Chronic femoral artery ligation exaggerates the pressor and sympathetic nerve responses during
dynamic skeletal muscle stretch in decerebrate rats

by

Evan Alexander Kempf

B.S., Kansas State University, 2016

A THESIS

submitted in partial fulfillment of the requirements for the degree

MASTER OF SCIENCE

Department of Kinesiology
College of Human Ecology

KANSAS STATE UNIVERSITY
Manhattan, Kansas

2017

Approved by:

Major Professor
Steven W. Copp



Copyright

© Evan Alexander Kempf 2017.



Abstract

Mechanical and metabolic signals arising during skeletal muscle contraction reflexly
increase sympathetic nerve activity and blood pressure (i.e., the exercise pressor reflex). In a rat
model of simulated peripheral artery disease (PAD) in which a femoral artery is chronically (~72
hours) ligated, the mechanically-sensitive component of the exercise pressor reflex during 1 Hz
dynamic contraction is exaggerated compared to that found in normal rats. Whether this is due
to an enhanced acute sensitization of mechanoreceptors by metabolites produced during
contraction or involves a chronic sensitization of mechanoreceptors is unknown. To investigate
this issue, in decerebrate, unanesthetized rats we tested the hypothesis that the increases in mean
arterial blood pressure (MAP) and renal sympathetic nerve activity (RSNA) during 1 Hz
dynamic stretch are larger when evoked from a previously “ligated” hindlimb compared to those
evoked from the contralateral “freely perfused” hindlimb. Dynamic stretch provided a
mechanical stimulus in the absence of contraction-induced metabolite production that replicated
closely the pattern of the mechanical stimulus present during dynamic contraction. We found
that the increases in MAP (freely perfused: 14+1, ligated: 23+3 mmHg, p=0.02) and RSNA were
significantly greater during dynamic stretch of the ligated hindlimb compared to the increases
during dynamic stretch of the freely perfused hindlimb. These findings suggest that the
exaggerated mechanically-sensitive component of the exercise pressor reflex found during
dynamic muscle contraction in this rat model of simulated PAD involves a chronic sensitizing
effect of ligation on muscle mechanoreceptors and cannot be attributed solely to acute

contraction-induced metabolite sensitization.
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Preface

Peripheral artery disease (PAD), a cardiovascular disease characterized by atherosclerotic
plaque buildup and progressive narrowing of arteries in the lower extremities, affects an
estimated 8.5 million Americans and 200 million individuals worldwide (3, 23). The prevalence
of PAD has been shown to increase exponentially across age groups - approximately doubling
each decade for most ethnic groups (3). Environmental irritants (i.e. cigarette smoking),
cardiometabolic risk factors such as physical inactivity, hypertension, hyperlipidemia, and
diabetes, as well as genetic factors are all implicated in contributing to the development of PAD
(41). The most common symptom leading to a diagnosis of PAD is exertional pain that subsides
with rest (termed intermittent claudication), but this symptom is present in only a small portion
of PAD patients which contributes to an underdiagnosis of this disease in the primary care
setting (41). Regardless of whether an individual with PAD presents with intermittent
claudication they are still subject to an increased risk of myocardial infarction, stroke, and all-
cause mortality (19, 41). Compared to age-matched healthy subjects, exercise in PAD patients
has been shown to elicit exaggerated increases in sympathetic nerve activity (SNA) and blood
pressure (5, 7, 8, 15, 28). In PAD patients, large increases in blood pressure during treadmill
walking have been linked to an increased risk of a major ischemic event and all-cause mortality
(14). Exaggerated increases in SNA during exercise contribute to exercise intolerance, reduced
quality of life, and ultimately increased costs of healthcare. Therefore, investigation into the
underlying mechanisms contributing to the exaggerated SNA and blood pressure responses
during exercise in PAD patients may importantly lead to the development of novel treatment

options capable of improving quality of life and reducing risks and costs associated with PAD.
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Chapter 1 - Introduction

Increases in sympathetic nerve activity, blood pressure, and heart rate that occur during
exercise are caused, in part, by a neural feedback mechanism termed the exercise pressor reflex
(4, 16, 20). This reflex is activated when mechanical and metabolic signals originating within
contracting skeletal muscles stimulate thinly myelinated group III and unmyelinated group IV
muscle afferents (34, 36, 44). The exercise pressor reflex is exaggerated in patients with
atherosclerotic peripheral artery disease (PAD; 31, 39, 40) which contributes to the larger
increase in blood pressure found during treadmill walking in this patient population compared to
that found in aged-matched healthy controls (5, 7). The exercise pressor reflex is also
exaggerated in a rat model of simulated PAD in which a femoral artery is ligated ~24-72 hours
before the experiment (51). The rat model of simulated PAD has been used extensively in recent
years to investigate the mechanisms that may contribute to the exaggerated exercise pressor
reflex found in PAD patients (27, 48, 49, 54, 57).

Copp et al. (12) found recently that the mechanically-sensitive component of the exercise
pressor reflex was exaggerated in rats with a ligated femoral artery compared to that found in rats
with freely perfused femoral arteries. Specifically, GsMTx4, a relatively selective antagonist for
mechano-gated piezo channels (2, 6), reduced the pressor and renal sympathetic nerve responses
during dynamic hindlimb muscle contraction to a greater extent in “ligated” versus “freely
perfused” rats (12). Femoral artery ligation did not, however, increase piezol or piezo2 channel
protein expression in L4 and Ls dorsal root ganglia (DRG) tissue which suggested that an acute
and/or chronic sensitization of mechanoreceptors accounted for the exaggerated mechanically-
sensitive component of the exercise pressor reflex rather than increased mechanoreceptor

