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stretch compared with control conditions. In the peripheral arc,
Go.o1» Go.1. 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-
tons.

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). Tyeu 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
baroreflex 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 baroreflex con-
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Fig. 3. Total loop transfer functions from CSP to AP under control and muscle
stretich conditions. Gain plots (rep), phase plots (middle) and coherence
functions (bottom) are shown. Thin and thick solid lines indicate control and
muscle stretch conditions, respectively. The dynamic gain decreased as the
frequency of input modulation increased under both conditions, indicating
low-pass characteristics. Muscle stretch caused an approximately parallel
upward shift of the gain plot. Solid and dashed lines represent means and
means = SD values, respectively.
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Fig. 4. Step responses corresponding to transfer functions of the neural arc
obtained from Fig. 2, showing the SNA response to a 1-mmHg increase in
input pressure. Thin and thick solid lines indicate control and muscle stretch
conditions, respectively. The initial drop in the SNA response as well as the
steady-state response was augmented by the muscle stretch. Solid and 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 little 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 coherence 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

Control Muscle Stretch
Sso, au —1.05%0.30 —1.69*0.69*
Speak, AU —2.10%0.50 —3.08x1.45*
Tpear, § 0.63*0.21 0.64%0.20

Values are means *= SD; n = 7. A step response is defined as a SNA
response to a l-mmHg change in input pressure. Sso, step response at 30 s;
Speak, negative peak response; Tpeak, lime to negative peak. *P < 0.05 vs.
control.
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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
baroreceptor 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, caudal ventrolateral medulla, and
rostral ventrolateral medulla (53), there could be feedback
connections between these areas. Therefore, it is possible that
synaptic connection has basically low-pass characteristics,
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 6A illustrates a
simulator consisting of the linear neural arc transfer function
(Hx) 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 stepwise pressure
perturbation (—40 mmHg) with pulsatile pressure was simu-
lated, and the result is shown in Fig. 6B. Muscle stretch
shortened the time to 95% of steady state by ~33% from 7.2
to 4.8 s (shaded and solid arrows in Fig. 68). This result
suggests that, under baroreflex 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, Ssp and Speq in the step responses of SNA were
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augmented by the muscle stretch (Fig. 4 and Table 3). On the
other hand, T did not differ between control 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
a-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 attributable 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 magnitude 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
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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 element 1 1
(triangle) and its transfer function. Units for gain and r e F
frequency are arbitrary. B: block diagram of a circuit 3 L 3 C ——
with a negative feedback loop with the same low-pass & I 8
element (triangles). Because gain in the lower fre- -% i -% B
quency range is attenuated more by the low-pass O ]
characteristics of the feedback path, the transfer func- L L
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B Fig. 6. A: simulator of the baroreflex system during
activation of the muscle mechanoreflex. A stepwise per-
140 R turbation with pulsatile pressure was applied to the
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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 stretch 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 mechanoreflex 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 to 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 relating car-
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baroreflex negative feedback system (see the APPENDIX
for details). Hw, neural arc transfer function; Hp, 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 steady state by ~33% (shaded and solid
arrows). Shaded and solid thick lines indicate mean AP
(MAP) resampled at 1 Hz. AMAP, change in MAP from
baseline.

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.

APPENDIX

To simulate the closed-loop AP response to stepwise pressure
perturbation (Fig. 6), we used the derivative-sigmoidal cascade model.
The cascade model consists of a linear derivative filter 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-
parameter logistic function with threshold according to a previous

study (59):
=
¥ = max

1 + exp[Py(x ~ P3)] (A4

+ Py Th}
where x and y are input (in mmHg) and output (in au) values. P,
denotes the response range (in au), P> is the coefficient of gain, P3
is the midpoint of the input range (in mmHg), P4 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 a and b. We set P, = 135 au,
P> =0.13, P; = 110 mmHg, Py = —40 au, and Th = 0 au. Under
muscle stretch conditions, the value of P4 was changed to 5 au.
These settings were determined based on the static interaction
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increasing the binding and activation of VEGFR-2. In
other studies, PIGF was shown to protect against hyperoxic
vascular damage in the retina without provoking retinal
neovascularization.'s These results suggest that VEGFR-1
can either positively or negatively regulate angiogenesis
depending on the circumstances, but further studies are
required to better understand the role of this receptor in
postnatal angiogenesis.

In the present study, we examined the effects of
VEGFR-1 deletion on angiogenesis by using the retroviral
vector expressing a small interference RNA that targeted
the VEGFR-1 gene. Deletion of VEGFR-1 markedly re-
duced endothelial cell proliferation and thus impaired
angiogenesis. Likewise, VEGFR-1""" mice exhibited an
impaired neovascularization in response to ischemia. This
impairment was restored by inhibiting the excessive acti-
vation of Akt by VEGF. These results suggest that
VEGFR-1 plays a critical role in the maintenance of
endothelial integrity by modulating the VEGF/Akt signal-
ing pathway.

