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Abstract

Cardiovascular diseases are the main cause of global mortality, with autonomic nervous system
(ANS) dysregulation as a critical pathophysiology. Traditional pharmaceutical and
neuromodulation treatments like vagus nerve stimulation (VNS) face the limitations due to their
invasive methos, lack of time-target, and inability to precisely modulate sympathetic-
parasympathetic balance. This research investigated the ability of medulla for precise autonomic
neuromodulation using heart rate as the index and established a non-invasive method to control

medullary sympathetic output.

The systematic investigation of open-loop electrical stimulation in anesthetized Wistar rats (n=24)
quantified parameter-response relationships across three targets: rostral ventrolateral medulla
(RVLM), caudal ventrolateral medulla (CVLM), and cervical vagus nerve. RVLM stimulation
evoked immediate tachycardia with concomitant PR interval shortening while CVLM stimulation
induced profound bradycardia without conduction effects. Crucially, I demonstrated frequency
dependence as a fundamental factor in electrical stimulation. VNS produced expected bradycardia
but with significant PR prolongation. Heart rate variability (HRV) analysis (SDRR, SD1, SD2)
confirmed sustained heart rate changes during effective stimulation. Building on parametric
characterization, I engineered a real-time closed-loop method implementing a bang-bang control
algorithm to maintain HR at specific targets (+20% or -10% of baseline) via RVLM, CVLM, or
VNS stimulation in rats. All three sites achieved high-precision control (Control Degree: RVLM
98.02%, CVLM 98.11%, VNS 98.49%) and minimal fluctuation. Non-invasive sonogenetics
employed virus vectors to express mechanosensitive ion channel TRPC6. Significant tachycardia
was evoked specifically at a pulse repetition frequency (PRF) of 800 Hz and high pressure (1.24
MPa, achieved with 600 mVpp input). No response occurred at lower pressure (0.63 MPa) or

PRFs (20-400 Hz), or in control group expressing tdTomato, or in the non-injected hemisphere.

Electrical stimulation of the RVLM and CVLM provides precise, rapid, and effective bidirectional
control of the heart rate with closed-loop method. The non-invasive sonogenetics approach opens
novel pathways for clinical neuromodulation without implants. This work provides the foundation

for next-generation neuromodulation therapy of cardiovascular diseases.



Chapter 1 General introduction

The cardiovascular system plays a vital role in the circulating function which maintains daily
somatic activity. To achieve a stable life support or provide catabolic metabolic organism for
emergency conditions, the heart is innervated by two branches: the sympathetic nervous system
and the parasympathetic nervous system. With opposite chronotropic and dromotropic effects, the
two components regulate the heart by feedback loops of afferent and efferent innervations

between the peripheral and central nervous systems.
Cardiac autonomic innervation in the peripheral nervous systems

The sympathetic trunks, leaving from the rostral ventrolateral medulla (RVLM), join bilaterally
in the intermediolateral zone of the spinal cord including a dense part in the grey matter and
extending part into the white matter. In the spinal cord segments T1-T5, sympathetic neurons
contribute to the preganglionic cardiac part of the sympathetic chain with multiple postganglionic
projections'. Although lacking a clear investigation, sympathetic neurons in discrete segments are
arranged as specific cardiac functions. Dembowsky et al identified different types of
preganglionic neurons with distinct electrophysiological characteristics in T3 segment of cats.
Transneuronal tracing showed that the preganglionic neurons in the upper thoracic segments
projected to different regions to the heart of the dogs’. Paravertebral ganglia located bilaterally
on the anterolateral side of the vertebral column are synapsed with preganglionic fibers at the
same level, ascending or descending level in the sympathetic chain. Stellate, or cervicothoracic
ganglion, consists of the inferior cervical ganglion and the first thoracic ganglion, provides the
heart with postganglionic sympathetic axons*®. Postganglionic nerves travel to the heart as
separate nerves, rather than other destinations via gray rami with the spinal nerves’. Before
reaching the heart, the cardiac nerves extend along the arteries including the common carotid, the
subclavian and the brachiocephalic trunks. The cardiac nerves also run along the superior vena
cava’. Fine postganglionic nerve trunks converge with cardiac vagus branches to form cardiac
plexuses located at the aortic arch and the ascending aorta®’. Postganglionic nerves originating
from the bilateral stellate ganglions specifically innervate regions of the heart. Pardini et al
observed the reduced noradrenalin level of the right ventricle after ganglionectomy of the left
middle cervical-stellate ganglion'®. Furthermore, several studies using electrical stimulation have
shown that the left stellate ganglion shows a predominate inotropic effect, whereas the right
stellate ganglion causes a significant chronotropic effect''"'>. Such regional specificity can be
extended to different segment levels and action potentials of the cardiac muscles'®. The discrete