expression. A method of investigating whether ligation results in chronic mechanoreceptor
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sensitization is to perform a muscle/tendon stretch maneuver thereby stimulating
mechanoreceptors in the absence of contraction-induced metabolite production (46). Previous
studies have utilized only static muscle stretch protocols to investigate the effect of chronic
femoral artery ligation on reflex cardiovascular control and while static stretch provides valuable
insight into the mechanoreceptor stimulation present during static contraction (46), its ability to
provide insight into mechanoreceptor stimulation present during dynamic contraction may be
limited. Pertinent to this issue, Daniels et al. (13) performed a 1 Hz dynamic hindlimb muscle
stretch protocol in the cat to replicate the repetitive mechanical stimuli present during 1 Hz
dynamic muscle contraction. In that investigation, however, direct comparisons between
dynamic stretch and dynamic contraction were not made and sympathetic nerve activity was not
measured. A characteristic feature of the increase in sympathetic nerve activity during dynamic
contractions is a bursting pattern that is synchronized with muscle tension development which
has been interpreted to suggest that the contractions provided a robust mechanical stimulus (11,
12, 55). The degree to which 1 Hz dynamic stretch replicates that RSNA bursting pattern is
unknown.

The findings summarized above prompted us to test the hypothesis that 1 Hz dynamic
muscle stretch evoked increases in blood pressure and RSNA that were quantitatively and
qualitatively similar to those evoked during 1 Hz dynamic contraction. We then used the
dynamic stretch protocol to gain mechanistic insight into the exaggerated mechanically-sensitive
component of the exercise pressor reflex that was found during dynamic contractions in rats with
a ligated femoral artery (12). Specifically, in decerebrate, unanesthetized rats we tested the

hypothesis that the increase in blood pressure and RSNA would be greater during dynamic



stretch of the hindlimb muscles in which the femoral artery was ligated for 72 hours compared to

the increases during stretch of the contralateral freely perfused hindlimb muscles.



Chapter 2 - Methods

All experimental procedures were approved by the Institutional Animal Care and Use
Committee of Kansas State University and conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. Experiments were performed on
young adult (~12 weeks old) male Sprague-Dawley rats (n=29, average body weight: 394+10 g),
Charles River Laboratories). The rats were housed two per cage in temperature (maintained at
~22 °C) and light (12/12 hour light/dark cycle running from 7 am to 7 pm) controlled accredited
facilities with standard rat chow and water provided ad libitum. At the end of each experiment,
the decerebrated rats (see below) were euthanized with an intravenous injection of saturated (>3
mg/kg) potassium chloride.

Surgical Procedures. 13 of the 29 rats in this study had their left femoral artery ligated
~72 hours prior to the experimental protocol. Specifically, the rats were anesthetized with ~3%
isoflurane (balance O,) after which their left femoral artery was surgically exposed and tightly
ligated with 5-0 silk suture ~3-5 mm distal to the inguinal ligament. In three of these 13 rats, the
right femoral artery was also surgically exposed and isolated and a sham ligation procedure was
completed in which a 5-0 suture was passed under the femoral artery but not tied. The incisions
were closed and rats were administered meloxicam (1-2 mg/kg s.c.) as an analgesic. The
experimental protocol was initiated ~72 hours following the survival surgery.

On the day of the experiment, all rats were anesthetized with ~3% isoflurane (balance
0;). A sufficient depth of anesthesia was confirmed by the absence of toe-pinch and blink
reflexes. The trachea was cannulated and the lungs were mechanically ventilated (2% isoflurane
balance O,) with the gaseous anesthetic. The right jugular vein and both common carotid

arteries were cannulated with PE-50 catheters to allow for the administration of drugs/fluids, the
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measurement of arterial blood pressure (Physiological Pressure Transducer, AD Instruments),
and sampling of arterial blood gasses. In all rats, the left calcaneus bone was severed and the
triceps surae (gastrocnemius, soleus, and plantaris) muscles were exposed. In the 13 rats in
which the left femoral artery was previously ligated, the right calcaneus bone was also severed
and the triceps surae muscles exposed. The triceps surae muscles were then connected by string
to a force transducer (Grass FT03) attached to a rack and pinion. A retroperitoneal approach was
used to expose bundles of the renal sympathetic nerve, which were then glued (Kwik-Sil; World
Precision Instruments) onto a pair of thin stainless-steel recording electrodes connected to a high
impedance probe (Grass model HZP) and amplifier (Grass P511). Multi-unit signals from the
renal sympathetic nerve fibers were filtered at high and low frequencies (1 KHz and 100 Hz,
respectively). At the end of all experiments in which RSNA was measured, post-ganglionic
sympathetic nerve activity was abolished with administration of hexamethonium bromide (20
mg/kg i.v.) to allow for the quantification of background noise. In eight rats with freely perfused
femoral arteries, the left sciatic nerve was exposed and placed on shielded stimulating electrodes
in order to electrically induce hindlimb skeletal muscle contraction.

Upon completion of the initial surgical procedures, all rats were placed in a Kopf
stereotaxic frame and spinal unit with clamps around the pelvis and rostral lumbar vertebrae. A
precollicular decerebration was then performed because inhalant anesthesia has been shown to
depress the exercise pressor reflex in rats (45). Specifically, after the administration of
dexamethasone (0.2 mg i.v.) to reduce brainstem edema, all neural tissue rostral to the superior
colliculus was aspirated. Once the decerebration was complete, anesthesia was terminated and
the lungs were mechanically ventilated with room air. All rats were then given at least 60

minutes to recover before the initiation of any experimental protocol. Core temperature was



measured by a rectal probe and maintained at ~37-38°C by an automated heating system
(Harvard Apparatus). Arterial pH and blood gases were analyzed (Radiometer ABL80 Flex)
periodically throughout each experiment from small blood samples (~75 pl) taken from a carotid
artery catheter and were maintained within normal physiological ranges (pH: 7.35-7.45; pCOz:
38-40 mmHg; PO,: ~100 mmHg) by administering sodium bicarbonate and/or adjusting
ventilation as necessary.

