alterations
in peripheral autonomic regulation contribute to changes in the
frequency components of HRV in exercised-trained rats.

MATERIALS AND METHODS
Animal Care and Training Program

Animal care was in accordance with the “Guiding Principles for
Care and Use of Animals in the Field of Physiological Sciences,”
approved by the Physiological Society of Japan. All protocols were
reviewed and approved by the Animal Subjects Committee of the
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National Cerebral and Cardiovascular Center. Fourteen male Sprague-
Dawley rats (200-250 g body wt) were fed standard laboratory chow
and water ad libitum and housed three per cage in a temperature-
controlled room with a 12:12-h dark-light cycle. Rats were randomly
assigned to one of two groups: sedentary (n = 7) and exercise trained
(n=17.

Exercise training was performed on a motor-driven treadmill, 5
days/wk for 16 wk, gradually progressing toward a speed of 15 m/min
at a 15-degree grade for 60 min. Sedentary rats walked (10 m/min at
15 degrees) 10 min/day once per week during the 16-wk period to
maintain treadmill familiarity. At the end of the 16-wk period,
maximal exercise capacity was measured twice in each rat in tests
separated by 2 days (6). The protocol for the maximal exercise
capacity test consisted of walking at 10 m/min for 5 min followed by
2 m/min increases in speed every 2 min until the rat reached exhaus-
tion. Rats were considered exhausted when they failed to stay off of
a shock bar.

Assessment of Autonomic Tone in the Conscious Resting State

After the performance test, three steel electrodes were implanted
under anesthesia. These electrodes were utilized for monitoring the
electrocardiogram. The R-R interval was measured using a cardiota-
chometer (model AT601G; Nihon Kohden, Tokyo, Japan). On the first
day of the study, which was 24 h after electrodes had been implanted,
resting HR was recorded to analyze the R-R interval variability in the
quiet unrestrained rat that was kept in a small box. In accordance with
a previous study (25), autonomic tone was assessed by intraperitoneal
injections of methylatropine (3 mg/kg) and propranolol (4 mg/kg).
Immediately after resting HR was recorded, methylatropine was
injected. Since the HR response to methylatropine reached its peak in
10—15 min, this time interval was allocated before the HR measure-
ment. Propranolol was injected after methylatropine injection, and
again the HR was measured after [0-15 min. Intrinsic HR was
evaluated after simultaneous blockade by propranolol and methylat-
ropine. Sympathetic tonus was defined as the difference between the
HR after methylatropine injection and intrinsic HR. On the second
day, propranolol was administered first to obtain the inverse sequence
of blockade. Vagal tonus was defined as the difference between the
HR after propranolol injection and intrinsic HR.

Svmpathetic and Vagal Stimulation

Surgical preparations. After obtaining data for the assessment of
autonomic tone and HRV, rats were anesthetized by a mixture of
urethane (250 mg/ml) and a-chloralose (40 mg/ml), initiated with an
intraperitoneal bolus injection of 1 ml/kg. If additional anesthesia was
needed, 0.1 ml/kg was given intraperitoneally. The rats were intubated
and mechanically ventilated with oxygen-enriched room air. The rats
were slightly hyperventilated to suppress chemoreflexes. A catheter
was placed in the right femoral artery and connected to a pressure
transducer (model DX-200; Nihon Kohden, Tokyo, Japan) to measure
arterial pressure (AP). HR was measured using a cardiotachometer
(model AT601G; Nihon Kohden) triggered by the R wave on the
electrocardiogram. A catheter was introduced into the right femoral
vein for drug administration. Sinoaortic barodenervation was per-
formed bilaterally to minimize changes in sympathetic efferent nerve
activity via arterial baroreflexes. The vagi were sectioned bilaterally at
the neck. A pair of bipolar stainless steel electrodes was attached to
the right cervical sympathetic nerve for efferent sympathetic stimu-
lation or the right cervical vagus for efferent vagal stimulation. The
stimulation electrodes and nerve were secured with silicon glue
(Kwik-Sil; World Precision Instruments, Sarasota, FL). Body temper-
ature was monitored with a thermometer placed in the rectum and was
maintained at 38°C with a heating pad throughout the experiment.

Experimental procedures. The pulse duration was set at 2 ms and
the stimulation amplitude was fixed at 10 V for both sympathetic and
vagal nerve stimulation. To allow for stabilization of hemodynamics,

EXERCISE TRAINING AND DYNAMIC AUTONOMIC HEART RATE CONTROL

sympathetic and vagal nerve stimulations were started ~ | h after the
end of surgical preparations. Between sympathetic and vagal stimu-
lation protocols > 15 min elapsed to allow AP and HR to return to
their respective baseline values.