innervation feature also results in different responses of heart rate and contractile force in



localized regions of the right and left ventricles by electrically stimulating different branches of

cardiac postganglionic nerves'*°.

The parasympathetic motor nerves are carried by the vagus nerve originating from the medulla'’.
The filaments of vagus nerve converge as one fiber at the jugular foramen and exit the brain stem.
The vagus nerves bilaterally travel through the neck in the carotid sheaths between a common
carotid and an internal jugular vein. Each carotid sheath is protected by three fascial layers. The
vagus nerve bifurcates to form the recurrent laryngeal nerve and travels to the heart and cardiac
plexuses. The left and right cervical vagus nerves also differ in the innervation of heart regions'®"?.
The right vagus nerve projects more fibers to the cardiac atria and sinoatrial node®, greatly
reduced heart rate during stimulation’'. The left cervical vagus nerve innervates the

22,23

atrioventricular node, showed no effect on heart rate even under high level stimulation™~ and

has been recommended as a stimulation target to relieve cardiovascular side effects®***%.

The sympathetic postganglionic nerve branches and preganglionic cardiac vagal branches
converge to form cardiac plexuses and enter the heart together®®. Both cardiac sympathetic and
parasympathetic nerves densely innervate the sinoatrial node, atrioventricular nodes and
conducting tissue”*’. Sympathetic nerves maintain the basal autonomic activity of the sinoatrial
node and atrioventricular nodal conduction. The activity in vagal fibers to the heart causes

inhibition of pacemaker cells and decreases excitability at the atrioventricular nodes®.
Medullary output control of the cardiac autonomic activity

The ventrolateral medulla (VLM) in the lower brainstem extending rostrocaudally from the caudal
pole of the facial nucleus to the spino-medullary junction is regarded as a key cardiovascular
regulatory center”’. The catecholaminergic neurons founded in the VLM are subdivided into
adrenergic neurons rostrally (C1 cells) and noradrenergic neurons caudally (A1 cells)*'**. And
the intermediary region between containing a mix of C1 and Al clusters, which is extremely
heterogeneous and harbors cardiovagal neurons and inhibitory GABAergic interneurons that
mediate the sympathetic baroreflex®. The rostral portion of the VLM (RVLM) have been defined
as the sympathoexcitory area extending with the C1 neurons. While the caudal VLM (CVLM)
was typically identified via noradrenergic neurons (Al group) or cardiovascular effect
(vasodepressor area)’*=*. In this research the CVLM is defined by its anatomical location, rostral
to the caudal end of the RVLM with sympathoinhibitory function**. The RVLM sends excitatory
projections to preganglionic sympathetic neurons located in the intermediolateral cell columns in
the spinal cord. Other discreate regions within the brain stem and the hypothalamus also

contribute to the central sympathetic output: the rostral ventromedial medulla, midline medulla,



the A5 noradrenergic cell group, and the paraventricular nucleus in the hypothalamus®. Whereas
in bilateral inactivation or ablation experiments only the RVLM directly result in a significant
vasodepressor and sympathoinhibitory effect’®. These studies indicate that the discharge of RVLM
neurons forms the background level of sympathetic nerve activity. The mechanisms that underlie
such discharge assume that the presympathetic neurons have an intrinsic auto-depolarization
property, and the tonic resting activity depends on synaptic inputs®***. RVLM neurons mediate
various somatic and visceral sympathetic reflexes via GABAergic inhibition from the brain stem
areas including the caudal pressor area, midline depressor area, nucleus tractus solitarius and
gigantocellular depressor area, which is then reflected through the fluctuation of sympathetic
nerve activity and blood pressure’” *. Especially since the strong GABA-mediated input from
CVLM containing barosensitive neurons with pulse-modulated activity and baroreceptor-
independent neurons with tonic sympathoinhibition plays a critical role in the baroflex**. The
background activity of presympathetic neurons to the cardiovascular system stems from the

integration of autoactivating properties and the network of synaptic inputs**°.