Experimental protocol. We first compared the increases in blood pressure, RSNA, and
HR that occurred during 30 seconds of 1 Hz dynamic stretch and 1 Hz dynamic contraction in
rats with freely perfused femoral arteries. In each of these experiments, we performed either
dynamic stretch (n=8), dynamic contraction (n=7), or both dynamic stretch and dynamic
contraction (n=1). Prior to each maneuver, baseline muscle tension was set at ~100 g and
baseline data were collected for 30 seconds. To evoke dynamic triceps surae muscle stretch, the
rack and pinon was manually turned back and forth by an experienced investigator in a rhythmic
manner for 30 seconds at a 1 Hz cadence which was set by a metronome. Care was taken to
develop similar muscle tension during each stretch. In 2 rats in which we performed dynamic
stretch we subsequently cut the left sciatic, femoral, and obturator nerves and then repeated the
dynamic stretch protocol. Severing the nerves abolished the pressor response during dynamic
stretch in both instances which indicated that the pressor response observed during dynamic
stretch when the nerves were intact was entirely reflex in origin. To evoke dynamic hindlimb
muscle contraction, the left sciatic nerve was stimulated (40 Hz, 500 ms train duration, 0.01 ms
pulse duration, <2x motor threshold) with shielded stainless-steel electrodes for 30 s. To ensure
that the increase in blood pressure and RSNA during contraction was not due to the electrical

activation of the axons of the thin fiber muscle afferents in the sciatic nerve we administered the



paralytic pancuronium bromide (1 mg/kg i.v.) and the sciatic nerve was stimulated for 30
seconds with the same parameters as those used to elicit contraction. No increase in blood
pressure or RSNA was observed during the stimulation period following the administration of
pancuronium bromide.

In 10 rats in which the left femoral artery was ligated ~72 hours before the experiment we
compared the increases in blood pressure, RSNA, and HR that occurred during 30 seconds of
dynamic stretch of the muscles of the freely perfused versus the contralateral ligated hindlimb.
The dynamic stretch protocols were performed exactly as described above, in random order for
the different hindlimbs, and were separated by ~5 minutes. In three additional rats, we compared
the pressor response to dynamic stretch between the hindlimb in which the femoral artery was
previously ligated and the contralateral hindlimb in which the femoral artery was subjected to a
sham ligation procedure. The dynamic stretch maneuvers in these experiments were performed
as described above and in random order.

In subsets of freely perfused (n=5) and ligated hindlimbs (n=8) from the above
experiments in which we performed dynamic stretch we also performed 30 seconds of static
stretch so that we could compare the increases in blood pressure and RSNA between the
different stretch maneuvers that were matched for peak tension development. To evoke static
stretch, baseline muscle tension was set at ~100 g and baseline data were collected for 30
seconds. The rack and pinion was then rapidly turned and held constant 30 seconds.

Data analysis. Data were collected with a PowerLab and LabChart data acquisition
system (AD Instruments). Arterial blood pressure, muscle tension, and RSNA were measured,
and mean arterial pressure (MAP) and heart rate (HR) were calculated and displayed in real time

and recorded for offline analysis. The original RSNA data were rectified and corrected for the



background noise following administration of hexamethonium bromide. Baseline MAP, HR,
and RSNA were determined from the 30 s baseline periods that preceded each maneuver.
Baseline RSNA signal-to-noise ratios were calculated using the baseline RSNA prior to each
maneuver and the noise recorded following hexamethonium bromide injection (37). In our first
set of experiments, there was no difference (p=0.86) in the baseline RSNA signal-to-noise ratio
between dynamic stretch (1.7+0.5, n=8), and dynamic contraction (1.8+0.4, n=8). Moreover,
there was no difference (p=0.90) in the baseline RSNA signal-to-noise ratio calculated prior to
stretch of the freely perfused (2.4+0.8) and the ligated (2.5+0.8) hindlimb. The peak increase in
MAP (peak A MAP) and HR (peak A HR) during dynamic contraction, dynamic stretch, and
static stretch were calculated as the difference between the peak values wherever they occurred
during the maneuvers and their corresponding baseline value. Time courses of the increase in
MAP and RSNA were plotted as their change from baseline (expressed in absolute terms for
MAP and relative to baseline for RSNA which was set to 0%). The A tension-time index (A
TTI) was calculated for each maneuver by integrating the area under the tension signal during
the maneuver and subtracting the integrated area during the baseline period. The onset latency of
the increase in RSNA during contraction and stretch was defined and identified as the time from
the beginning of the maneuver to the first obvious increase in RSNA above baseline.

Data are expressed as mean+=SEM. Data were compared with paired or unpaired
Student’s t-tests or regular or repeated measures ANOV As with Holm-Sidak post hoc tests as

appropriate. Statistical significance was defined as p<0.05.



Chapter 3 - Results

Dynamic contraction vs. dynamic stretch in freely perfused rats. There were no
differences in the increase in MAP, RSNA (Figure 1), or HR (peak A HR contraction: 1743,
stretch: 1743 bpm, p=0.96) between dynamic contraction and dynamic stretch of the hindlimb
muscles of freely perfused rats. There was no difference in the average peak A tension or the A
TTI between the dynamic stretch and contraction maneuvers (Figure 1). The increase in RSNA
during contraction and stretch was characterized by the development of distinct RSNA bursts
that appeared in a similar frequency to the 1 Hz muscle tension development of each maneuver
(Figure 2). The onset latency of the increase in RSNA was significantly longer (p<0.001) during
dynamic stretch (10284154 ms, range: 555-1894 ms) compared to dynamic contraction (271443
ms, range: 133-498 ms). As evident by the original tracings from six different experiments
shown in Figure 2, the prolonged onset latency during dynamic stretch resulted in an RNSA
bursting pattern that, in general, appeared “right shifted” in relation to muscle tension
development. In contrast, the short onset latency present during dynamic contraction resulted in
an RSNA bursting pattern that appeared in relative synchrony with muscle tension development.