To estimate the dynamic transfer characteristics from sympathetic
stimulation to HR response, the sectioned end of the right cervical
sympathetic nerve was stimulated employing a frequency-modulated
pulse train for 10 min. The stimulation frequency was switched every
1,000 ms to either 0 or 5 Hz according to a binary white noise signal.
The power spectrum of the stimulation signal was reasonably constant
up to 0.5 Hz. The transfer function was estimated up to 0.5 Hz because
the reliability of estimation decreased due to the diminution of input
power above this frequency. The selected frequency range sufficiently
spanned the range of physiological interest (21). For estimation of the
static transfer characteristics from sympathetic stimulation to HR
response, stepwise sympathetic stimulation was performed. Sympa-
thetic stimulation frequency was increased from | to 5 Hz in 1-Hz
increments. Each frequency step was maintained for 60 s.

To estimate the dynamic transfer characteristics from vagal stim-
ulation to HR response, the right vagus was stimulated employing a
frequency-modulated pulse train for 10 min. The stimulation fre-
quency was switched every 500 ms to either 0 or 10 Hz according to
a binary white noise signal. The power spectrum of the stimulation
signal was reasonably constant up to | Hz. The transfer function was
estimated up to | Hz because the reliability of estimation decreased
due to the diminution of input power above this frequency. The
selected frequency range sufficiently spanned the range of physiolog-
ical interest (21). For estimation of the static transfer characteristics
from vagal stimulation to HR response, stepwise vagal stimulation
was performed. Vagal stimulation frequency was changed among 2, 4,
8, 16, and 32 Hz. Each frequency step was maintained for 60 s.

Data Analysis

Spectral analysis of HRV. Data obtained during the conscious
resting state were digitized at 200 Hz utilizing a 12-bit analog-to-
digital converter and stored on the hard disk of a dedicated laboratory
computer system. Beat-by-beat time series of the R-R interval were
interpolated every 130 ms (Ar). Twelve data segments of 512 (N)
points overlapping half of the preceding data were processed. For each
data segment, after the linear trend was removed and the Hanning
window applied, power spectral density was computed using the fast
Fourier transform algorithm. The frequency resolution was Af = /(N
Ar), i.e., 0.015 Hz, and the highest frequency was Af = 1/2A4, ie.,
3.85 Hz, where fis frequency. The very-low-frequency (VLF) band
ranged between 0.017 and 0.27 Hz, the low-frequency (LF) band
between 0.27 and 0.75 Hz, and the high-frequency (HF) band between
0.75 and 3.3 Hz, according to an earlier report (8). The percentage of
LF or HF power relative to the sum of LF and HF powers and the ratio
of LF to HF power were also calculated.

Transfer function analysis. The dynamic characteristics of the HR
response to sympathetic or vagal stimulation were estimated by a
transfer function analysis (see APPENDIX for details). Dynamic sympa-
thetic control of HR was quantified by fitting a second-order low-pass
filter with pure delay to the estimated transfer function. The dynamic
vagal control of HR was quantified by fitting a first-order, low-pass
filter with pure delay to the estimated transfer function. To facilitate
the intuitive understanding of the system's dynamic characteristics,
we calculated the system step response of HR to 1-Hz nerve stimu-
lation as follows.

The system impulse response was derived from the inverse Fourier
transform of the transfer function. The system step response was then
obtained from the time integral of the impulse response. The length of
the step response was 51.2 s. The 80% rise time for the sympathetic
step response or the 80% fall time for the vagal step response was
estimated as the time at which the step response reached 80% of the
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Table |. Physical characteristics

Scdentary Exercise Traincd
Body weight. g 642 + 33 534 = 33*
Ventricular weight. g 1.22 = 0.03 1.17 £ 0.04*
Ventricular weight/body weight. g/kg 1.9 £0.1 22 2 0.0=
Lung weight, g 213 =027 1.89 = 0.38
Lung weight/body weight, g/kg 3.3 £03 35 =07
Performance test. s 1150 = 165 1790 + 389*

Values are means £ SD. *P < 0.05 compared with sedentary group.

steady-state response calculated by averaging the last 10 s of data of
the step response.

Statistical Analysis

All data are represented as means = SD. Data were analyzed using
unpaired Student’s t-tests (sedentary vs. exercise trained) or two-way,
repeated-measures ANOVA. Values of P < 0.05 were considered to
be significant.