Both the nucleus ambiguous (NA) and the dorsal motor nucleus of the vagus nerve (DMN) send
general visceral efferent vagus nerves to the organ ganglia as preganglionic parasympathetic
fibers’’. The NA inhibits cardiac function via fast B-fibers which release acetylcholine at the
sinoatrial and atrioventricular nodes in a beat-to-beat pattern'®**, The DMN innervates the cardiac
ganglia via slower C-fibers and contributes to the heart rate atrioventricular conduction and
contractility to a lesser magnitude”®. The activity of cardioinhibitory neurons in NA is
intrinsically silent and relies on synaptic input from other neurons®'. The NA receives excitatory
inputs from barosensitive neurons in the nucleus of the solitary tract via glutamate release and
inhibition during inspiration by GABAergic neurons in the local spinal circuits and the medullary

ventral respiratory group?®.
The imbalance of cardiac activity and neuromodulation

The heart essentially requires the balance between sympathetic and parasympathetic nervous
activities to run nomarlly. The alteration of autonomic nervous activity has been shown to trigger
and worsen cardiovascular diseases including cardiac arrhythmias and hypertension. As
evidenced by the occurrence of synchronous activity of the sympathetic and vagus nerve before
the onset of atrial fibrillation (AF)****. In ventricular arrhythmias (VA), increased sympathetic
tone reduced cardiac electrophysiological stability and promoted the incidence of VA. Whereas

parasympathetic stimulation results in the antiarrhythmic effect®*>®. Long-term hypertension has



been found to be accompanied with elevated sympathetic nerve activity and blood pressure is

regulated by RVLM barosensitive neurons®>-¢',

Therefore, autonomic nervous system (ANS) modulation emerged as an effective and promising
therapy via moderating sympathetic hyperactivity and vagal stimulation in the cardiovascular
field. The carotid sinus nerve placed at the pole of the internal carotid artery with baroreceptors,
is involved in main baroreflex. Carotid baroreceptor stimulation enhancing baroreflex and
sympathoinhibition effects has been shown to be effective in the long-term reduction of blood
pressure in resistant hypertension® . Pulmonary vein isolation has been widely used to prevent
depolarizations from the pulmonary vein as a treatment for AF®® and can be combined with renal

6768 and ganglionated plexi ablation®”°. Moreover, renal denervation has

sympathetic denervation
been applied to resistant hypertension by regulating kidney natriuresis and the renin-angiotensin
system’' 7. Cervical vagus nerve stimulation has been developed for implantation therapy of
bioelectronics medicine. In clinical trials the vagus nerve stimulation via an implanted device has

shown potential applications in treatment of heart failure’®*°.

As discussed above, current neuromodulation mostly employs an invasive method. Therefore, the
potential complications of surgery and implants limit the promotion of invasive

neuromodulation®' 3

. In this research, sonogenetics will be used to attempt non-invasive
neuromodulation. To achieve bidirectional cardiac modulation with excitatory and inhibitory
effects, the RVLM, CVLM, and NA region in the lower brainstem were used as target stimulation
sites. Additionally, the cervical vagus nerve was also employed to examine the potential for
cardiac modulation. The primary purpose of this study was to explore the precise and non-invasive
method for controlling cardiac function via the medulla. The heart rate was employed as the index
of cardiac activity. Firstly a series of open-loop electrical stimulation was performed to confirm
the heart rate response to different stimulation parameters. The closed-loop stimulation with
negative feedback control was time-targeted evaluated for period cardiac modulation, and the
effect of autonomic rebalance was determined via intraperitoneal injection of neostigmine and
dobutamine. Finally, adeno-associated virus (AAV) vector was injected into the VLM region to
express the mechanosensitive channel TRPC6 for ultrasound irradiation. This includes evaluating

the cardiac modulating effects of ultrasound parameters: pulse repetition frequency (PRF), and

intensity.