Dynamic stretch in freely perfused vs. ligated hindlimbs. In 10 rats, we compared the
increase in MAP, RSNA, and HR during dynamic muscle stretch between a hindlimb in which
the femoral artery was freely perfused and the contralateral hindlimb in which the femoral artery
was ligated ~72 hours before the experiment. The increase in MAP and RSNA (Figures 3 and
4), but not HR (peak A HR freely perfused: 13+£3, ligated: 1843 bpm, p=0.24) was greater during
dynamic stretch of the ligated hindlimb compared to the freely perfused hindlimb. The onset
latency of the increase in RSNA above baseline was not different between hindlimbs (freely

perfused: 995+149, ligated: 1150+244 ms, p=0.28). There was no difference in the average peak
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A tension or the A TTI of the dynamic stretches when compared between the freely perfused and
ligated hindlimb. In three additional rats, we compared the pressor response during dynamic
stretch between a ligated hindlimb and the contralateral sham-operated hindlimb to confirm that
our findings were not due to the general invasiveness of the surgical procedure. The peak A
MAP was greater during dynamic stretch of the ligated hindlimb (2849 mmHg) compared to the
contralateral sham-operated hindlimb (16+5 mmHg, p=0.049). There was no difference in the A
TTI during stretch between the sham (6.8+0.3 kgs) and ligated hindlimbs (6.5+0.6 kg's, p=0.54).

Dynamic stretch vs. static stretch in freely perfused and ligated hindlimbs. In a subset
of five rats from the experiments above in which we dynamically stretched a freely perfused
hindlimb we also performed static stretch. There was no difference in the increase in MAP,
RSNA (Figure 5) or HR (static: 1443, dynamic: 20+ 4 bpm, p=0.10) during the different stretch
maneuvers in the freely perfused hindlimb. The peak tension developed during static stretch was
not different from the average peak tension developed during dynamic stretch. As expected, the
A TTI was significantly lower during dynamic stretch compared to static stretch due to the
contrasting tension profiles of these maneuvers. In a subset of eight rats from the experiments
above in which we dynamically stretched the ligated hindlimb we also performed static stretch.
In these eight rats, the increase in MAP and RSNA (Figure 6), but not HR (static: 943, dynamic:
1843 bpm, p=0.08), was significantly greater during dynamic versus static stretch of the ligated
hindlimb. The peak tension developed during static stretch was not different from the average
peak tension developed during dynamic stretch. The A TTI was significantly lower during
dynamic stretch compared to static stretch. When compared across the different subsets of rats
in which we statically stretched the hindlimb muscles, there was no difference in the peak

increase in MAP during static stretch between a freely perfused (18+4 mmHg) and a ligated
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(164 mmHg, p=0.81) hindlimb. The A TTI of the static stretches were not different between

the freely perfused (14+1 kg-s) and the ligated (14«1 kg's, p=0.99) hindlimb.
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Figure 1. Dynamic contraction vs. dynamic stretch of freely perfused rat hindlimbs.
Comparison of the effects of dynamic stretch (n=9 for MAP, n=8 for RSNA) and dynamic
contraction (n=8) of a freely perfused hindlimb on changes in MAP (a, b) and RSNA (c). Panel
“d” shows the average peak A tension of the contractions and stretches. TTI=tension-time index
(e). Baseline MAP is shown within mean bars and was not significantly different (p=0.39).
Moreover, absolute peak MAP was not different between contraction (113+4 mmHg) and stretch

(122+7 mmHg, p=0.32).
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Figure 2. RSNA bursts during dynamic contraction and dynamic stretch.

Examples of the distinct RSNA bursts that occur with each tension development during 1 Hz
dynamic contraction (n=3, left panels) and stretch (n=3, right panels) which are evidence of the
robust mechanical stimulus produced by these maneuvers. Note also the prolonged onset latency

of the increase in RSNA during stretch compared to contraction.
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Figure 3. Original data for dynamic stretch of a freely perfused vs. ligated hindlimb.

An example of original data from one rat showing the increase in blood pressure (BP) and renal
sympathetic nerve activity (RSNA) during ~30 seconds of dynamic stretch of the muscles of the
hindlimb in which the femoral artery was freely perfused and the contralateral hindlimb in which
the femoral artery was previously ligated. The inset shows an ~10 second period of the

background noise recorded following the injection of hexamethonium bromide.
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Comparison of the effect of ligation on the increases in MAP (a, b) and RSNA (¢) during
dynamic stretch (n=10). Panel “d” shows the average peak A tensions during dynamic stretch of
the freely perfused and the ligated hindlimb. TTI=tension time index (e). The asterisks indicate
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Comparison of the effects of static and dynamic stretch on changes in MAP (a, b) and RSNA (c)
in five rats with freely perfused hindlimbs. Panel “d” shows the peak A tension during static
stretch and the average of the peak A tensions during dynamic stretch. TTI=tension-time index
(e.). Data within bar graphs represent the corresponding baseline MAP. The asterisk indicates a

statistically significant difference versus static stretch.
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Figure 6. Static stretch vs. dynamic stretch of ligated rat hindlimbs.