RESULTS
Physical Characteristic

Morphometric characteristics and exercise capacity for sed-
entary and exercised-trained rats are presented in Table 1. The
mean body weight of the exercised-trained rats was signifi-
cantly smaller than that of the sedentary rats. The mean
ventricular weight of the exercised-trained rats was slightly but
significantly smaller than that of the sedentary rats. Conse-
quently, the ventricular weight normalized by body weight was
significantly greater in the exercised-trained compared with the
sedentary group. The lung weight-to-body weight ratio was not
different between the groups. Exercise capacity was 64%
greater in the exercised-trained than in the sedentary group.
The reproducibility of measuring the maximal exercise capac-
ity was reasonably high (v = 1.2x — 226.1, R> =0.79; x and v
represent the first and second measurements).

Spectral Analysis of HRV and Autonomic Tone in the
Conscious Resting State

The power spectral densities of R-R interval are shown in
Table 2. The percentage of LF power was significantly smaller,
and the percentage of HF power was significantly greater in the
exercised-trained rats than in the sedentary rats. The LF/HF
ratio in the exercised-trained rats was significantly smaller
compared with that in the sedentary rats. HR at rest was
significantly lower in the exercised-trained compared with the
sedentary group (Fig. 1A). The intrinsic HR was similar be-
tween the groups (Fig. 14). Although the sympathetic tonus
was comparable between the groups, the vagal tonus tended to
be greater (P = 0.08) in the exercised-trained compared with
the sedentary group (Fig. 1B).

Dynamic Sympathetic and Vagal Transfer Functions

Table 3 summarizes hemodynamics during dynamic sympa-
thetic stimulation. Sympathetic stimulation significantly in-
creased mean HR in both sedentary and exercised-trained
groups. Mean HR and AP did not differ between the groups,
before and during sympathetic stimulation. Figure 2A illus-
trates the dynamic transfer function characterizing sympathetic
HR control. The frequency band effect was significant (P <
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0.0001) but the group effect was insignificant (P = 0.5461) in
the dynamic gain values of the sympathetic transfer function
by two-way, repeated-measures ANOVA. The parameters of
the sympathetic transfer function were comparable between
the groups (Table 4). Figure 2B shows the calculated step
response of HR to sympathetic stimulation. The steady-state
response and the 80% rise time did not differ significantly
between the groups (Table 4).

Table 5 summarizes hemodynamics during dynamic vagal
stimulation. Vagal stimulation significantly decreased mean
HR in both sedentary and exercised-trained groups. Mean HR
and AP did not differ between the groups, before and during
vagal stimulation. Figure 3A illustrates the dynamic transfer
function characterizing vagal HR control. The frequency band
effect (P < 0.0001) and the group effect (P < 0.0001) were
both significant in the dynamic gain values of the vagal transfer
function by two-way, repeated-measures ANOVA. The esti-
mated dynamic gain (see APPENDIX) tended to be greater in the
exercised-trained compared with the sedentary group (P =
0.06, Table 6). Other parameters did not differ between the
groups. Figure 3B shows the calculated step response of HR to
vagal stimulation. The calculated steady-state response in the
exercised-trained rats also tended to be greater than that in the
sedentary rats (P = 0.06, Table 6). There was no significant
difference in the 80% fall time between the groups.

Dynamic Gain Values of Sympathetic and Vagal Transfer
Function Corresponding to HRV Frequency Bands

When dynamic gain values of the sympathetic transfer
function were averaged for the VLF and LF (up to 0.5 Hz, see
METHODS) bands, the frequency band effect was significant, but
the group effect was insignificant by two-way, repeated-mea-
sures ANOVA (Fig. 4A). When dynamic gain values of the
vagal transfer function were averaged for the VLF, LF, and HF
(up to 1 Hz, see METHODS) bands, the frequency band effect was
insignificant but the group effect was significant such that the
dynamic gain was significantly greater in the exercised-trained
compared with the sedentary group (Fig. 4B).

Static Sympathetic and Vagal Transfer Function

The increase in HR with stepwise sympathetic stimulation
was similar between groups (Fig. 5A). The stimulation fre-
quency effect was significant, while the group effect was
insignificant by two-way, repeated-measures ANOVA. In con-
trast, the decrease in HR with stepwise vagal stimulation was
greater in the exercised-trained compared with sedentary rats
(Fig. 5B). Both the stimulation frequency effect and the group
effect were significant.