Materials and Methods
Short Hairpin Interference RNA Vectors

The mammalian retrovirus expression vector pSIREN-RetroQ
(Clontech) was used to achieve the expression of short hairpin
interference RNA (shRNA) in human endothelial cells.

Statistical Analysis

Data are shown as mean*SEM. Differences between groups were
examined by Student 7 test or ANOVA followed by the Bonferroni
procedure for comparison of means. Values of P<<0.05 were con-
sidered statistically significant.

Results

Effect of VEGF Receptor Gene Silencing on
Endothelial Cell Function

To elucidate the role of VEGFR-1 in angiogenesis, we
constructed mammalian retroviral vectors expressing a short
hairpin interference RNA that targeted either the VEGFR-1
gene (shVEGFR-1) or the VEGFR-2 gene (shVEGFR-2).
Northern blot and Western blot analyses revealed that intro-
duction of each construct into human umbilical vein endo-
thelial cells caused effective and stable downregulation of the
expression of the target molecule (Figure 1A and 1B, and
supplemental Figure IA [available online at http://circres.
ahajournals.org]). It is noted that either shVEGFR-1 or
shVEGFR-2 did not affect VEGFR-2 or VEGFR-1 expres-
sion, respectively (Figure 1B, and supplemental Figure [A). We
used two kinds of constructs for the following experiments
and both of them achieved similar results. The nonsilencing
control vector (shNega) was used as a control. After infected
endothelial cells were purified by incubation with antibiotics,
we performed the tube formation assay. Deletion of
VEGFR-1 or VEGFR-2 significantly impaired tube formation
compared with control cells (Figure 1C). We next examined
the proliferative activity of infected cells. We seeded 2x10°
infected cells into 100-mm dishes with VEGF-A on day 0 and
counted cell number on day 3. Compared with shNega-
infected control endothelial cells, both shVEGFR-1- and

shVEGFR-2-infected cells showed significantly lower pro-
liferation (Figure 1D). Deletion of VEGFR-1 caused more
marked impairment of cell proliferation than deletion of
VEGFR-2 (Figure 1D). This inhibitory effect of VEGFR-1
deletion was more evident when infected endothelial cells
were subjected to long-term culture. Although VEGFR-2
deletion slightly reduced the lifespan of cells compared with
that of control cells, VEGFR-1 deletion significantly short-
ened the lifespan of endothelial cells (Figure 1E). As a result,
shVEGFR-1-infected cells underwent irreversible growth
arrest earlier than shVEGFR-2-infected cells (Figure 1E).
After growth arrest, the cells exhibited characteristics of
senescence, becoming flatter and larger and showing an
increase of senescence-associated [-galactosidase activity
(Figure 1F). These findings suggest that VEGFR-1 deletion
induces premature endothelial cell senescence. We next
examined the effect of VEGFR-1 deletion on endothelial
survival. We cultured infected cells in regular growth me-
dium for 24 hours and subsequently cultured the cells under
serum-free conditions with VEGF-A. After 24 hours, the
number of viable cells was counted. As compared with the
viability of control cells, deletion of VEGFR-2, but not
VEGFR-1, markedly decreased cell viability (Figure 1G).
Consistent with these findings, activation of caspase 3 was
detected in cells with VEGFR-2 deletion, but not VEGFR-1
deletion (Figure 1H). These results suggest that VEGFR-1 is
involved in the regulation of angiogenesis by regulating
endothelial cell proliferation and senescence, whereas
VEGFR-2 may be crucial for endothelial survival as well as
cell proliferation.

VEGFR-1 Deletion Induces Endothelial
Dysfunction by Activating Akt

To investigate the molecular mechanisms of premature se-
nescence induced by VEGFR-1 deletion, we examined the
transcriptional activity of p53 and its target gene p21. We
transfected VEGFR-1-deleted endothelial cells with the lu-
ciferase reporter gene containing 13 copies of the p33-
binding consensus sequence (pPGl13-Luc). Deletion of
VEGFR-1 significantly induced p53 transcriptional activity
compared with that in shNega-infected cells, whereas
VEGFR-2 deletion had no effect (Figure 2A). Likewise, p21
expression was significantly higher in VEGFR-1-deleted
endothelial cells than in control cells or VEGFR-2-deleted
cells (Figure 2B). However, expression of bax, another
target molecule regulated by p53, was not altered in
VEGFR-1-deleted endothelial cells compared with control
cells (supplemental Figure IB). Ablation of p53 by the
introduction of HPV16 E6 oncoprotein abolished the
inhibitory effect of VEGFR-1 deletion on cell proliferation
(Figure 2C). These results suggest that VEGFR-1 deletion
induces endothelial cell senescence via a p53-dependent
pathway.