Chapter 2 Open-loop cardiac neuromodulation by medulla stimulation

2.1 Abstract

To evaluate the cardiac modulation ability of the medulla and cervical vagus nerve, different
stimulation parameters were used to elicit chronotropic effect. In medulla stimulation, the results
showed that the stimulus frequency elicited string cardiac effects during a 10 s open-loop
stimulation. In vagus nerve stimulation both the frequency and intensity of the stimulus can

influence cardiovascular effects.

2.2 Materials and devices

ltem Article No. Source

. Slc Shimizu Laboratory Supplies

Wistar male rats . .

Kwl Kiwa Laboratory Animals
Coaxial needle electrode IMB-9004 Inter Medical, Japan
Bipolar hook electrode IMM2-5050 Inter Medical, Japan
Dual-channel amplifier MEG-5200MG Miyuki Giken
Stimulus generator STG-4002 Multi Channel Systems
AD/DA converter PowerlLab 16/35 AD Instruments, Australia
Physiological - Biological TMP-5b Supertech Instruments
Temperature Controller
4,6-Diamidino-2-phenylindole .

19178-91

Dihydrochloride 9178-9 Nacalai tesque
Data acquisition software LabChart Pro AD Instruments, Australia

2.3 Methods

General operations



Nine Wistar male rats were used in the experiments (300-500 g). All experiments were approved
by the Animal Ethics and Administrative Council of Hokkaido University and Kindai University.
The rat was initially anesthetized in an induction chamber with 4-5% isoflurane. Once the animal
failed to elicit the toe pinch reflex, the rat was sustained with inhalation anesthesia of 1-2%
isoflurane and mounted in a stereotaxic apparatus. The body temperature was maintained at 37°C
by a heating pad. The rat forelimbs were attached with Ag/AgCl electrodes for electrocardiogram
(ECQ) lead 1. The ECG signals were filtered at 1.5 to 100 Hz and amplified, followed by

digitization at 1 kHz through a PowerLab data acquisition device.
Open-loop stimulation

To figure out the main factor influencing chronotropic response, various frequencies and currents
were applied to the electrical stimulation of the RVLM, the CVLM and the cervical vagus nerve.
For the ventrolateral medulla stimulation, a small craniotomy was performed above the RVLM
(from bregma: 12.36 mm posterior, 2.3 mm lateral) or CVLM (from bregma: 13.20 mm posterior,
2.2 mm lateral) on the right side. A coaxial needle electrode (0.4 mm diameter) was inserted at
the site at a depth of 8.2 mm from the dura. The electrical stimulation was performed via a
stimulus generator using the following parameters (60 and 100 Hz, 20, 45 and 60 pA, 0.5 ms
pulse width, biphasic square pulses), and each stimulation configuration was repeated three times.
In the cervical vagus nerve stimulation experiments, the rat was placed in the supine position.
After the incision was made at 1 cm lateral to midline, the cervical vagus, jugular vein and
common carotid were exposed by blunt dissection. Following gentle isolation of the right vagus
nerve from the carotid sheath, a hook electrode (0.5 mm diameter, 5 mm spaced) was placed
around the nerve and secured with drops of liquid paraffin. The anode cephalad to cathode vagus
nerve stimulation (VNS) was biphasically delivered at 0.2 ms pulse width to evaluate

combinations of frequency and intensity (20 and 30 Hz, 0.1, 0.2 and 0.4 mA) with three repetitions.
Histology

To verify the location of stimulation, the electrode was coated in DiD (D7757, Thermo Fisher
Scientific) via dipping it in 1 mg/mL solution. After electrical stimulation experiments, each rat
was euthanized with combination anesthetics (medetomidine 0.15 mg/kg, midazolam 2 mg/kg,
butorphanol 2.5 mg/kg) and overdosed in isoflurane. Brains were harvested and post-fixed in 4%
paraformaldehyde (PFA) for 3 days at 4 °C after transcardial perfusion with saline, followed by
4% PFA. Tissues then were gradient cryoprotected in 15% and 30% sucrose solution and
embedded in optimal cutting temperature medium. Frozen tissues were sectioned at 50 um (Leica

CM3000 Cryostat). Slides were permeabilized in 0.1 mol/L phosphate-buffered saline (PBS) with
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0.3% Triton X-100, and incubated with 1 pg/mL DAPI in phosphate buffer. Following washing,
the coverslip was applied with antifade mounting medium (50% glycerol +2.5% DABCO in PBS).