Table 2. Spectral parameters of R-R interval

Sedentary Exercise Trained
Variance, ms> 87 = 39 90 = 32
VLF, ms? 73 =30 80 = 30
LF. ms? 63 =34 3.1 %230
LF. % 49 £ 11 36 £ 7*
HF. ms* 8.0x7.6 6.2+ 7.1
HF. % 104§ 64 £ 7%
LF/HF ratio 1.0 £ 05 0.6 £0.2*%

Values are means = SD. LF. low frequency: VLF., very low frequency; HF.
high frequency; *P < 0.05 compared with sedentary group.
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DISCUSSION

We have examined the dynamic transfer function of auto-
nomic HR control by using random binary sympathetic and
vagal nerve stimulation in sedentary and exercised-trained rats.
The major findings in the present study are /) that the exercise
training did not alter the sympathetic transfer function substan-
tially but augmented the dynamic gain of the vagal transfer
function; and 2) in the frequency domain, exercise training
increased the dynamic HR response to vagal stimulation but
not sympathetic stimulation, regardless of the frequency band.
These findings are the first quantitative data on the effect of
exercise training on the dynamic characteristics of peripheral
HR control by the sympathetic and vagal systems.

Validity of Exercise Training

The relative ventricular hypertrophy and higher exercise
capacity in the exercised-trained compared with the sedentary
group suggested that exercise program used in the present
study was sufficient to induce physiological adaptations com-
mensurate with an effective training stimulus. As is well
known, exercise training induces bradycardia at rest (Fig. 1A4).
Moreover, changes in the spectral parameters for R-R interval
(Table 2) and autonomic tone (Fig. 1B) induced by the exercise
training are consistent with earlier studies in rats (30, 31).

Effect of Exercise Training on Sympathetic and Vagal
Transfer Function

Exercise training altered neither dynamic (Fig. 2) nor static
sympathetic transfer function (Fig. 5A). These results are

Table 3. Arterial pressure(AP) and heart rate (HR) during
dynamic sympathetic stimulation protocol

Sedentary Excrcise Trained
During During
Prestimulation Stimulation Prestimulation Stimulation
AP. mmHg 74 = 16 68 + 157 89 £ 17 84 £ 24
HR. beats/min 377 £ 25 444 = 23% 381 = 16 444 £ 267

Values are means = SD. TP < 0.05 compared with prestimulation.

different than those reported in a previous study in which swim
training significantly reduced the HR response to sympathetic
nerve stimulation in a double atrial/right stellate ganglion
preparation in guinea pigs (22). The discrepancy between
investigations may have arisen from differences in the
nerves experimentally stimulated (cervical sympathetic
nerve vs. stellate ganglion), animal species studied (rats vs.
guinea pigs), and/or experimental preparation utilized (in
vivo vs. ex vivo). The mechanisms underlying the sympa-
thetically mediated exercise training effect on HR are also
controversial. For instance, chronotropic responsiveness to
isoproterenol has been reported to be decreased in one study
(15) but unchanged in another (22) by exercise training.
Furthermore, in response to exercise training, the density
and affinity of B-adrenoceptors in the heart have been shown
to be reduced in some reports (26, 33), while unchanged in
others (3, 34, 35).

Exercise training augmented the dynamic gain of the vagal
transfer function (Fig. 2). The effect of exercise training was
also significant for static vagal transfer function (Fig. 5B).
These results are in agreement with previous studies showing
that exercise training significantly augmented the HR response
to vagal nerve stimulation in a double atrial/right vagal nerve
preparation using mice (9, 10). In contrast, Negrao et al. (25)
demonstrated that the HR response to vagal stimulation was
depressed in exercised-trained rats. A possible explanation for
this disparate result is that the arterial baroreflexes remained
intact in the experimental preparation used in the study (25). In
contrast, sinoaortic barodenervation was performed in the pres-
ent investigation to minimize baroreflex-mediated changes in
sympathetic efferent nerve activity. Exercise training has been
shown to attenuate the baroreflex-mediated sympathetic nerve
response to hypotension (11). Although speculative, in the
study by Negrao et al. (25), baroreflex-mediated sympathetic
activation in response to vagally-induced hypotension might
have been less in exercised-trained compared with sedentary
rats. Consequently, the gain of vagal stimulation might have
been attenuated in exercised-trained animals relative to seden-
tary rats. This suggestion is reasonable given that accentuated
antagonism is indicative of a diminution in background sym-

AJP-Regul Integr Comp Physiol « VOL 300 « APRIL 2011 « WwWw.ajpregu.org

210z ‘ez Aenuer uo Bio ABojoisAyd-nbaidle wolj papeojumoq