Comparison of the effects of static and dynamic stretch on changes in MAP (a, b) and RSNA (c)
in eight rats with hindlimbs with a ligated femoral artery. Panel “d” shows the peak A tension
during static stretch and the average of the peak A tensions during dynamic stretch. TTI=tension-
time index (e). Data within bar graphs represent the corresponding baseline MAP. The asterisks

indicate a statistically significant difference (p<0.05) versus static stretch.
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Chapter 4 - Discussion

The mechanically-sensitive component of the exercise pressor reflex during dynamic
muscle contractions was found recently to be exaggerated when evoked from a previously
ligated hindlimb compared to the reflex evoked from a freely perfused hindlimb (12). That
investigation was designed specifically to gain translational mechanistic insights into the larger
increases in blood pressure found in PAD patients versus aged-matched healthy counterparts
during low-intensity rhythmic plantar flexion exercise (31, 39, 40), and low-intensity treadmill
walking (5, 7). To investigate the mechanisms contributing to the exaggerated mechanically-
sensitive component of the exercise pressor reflex in ligated rats we used a 1 Hz dynamic stretch
protocol to produce repetitive mechanical stimuli that were independent of metabolites produced
during dynamic skeletal muscle contraction. We found that the increases in blood pressure and
RSNA during dynamic stretch were larger when evoked from the ligated hindlimb compared to
the contralateral freely perfused hindlimb. Our finding suggests that femoral artery ligation
chronically sensitized the mechanoreceptors that were stimulated during dynamic stretch which
likely played a role in the ligated-induced exaggeration of the mechanically-sensitive component
of the exercise pressor reflex during dynamic contractions (12).

We first compared the pressor and sympathetic nerve responses during dynamic muscle
stretch to those found during dynamic contraction in freely perfused rats to provide insight into
the contribution of mechanoreceptors to the responses evoked during dynamic contraction. We
found that the magnitude of increase in blood pressure and RSNA were similar between the
different maneuvers. In contrast, Stebbins et al. (46) found in cats that static muscle stretch
produced 51% of the pressor response produced by static muscle contraction which was

interpreted to suggest that approximately half of the pressor response during static contraction
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may be attributed to mechanoreceptor stimulation (46). Our present findings may be interpreted
to suggest that mechanoreceptors mediated essentially the entirety of the pressor response during
dynamic contraction and that metaboreceptors played little role, if any, in the response. That
interpretation needs to be made cautiously, however, for several reasons. First, group IV (i.e.,
primarily metabolically sensitive) muscle afferents have been found to increase their
responsiveness during even very low intensity dynamic exercise (1). Second, although static
hindlimb muscle stretch in the cat was found to have no impact on muscle effluent venous blood
pH, lactate, or potassium (46), we cannot rule out the possibility that dynamic muscle stretch
produced some chemical substance that contributed to the evoked pressor response to a small
degree (26, 50). Third, muscle mechanoreceptors were stimulated differently during dynamic
stretch and contraction in our experiments. Specifically, during stretch the muscles were
passively lengthened whereas during contraction the muscles shortened and intramuscular
pressure concurrently increased. Notwithstanding those considerations, the distinct RSNA bursts
with a short onset latency that were produced during dynamic contractions are consistent with
the notion that contractions produced at least a predominately mechanical stimulus and the
dynamic stretch protocol replicated closely the frequency and overall magnitude of that stimulus.
Thus, the dynamic stretch protocol is a valuable experimental tool that allowed us to gain insight
into the muscle mechanoreceptor stimulation present during dynamic contraction in the absence
of any contraction-induced metabolite production.

Intermittent and rhythmic skeletal muscle contraction (11, 12, 21, 22, 55) and intermittent
skeletal muscle stretch (21, 22) have been found to evoke RSNA bursts that are synchronized
with muscle tension development with a short onset latency. Our present finding of a short

RSNA onset latency during dynamic contractions agrees with those previous findings. In
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contrast to dynamic contraction, the longer RSNA onset latency during dynamic stretch resulted
in a “right shifted” RSNA bursting pattern and this was a consistent finding across all dynamic
stretch experiments in either freely perfused or ligated hindlimbs. This finding conflicts with
previous investigations in decerebrate rats from Koba et al. (21, 22) which show that RSNA
increased rapidly at the onset of a one-second stretch. The reason for the discrepancies between
our present findings and those of Koba et al. (21, 22) are unknown and await further
investigation.

The recent finding that femoral artery ligation did not increase piezol or piezo2 channel
protein expression in lumbar DRG tissue was interpreted to suggest that mechanoreceptor
sensitization accounted for the greater mechanically-sensitive component of the exercise pressor
reflex during dynamic contractions in ligated rats versus freely perfused rats (12). That finding
could not determine, however, whether the exaggerated role of mechanoreceptors in the ligated
rats was due to an enhanced sensitization of mechanoreceptors by metabolites produced acutely
during muscle contraction, a more chronic sensitization, or some combination of both. Our
present finding that femoral artery ligation exaggerated the pressor and renal sympathetic nerve
responses during dynamic stretch suggests that femoral artery ligation resulted in a chronic
sensitization of muscle mechanoreceptors. Whether further sensitization occurs acutely by
metabolites produced during contraction, and whether that sensitization is enhanced in ligated
compared to freely perfused hindlimbs, is unknown but is plausible given that reduced blood
flow reserve capacity during exercise likely results in enhanced metabolite production and
accumulation. We also cannot rule out the possibility that ligation increased the expression of a
class of mechanoreceptor other than piezo. For example, TRPA1 may be mechanically-activated