The locations of stimulation sites were confirmed on a Zeiss LSM 900 confocal microscope.
Data analysis

For each combination of parameters, ECG signals were continually recorded and divided in 10 s
pre-stimulation baseline, and 10 s of cardiac response during the period of stimulation, and post-
stimulation. The offline analysis on LabChart software with ECG analysis module was used to
detect waves, beats and calculate intervals. The peak-to-peak RR intervals were used to evaluate
the overall chronotropic effect was calculated from the relative change between baseline and
period of stimulation. The dromotropic effect was determined via the obtained beat-to-beat PR
intervals. To evaluate the efficacy of stimulation, indices of heart rate variability (HRV) in the
time domain are presented including standard deviation of RR intervals (SDRR), and the SD1 and
SD2 of the Poincaré plot.

All data are presented as mean =+ standard error of the mean. The statistical tests used are explained
in the legend of each figure. P < 0.05 was considered as statistical significance in all cases.

Statistical analyses were performed with OriginPro software.



2.4 Results

The evoked chronotropic response to medulla stimulation was dependent upon frequency and
intensity, Figure 1 illustrates a representative response to electrical stimulation of the rostral and
caudal catecholaminergic medulla region. Electrical stimulation was delivered at a 500 ps pulse
width. Low intensity stimulation (25 pA) evoked almost no change in basal chronotropic function.
Increasing the intensity to 40 pA resulted in tachycardia or bradycardia during the on-phase in the
rostral or caudal medulla. Analogously, only high-frequency stimulation induced chronotropic

response during the on-phase of stimulation.
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Figure 1. Typical heart rate trajectory during the electrical stimulation (grey area) in (A) RVLM
and (B) CVLM.

Average chronotropic response (percentage change from baseline) in response to medulla
stimulation are summarized in Figure 2. The chronotropic response during on-phase stimulation
occurred preferentially at higher frequencies. High frequency afforded a greater range of control

with increased sensitivity to chronotropic response to stepping changes in intensity.
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Figure 2. Mean heart rate change from baseline heart rate in electrical stimulation of (A) RVLM

and (B) CVLM. *p <0.05, **p < 0.01, n.s.: not significant by Fisher LSD multiple comparisons

test following two-way ANOVA. Data are presented as mean = SEM.

Additionally, the amplitude of heart rate changes was characterized by the standard deviation of

RR interval (SDRR) as shown in Figure 3. At a high level of frequency, the chronotropic response

evoked by stimulation resulted in a higher peak value, which represents a sustained heart rate

change rather than a threshold-like patterned trajectory during the on-phase of stimulation. In

rostral medulla stimulation using low frequency of 60 Hz with high intensity (60 pA), the

increased SDRR shows a slight chronotropic effect which is indistinguishable in average

percentage change (Fig. 3A).
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Figure 3. Standard deviation of RR interval during stimulation in (A) RVLM and (B) CVLM,

which represents the amplitude of heart rate change. *p < 0.05, **p < 0.01, n.s.: not significant

10



by Fisher LSD multiple comparisons test following two-way ANOVA. Data are presented as mean

+ SEM.

Figure 4 illustrates the change rate of chronotropic response during stimulation by SD1 and SD2
from the quantitative Poincaré plot. In SD1, which represents the variation of adjacent heartbeat,
there was no significant difference at all combinations of parameters in both rostral and caudal
medulla stimulations. For the long-term variation of SD2, there were analogous characteristics
with SDRR where high frequency rapidly induced chronotropic response, and a slight response

was demonstrated in the stimulation using 60 Hz and 60 pA.