We have previously demonstrated that Akt negatively
regulates the endothelial cell lifespan by activating the
p53/p21 pathway.' It has also been shown that Akt plays a
central role in the regulation of angiogenesis by VEGF.20
Thus, we examined the level of phosphorylated Akt in
VEGFR-1-deleted endothelial cells. Western blot analysis
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Figure 1. Effect of VEGF receptor gene silencing on endothelial cell function.
A, Human umbilical vein endothelial cells were infected with retroviral vectors
expressing a short hairpin interference RNA that targeted either the VEGFR-1
gene (shVEGFR-1a and shVEGFR-1b) or the VEGFR-2 gene (shVEGFR-2a
and shVEGFR-2b), and then the cells were purified by culture with antibiotics.
shNega served as the control vector. Total RNA (30 ug) was extracted from
infected cells and analyzed to assess the expression of VEGFR-1 or
VEGFR-2 by Northern blot analysis. *P<0.05, *P<0.01, and ***P<0.001 vs
shNega (n=3). B, Total RNA (30 ng) was extracted from endothelial cells
infected with shVEGFR-1 or shVEGFR-2 and simultaneously analyzed the
expression of VEGFR-1 and VEGFR-2 by Northern blot analysis. C, Infected
endothelial cells were seeded into 96-well plates in serum-free basic medium
with VEGF-A (50 ng/mL). After 16 hours, capillary-like tube formation was
estimated by using an angiogenesis image analyzer. *P<0.01, **P<0.0001 vs shNega (n=4 to 6). Scale bar: 300 um. D, Infected endo-
thelial cells were seeded at a density of 2x10° cells per 100-mm dish and cultured with VEGF-A (day 0). Then cell number was
counted on day 3. *P<0.001, "P<0.0001 vs shNega, #°<0.001 vs shVEGFR-2 (n=13 to 14). E, Infected cell populations were pas-
saged until cells underwent senescence, and the total number of population doublings was determined. *P<0.01 vs shNega, #P<0.05
vs shVEGFR-2 (n=4 to 6). F, Morphology and senescence-associated -galactosidase staining (arrow) of endothelial cells infected with
shNega, shVEGFR-1, or shVEGFR-2. Scale bar: 100 um. G, Infected endothelial cells were seeded at the density of 1x10° cells per
60-mm dish and cultured for 24 hours in growth medium. After washing twice with PBS, the cells were cultured in serum-free DMEM
with VEGF-A (10 ng/mL). After 24 hours of serum starvation, the number of viable cells and the total number of cells were counted by a
hemocytometer. *P<<0.0001 vs shNega (n=4 to 6). H, The lysates were extracted from cells, which are prepared as described in legend
for G, and analyzed for cleaved caspase-3 expression by Western blotting.
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showed that VEGFR-1 deletion led to a marked increase of
the phosphorylated Akt level compared with that in control
cells or cells with VEGFR-2 deletion, even under serum-free
conditions (Figure 3A). VEGFR-1 deletion increased pAkt
levels even in the absence of VEGF, presumably attributable
to autocrine VEGF signaling (Figure 3B). Treatment with
VEGF markedly increased pAkt levels within 5 to 15 minutes
in VEGFR-1-deleted cells but not in VEGFR-2-deleted cells
(Figure 3B). Treatment with a neutralizing anti-VEGF anti-
body reduced the phosphorylated Akt level in VEGFR-1-
deleted cells (Figure 3C), suggesting that VEGFR-1 inhibits
the activation of Akt by VEGF. To further investigate the
relationship between constitutive Akt activation and endothe-
lial cell dysfunction induced by VEGFR-1 deletion, we
examined the effect of inhibition of Akt. We infected human
endothelial cells with a retroviral vector encoding a
dominant-negative form of Akt (DN-Akt)'® or the empty
vector encoding resistance to neomycin alone (Mock). Both
cell populations were then infected with shNega or

shVEGFR-1. We found that VEGFR-1 deletion markedly
inhibited the proliferation of mock-infected endothelial cells
(Figure 3D, Mock), whereas this inhibitory effect was signif-
icantly ameliorated in DN-Akt-infected cells (Figure 3D,
DN-Akt). Consequently, VEGFR-1 deletion significantly im-
paired tube formation by mock-infected cells, but not DN-
Akt-infected cells (Figure 3E). Likewise, inhibition of Akt
activation prevented the induction of p21 expression by
VEGFR-1 deletion (supplemental Figure II). These results
suggest that VEGFR-1 deletion causes dysregulation of
activation of the VEGFR-2/Akt signaling pathway by
VEGF-A, and that constitutive activation of Akt is related to
the impaired ability of VEGFR-1-deleted endothelial cells to
proliferate and form capillary-like structures. VEGF-induced
phosphorylation of eNOS was enhanced, but production of
¢GMP was significantly reducued by VEGFR-1 deletion,
presumably because constitutive activation of Akt increases
cellular reactive oxygen species'? that inactivate this enzyme
(supplemental Figure IC and ID).
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