(10) and its expression is increased in rat lumbar DRG tissue after 24 hours of femoral artery
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ligation (56). TRPA1 blockade did not reduce the pressor or sympathetic nerve responses during
static stretch (56), but whether it is involved in the responses during dynamic stretch is unknown.
The mediator of the chronic sensitization of the mechanoreceptors stimulated during
dynamic stretch in the ligated hindlimb in our experiments is unknown. There is evidence to
suggest that bradykinin 2 receptors (29) and endoperoxide 4 receptors (38, 57) may have played
arole. Pharmacological blockade of those receptors was found to reduce the pressor response
during static stretch in ligated rats (29, 57). Whether those findings have implications for our
present investigation that utilized dynamic stretch is unclear, however, because femoral artery
ligation has been found to augment the pressor response during static stretch in some studies (29,
30, 35, 56, 57) but not in others (24, 25, 43, 52-54). In the present investigation, the pressor
response during static stretch was not different between freely perfused and ligated hindlimbs.
Moreover, in the freely perfused hindlimb static and dynamic stretch produced similar increases
in MAP and RSNA, which is consistent with the previous finding of Daniels et al. (13) from a
freely perfused cat hindlimb. In contrast to freely perfused hindlimbs, in ligated hindlimbs we
found that the increases in blood pressure and RSNA were greater during dynamic stretch versus
static stretch. Considered together, our findings indicate that femoral artery ligation exaggerated
the increases in blood pressure and RSNA evoked during dynamic, but not static, hindlimb
muscle stretch. The reason for this difference in our experiments is not known. We can only
offer our speculation that there may be differences in the proportional contribution of the classes
of mechanoreceptors that mediate the pressor response during static and dynamic stretch and that
femoral artery ligation impacts the mechanoreceptors stimulated during dynamic stretch more

than those stimulated during static stretch.
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There are a few experimental considerations that should be noted. First, although
dynamic stretch replicates the rhythmicity of muscle mechanoreceptor stimulation present during
dynamic muscle contraction, as discussed above, it does not replicate the exact method of
mechanoreceptor stimulation present during concentric contractions. Second, in the cat
hindlimb, muscle stretch stimulates a somewhat different population of mechanically-sensitive
afferents than is stimulated by contraction (18). However, in freely perfused rats 87%, and in
ligated rats 100%, of the muscle afferents that were stimulated by stretch were also stimulated by
contraction (47). Third, atherosclerosis develops slowly and results in a gradual, progressive
narrowing of the arteries in PAD patients (41) whereas we instantaneously occluded a rat
femoral artery ~72 hours prior to the experiment. Following ligation and the 72-hour recovery
period, hindlimb blood flow remains adequate at rest but blood flow reserve capacity during
exercise is markedly reduced which resembles the blood flow patterns at rest and during exercise
in PAD patients (9, 17, 32, 33, 42). Thus, we believe that the rat model of femoral artery ligation
is a valuable experimental tool which may be used to gain insight in the exercise pressor reflex in
PAD patients.

In summary, we demonstrated that in decerebrate, unanesthetized rats the increases in
blood pressure and RSNA were greater during dynamic stretch of the muscles of the hindlimb in
which the femoral artery was previously ligated compared to the increases during stretch of the
muscles of the contralateral freely perfused hindlimb. The dynamic stretch protocol was used to
replicate the rhythmic, mechanical stimuli present during dynamic contraction independent of
contraction-induced metabolite production. Our findings suggest, therefore, that a chronic
sensitization of muscle mechanoreceptors contributed to the exaggerated mechanically-sensitive

component of the exercise pressor reflex during dynamic contractions found in ligated rats (12).
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Whether an enhanced acute metabolite-induced sensitization of muscle mechanoreceptors during
contraction also contributes remains to be investigated. Our findings in this simulated PAD
model in which a femoral artery is chronically ligated carry important implications for PAD
patients given the technical challenges associated with investigating the mechanisms that

contribute to the exaggerated exercise pressor reflex in human subjects.

23



References

Adreani CM, Hill JM, and Kaufman MP. Responses of group III and IV muscle
afferents to dynamic exercise. | Appl Physiol 82: 1811-1817, 1997.

Alcaino C, Knutson K, Gottlieb PA, Farrugia G, and Beyder A. Mechanosensitive
ion channel Piezo2 is inhibited by D-GsMTx4. Channels (Austin) 11: 245-253, 2017.
Allison MA, Ho E, Denenberg JO, Langer RD, Newman AB, Fabsitz RR, and
Criqui MH. Ethnic-specific prevalence of peripheral arterial disease in the United
States. Am | Prev Med 32: 328-333, 2007.

Amann M, Blain GM, Proctor LT, Sebranek JJ, Pegelow DF, and Dempsey JA.
Group III and IV muscle afferents contribute to ventilatory and cardiovascular
response to rhythmic exercise in humans. J Appl Physiol 109: 966-976, 2010.
Baccelli G, Reggiani P, Mattioli A, Corbellini E, Garducci S, and Catalano M. The
exercise pressor reflex and changes in radial arterial pressure and heart rate during
walking in patients with arteriosclerosis obliterans. Angiology 50: 361-374, 1999.
Bae C, Sachs F, and Gottlieb PA. The mechanosensitive ion channel Piezo1 is
inhibited by the peptide GsMTx4. Biochemistry 50: 6295-6300, 2011.

Bakke EF, Hisdal ], Jorgensen J], Kroese A, and Stranden E. Blood pressure in
patients with intermittent claudication increases continuously during walking. Eur J
Vasc Endovasc Surg 33: 20-25, 2007.

Bakke EF, Hisdal ], Kroese A], Jorgensen JJ, and Stranden E. Blood pressure
response to isometric exercise in patients with peripheral atherosclerotic disease.

Clin Physiol Funct Imaging 27: 109-115, 2007.

24



10.

11.

12.

13.

14.

15.

Brevetti LS, Paek R, Brady SE, Hoffman ]I, Sarkar R, and Messina LM. Exercise-
induced hyperemia unmasks regional blood flow deficit in experimental hindlimb
ischemia. J Surg Res 98: 21-26, 2001.