A 20 1 B 25
18
- 20
15 [ L
=
= 14 . = 15
E P E
— L —
=12 ] =
v v 10 4
1.0 4
08 4 — & —60Hz 054 —®-60Hz
—— 100 Hz —— 100 Hz
06 4
T T T T DD T T T T
20 30 40 50 B0 20 30 40 50 B0
Intensity (nA) Intensity (nA)
c — 4 -60Hz D
12 - —»—100Hz 20 - — @ -60Hz
*Hk —»—100Hz
f n.s. = ! .
10 ‘ 54 n.s. n.s. !
1
8 4 20 ‘
m -
E £
— 6 o = 15 4
o o
a a
(73] 175} %
4 4 10 4
2 5
D T T T T D T T T T
20 20 40 50 60 20 20 40 50 60
Intensity (1A) Intensity (1A)

Figure 4. Quantitative SD1 and SD2 values from Poincar¢ plots during stimulation of (A), (C)
RVLM and (B), (D) CVLM. *p < 0.05, **p < 0.01, ***p < 0.001, n.s.: not significant by Fisher
LSD multiple comparisons test following two-way ANOVA. Data are presented as mean = SEM.

The sympathetic nerve trunks innervate the local region of the ventricles. It should also be
considered that medulla stimulation induces dromotropic effect. Figure 5 demonstrates the

percentage change of PR interval from baseline. In the rostral medulla, the shortened conduction
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time was enhanced by increased frequency and intensity. The stimulation of the caudal medulla

evoked no change in dromotropic function at all levels of stimulation parameters.

A 0 - x* B 31

1] I - & -60Hz
—%—100Hz

PR interval change {%)
of
PR interval change {%)

- @ —-60Hz
-9+ —¥— 100 Hz

20 I 30 40 50 . 60 . 20 . 30 . 40 . 50 ' 60
Intensity (1LA) Intensity (pA)
Figure 5. Percent changes of PR interval during electrical stimulation in (A) RVLM and (B)
CVLM, which represents the changes of cardiac conductive function. *p < 0.05, **p <0.01, n.s.:

not significant by Fisher LSD multiple comparisons test following two-way ANOVA. Data are

presented as mean + SEM.

Vagus nerve stimulation evokes cardioinhibitory effect by enhancing parasympathetic nerve
activity. To compare this function with caudal medulla stimulation, the right cervical vagus nerve
of rats was stimulated at 20, 30 Hz and intensity of 0.1, 0.2, 0.4 mA. Figure 6 shows the cardiac
effects of vagus nerve stimulation at the combinations of every parameter. While the chronotropic
response is analogous to caudal medulla, the increasing intensity VNS evoked a more pronounced
bradycardia effect at both 20 and 30 Hz (Fig. 6A). There was no significant difference between
the two frequencies while the curves of average chronotropic responses show the tendency that
the bradycardia to higher frequency of VNS was enhanced (Fig. 6B). The amplitude (Fig. 6C) and
long-term variation (Fig. 6F) of heart rate change have the same characteristics, in which the
effects were saturated at 0.4 mA. Figure 6E shows the same short-term variation at all levels of
VNS. For dromotropic effects, the prolonged PR interval effects have a threshold of 0.2 mA while

the conduction block was enhanced at the higher frequency.
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Figure 6. Cardia effects invoked by vagus nerve stimulation including (A) typical heart rate

trajectory, (B) mean heart rate change, (C) standard deviation of RR interval, (D) percent change

of PR interval, (E) and (F) quantitative values of Poincaré plots. *p < 0.05, **p < 0.01, ***p <

0.001, n.s.: not significant by Fisher LSD multiple comparisons test following two-way ANOVA.

Data are presented as mean += SEM.
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2.5 Discussion

The RVLM region tonically excites sympathetic neurons and maintain the resting vasomotor tone.
The adrenergic C1 neurons in RVLM innervate different segments of the intermediolateral
column which impacts different cardiac functions via local postganglionic innervation. This study
demonstrates that the cardiac responses depend on the stimulus frequency or intensity, suggesting
that similar groups of neurons in the ventrolateral medulla provide the potential to control
autonomic output based on specific physiological index. Moreover, the tonic sympathetic output

can be finely modulated by variable stimulus frequency.