Brierley SM, Castro J, Harrington AM, Hughes PA, Page AJ, Rychkov GY, and
Blackshaw LA. TRPA1 contributes to specific mechanically activated currents and
sensory neuron mechanical hypersensitivity. ] Physiol 589: 3575-3593, 2011.

Copp SW, Kim ]S, Ruiz-Velasco V, and Kaufman MP. The mechano-gated channel
inhibitor GsMTx4 reduces the exercise pressor reflex in decerebrate rats. J Physiol
594: 641-655, 2016.

Copp SW, Kim ]S, Ruiz-Velasco V, and Kaufman MP. The mechano-gated channel
inhibitor GsMTx4 reduces the exercise pressor reflex in rats with ligated femoral
arteries. Am J Physiol Heart Circ Physiol 310: H1233-1241, 2016.

Daniels JW, Stebbins CL, and Longhurst JC. Hemodynamic responses to static and
dynamic muscle contractions at equivalent workloads. Am J Physiol 279 (5): R1849-
R1855, 2000.

de Liefde I, Hoeks SE, van Gestel YR, Bax J], Klein J, van Domburg RT, and
Poldermans D. Usefulness of hypertensive blood pressure response during a single-
stage exercise test to predict long-term outcome in patients with peripheral arterial
disease. Am J Cardiol 102: 921-926, 2008.

Drew RC, Muller MD, Blaha CA, Mast JL, Heffernan M]J, Estep LE, Cui ], Reed AB,
and Sinoway LI. Renal vasoconstriction is augmented during exercise in patients

with peripheral arterial disease. Physiol Rep 1: e00154, 2013.

25



16.

17.

18.

19.

20.

21.

22.

23.

Fisher JP, Young CN, and Fadel PJ. Autonomic adjustments to exercise in humans.
Compr Physiol 5: 475-512, 2015.

Haas TL, Lloyd PG, Yang HT, and Terjung RL. Exercise training and peripheral
arterial disease. Compr Physiol 2: 2933-3017,2012.

Hayes SG, Kindig AE, and Kaufman MP. Comparison between the effect of static
contraction and tendon stretch on the discharge of group III and IV muscle afferents.
J Appl Physiol 99: 1891-1896, 2005.

Hiatt WR. Medical treatment of peripheral arterial disease and claudication. N Engl |
Med 344:1608-1621, 2001.

Kaufman MP, and Forster HV. Reflexes controlling circulatory, ventilatory and
airway responses to exercise. In: Handbook of Physiology, Section 12: Exercise:
Regulation and Integration of Multiple Systems II Control of Respiratory and
Cardiovascular Systems, edited by Rowell LB, and Shepherd JT. New York, NY: Oxford
University Press, 1996, p. 381-447.

Koba S, Xing ], Sinoway LI, and Li J. Differential sympathetic outflow elicited by
active muscle in rats. Am J Physiol Heart Circ Physiol 293: H2335-H2343, 2007.

Koba S, Xing J, Sinoway LI, and Li J. Sympathetic nerve responses to muscle
contraction and stretch in ischemic heart failure. Am J Physiol Heart Circ Physiol 294:
H311-321, 2008.

Kullo I}, and Rooke TW. CLINICAL PRACTICE. Peripheral Artery Disease. N Engl |

Med 374:861-871, 2016.

26



24.

25.

26.

27.

28.

29.

30.

31.

Leal AK, McCord JL, Tsuchimochi H, and Kaufman MP. Blockade of the TP
receptor attenuates the exercise pressor reflex in decerebrated rats with chronic
femoral artery occlusion. Am J Physiol Heart Circ Physiol 301: H2140-H2146, 2011.
Leal AK, Yamauchi K, Kim ], Ruiz-Velasco V, and Kaufman MP. Peripheral delta-
opioid receptors attenuate the exercise pressor reflex. Am J Physiol Heart Circ
Physiol 305: H1246-1255, 2013.

LiJ, King NC, and Sinoway LI. Interstitial ATP and norepinephrine concentrations
in active muscle. Circulation 111: 2748-2751, 2005.

LiJ, and Xing J. Muscle afferent receptors engaged in augmented sympathetic
responsiveness in peripheral artery disease. Front Physiol 3: 247, 2012.

Lorentsen E. Systemic arterial blood pressure during exercise in patients with
atherosclerosis obliterans of the lower limbs. Circulation 46: 257-263, 1972.

Lu J, Xing ], and Li J. Bradykinin B2 receptor contributes to the exaggerated muscle
mechanoreflex in rats with femoral artery occlusion. Am J Physiol Heart Circ Physiol
304: H1166-H1174, 2013.

Lu J, Xing J, and Li J. Role for NGF in augmented sympathetic nerve response to
activation of mechanically and metabolically sensitive muscle afferents in rats with
femoral artery occlusion. ] Appl Physiol (1985) 113: 1311-1322, 2012.

Luck JC, Miller AJ, Aziz F, Radtka JF, 3rd, Proctor DN, Leuenberger UA, Sinoway
LI, and Muller MD. Blood pressure and calf muscle oxygen extraction during
plantar flexion exercise in peripheral artery disease. ] Appl Physiol (1985) 123: 2-10,

2017.

27



32.

33.

34.

35.

36.

37.

38.

39.

40.

Mathien GM, and Terjung RL. Influence of training following bilateral stenosis of
the femoral artery in rats. Am J Physiol 250: H1050-1059, 1986.

Mathien GM, and Terjung RL. Muscle blood flow in trained rats with peripheral
arterial insufficiency. Am J Physiol 258: H759-765, 1990.

McCloskey DI, and Mitchell JH. Reflex cardiovascular and respiratory responses
originating in exercising muscle. ] Physiol 224: 173-186, 1972.

McCord JL, Tsuchimochi H, Yamauchi K, Leal AK, and Kaufman MP. Tempol
attenuates the exercise pressor reflex independently of neutralizing reactive oxygen
species in femoral arterial ligated rats. ] Appl Physiol 2011.

Mitchell JH, Kaufman MP, and Iwamoto GA. The exercise pressor reflex: Its
cardiovascular effects, afferent mechanisms, and central pathways. Ann Rev Physiol
45:229-242,1983.

Mizuno M, Murphy MN, Mitchell JH, and Smith SA. Skeletal muscle reflex-
mediated changes in sympathetic nerve activity are abnormal in spontaneously
hypertensive rats. Am J Physiol Heart Circ Physiol 300: H968-977, 2011.

Morales A, Gao W, Lu ], Xing J, and Li J. Muscle cyclo-oxygenase-2 pathway
contributes to the exaggerated muscle mechanoreflex in rats with congestive heart
failure. Exp Physiol 97: 943-954, 2012.

Muller MD, Drew RC, Blaha CA, Mast JL, Cui ], Reed AB, and Sinoway LI.
Oxidative stress contributes to the augmented exercise pressor reflex in peripheral
arterial disease patients. ] Physiol 590: 6237-6246, 2012.

Muller MD, Drew RC, Ross A}, Blaha CA, Cauffman AE, Kaufman MP, and

Sinoway LI. Inhibition of cyclooxygenase attenuates the blood pressure response to

28



41.

42.

43.

44,

45.

46.

47.

plantar flexion exercise in peripheral arterial disease. Am J Physiol Heart Circ Physiol
309: H523-528, 2015.

Muller MD, Reed AB, Leuenberger UA, and Sinoway LI. Physiology in medicine:
peripheral arterial disease. ] Appl Physiol 115: 1219-1226, 2013.

Prior BM, Lloyd PG, Ren ], Li H, Yang HT, Laughlin MH, and Terjung RL. Time
course of changes in collateral blood flow and isolated vessel size and gene
expression after femoral artery occlusion in rats. Am J Physiol Heart Circ Physiol 287:
H2434-H2447,2004.

Rollins KS, Smith JR, Esau PJ, Kempf EA, Hopkins TD, and Copp SW. Bradykinin
does not acutely sensitize the reflex pressor response during hindlimb skeletal
muscle stretch in decerebrate rats. Am J Physiol Regul Integr Comp Physiol ajpregu
00187 02017, 2017.

Rowell L, and O'Leary D. Reflex control of the circulation during exercise:
Chemoreflexes and mechanoreflexes. ] Appl Physiol 69: 407-418, 1990.

Smith SA, Mitchell JH, and Garry MG. Electrically induced static exercise elicits a
pressor response in the decerebrate rat. /] Physiol 537: 961-970, 2001.

Stebbins CL, Brown B, Levin D, and Longhurst JC. Reflex effect of skeletal muscle
mechanoreceptor stimulation on the cardiovascular system. ] Appl Physiol 65: 1539-
1547, 1988.

Stone AJ, Copp SW, McCord JL, and Kaufman MP. Femoral artery ligation
increases the responses of thin-fiber muscle afferents to contraction. /] Neurophysiol

113:3961-3966, 2015.

29



48.

49.

50.

51.

52.

53.

54.

Stone AJ, and Kaufman MP. The exercise pressor reflex and peripheral artery
disease. Auton Neurosci 188: 69-73, 2015.

Stone AJ], Yamauchi K, and Kaufman MP. Purinergic 2X receptors play a role in
evoking the exercise pressor reflex in rats with peripheral artery insufficiency. Am J
Physiol Heart Circ Physiol 306: H396-404, 2014.

Tibes U. Reflex inputs to the cardiovascular and respiratory centers from
dynamically working canine muscles: Some evidence for involvement of group III or
IV nerve fibers. Circ Res 41: 332-341, 1977.

Tsuchimochi H, McCord JL, Hayes SG, Koba S, and Kaufman MP. Chronic femoral
artery occlusion augments exercise pressor reflex in decerebrated rats. Am J Physiol
Heart Circ Physiol 299: H106-H113, 2010.

Tsuchimochi H, McCord JL, and Kaufman MP. Peripheral mu-opioid receptors
attenuate the augmented exercise pressor reflex in rats with chronic femoral artery
occlusion. Am | Physiol Heart Circ Physiol 299: H557-H565, 2010.

Tsuchimochi H, McCord JL, Leal AK, and Kaufman MP. Dorsal root tetrodotoxin-
resistant sodium channels do not contribute to the augmented exercise pressor
reflex in rats with chronic femoral artery occlusion. Am J Physiol Heart Circ Physiol
300: H652-H663, 2011.

Tsuchimochi H, Yamauchi K, McCord JL, and Kaufman MP. Blockade of acid
sensing ion channels attenuates the augmented exercise pressor reflex in rats with

chronic femoral artery occlusion. J Physiol 589: 6173-6189, 2011.

30



55.

56.

57.

Victor RG, Rotto DM, Pryor SL, and Kaufman MP. Stimulation of renal
sympathetic activity by static contraction: evidence for mechanoreceptor-induced
reflexes from skeletal muscle. Circ Res 64: 592-599, 1989.

Xing ], Lu ], and Li J. TRPA1 mediates amplified sympathetic responsiveness to
activation of metabolically sensitive muscle afferents in rats with femoral artery
occlusion. Front Physiol 6: 249, 2015.

Yamauchi K, Kim JS, Stone A]J, Ruiz-Velasco V, and Kaufman MP. Endoperoxide 4
receptors play a role in evoking the exercise pressor reflex in rats with simulated

peripheral artery disease. /] Physiol 591: 2949-2962, 2013.

31