Autonomic control of regional cardiac function ultimately depends on the levels of sympathetic
and parasympathetic activities and the interactions between them. Many cardiovascular diseases
are associated with sympathetic hyperactivity which induces the remodeling of the cardiomyocyte
and the cardiac plexuses that impacts cardiac electrical and mechanical functions. As
demonstrated herein, the caudal medulla stimulation evoked the cardioinhibitory effects via
inhibiting sympathetic output, which are different from muscarinic blockade effects elicited by
VNS with conduction block. This finding suggests that caudal medulla stimulation can be
deployed as an alternative neuromodulation therapy or a tool to explore cardiac remodeling during

the progression of cardiovascular diseases.
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Chapter 3 Closed-loop control of heart rate by medulla stimulation

3.1 Abstract

In this study, the time-targeted cardiac modulation ability was evaluated on arbitrary static
setpoints and drug administration. The setpoints were +20% and -10% of the baseline for positive
and negative heart rate control respectively. The dobutamine or neostigmine was then
intraperitoneally administrated to simulate the autonomic imbalance of diseases. Following the
heart rate change elicited by administration of dobutamine and neostigmine, the stimulation was
performed to reverse the deviation between the real-time and baseline heart rate. These closed-

loop cardiac modulations were completed via closed-loop control.

3.2 Materials and devices

Item Article No. Source
Wistar male rats Slc Shl.mlzu Laboratory Sl.,lpphes
Kwl Kiwa Laboratory Animals
Coaxial needle electrode IMB-9004 Inter Medical, Japan
Bipolar hook electrode IMM2-5050 Inter Medical, Japan
Dual-channel amplifier MEG-5200MG Miyuki Giken
Stimulus generator STG-4002 Multi Channel Systems
AD/DA converter PowerlLab 16/35 AD Instruments, Australia
Data acquisition software LabChart Pro AD Instruments, Australia
Multi-1/O Processor RX8 Tucker-Davis Technologies
. ical - Bi .
Physiological - Biological Temperature TMP-5b Supertech Instruments
Controller
Dobutamine / Sawai Pharmaceutical
. Kyowa Pharmaceutical
Neostigmine /
Industry
4,6-Diamidino-2-phenylindole 19178-91 Nacalai tesque

Dihydrochloride
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3.3 Methods
General operations

Fifteen Wistar male rats were used in the experiments (300-500 g). All experiments were approved
by the Animal Ethics and Administrative Council of Hokkaido University and Kindai University.
The rat was initially anesthetized in an induction chamber with 4-5% isoflurane. Once the animal
failed to elicit the toe pinch reflex, the rat was sustained with inhalation anesthesia of 1-2%
isoflurane and mounted in a stereotaxic apparatus. The body temperature was maintained at 37°C
by a heating pad. The rat forelimbs were attached with Ag/AgCl electrodes for electrocardiogram
(ECQG) lead I. The ECG signals were filtered at 1.5 to 100 Hz and amplified, followed by

digitization at 1 kHz through a PowerLab data acquisition device.
Closed-loop system

A multi-I/O real-time processor (RX8, Tucker-Davis Technologies) loading the custom controller
routine detected R wave threshold for computing real-time heart rate and generated the trigger to
a stimulus generator (STG-4002, Multi Channel Systems) by a bang-bang closed-loop law (Fig.
7).

From the previous results of open-loop stimulation, the high level stimulus frequency of 100 Hz
can rapidly induce cardiac effects and saturate heart rate change. To investigate the maximum
control ability of heart rate via medulla stimulation, the closed-loop stimulation with 100 Hz
stimulus was set to sustain heart rate at desired values of +20% and -10% for tachycardia and
bradycardia effect separately. Additionally, the animals were intraperitoneally injected with
neostigmine (0.5 mg/kg) or dobutamine (0.4 mg/kg) to explore the control ability in the
imbalanced autonomic environment with sympathetic or parasympathetic hyperactivity,
respectively. After the heart rate was stably altered, the closed-loop stimulation was performed
with the target value of the baseline heart rate. In these conditions, the appropriate stimulus
frequency was calculated from the difference between altered heart rate and baseline heart rate to
prevent saturation or oscillation in the control system caused by inter-individual variations of drug

effect.
Electrical stimulation

For the ventrolateral medulla stimulation, a small craniotomy was performed above the RVLM
(from bregma: 12.36 mm posterior, 2.3 mm lateral) or CVLM (from bregma: 13.20 mm posterior,

2.2 mm lateral) on the right side. A coaxial needle electrode (0.4 mm diameter) was inserted at
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the site at a depth of 8.2 mm from the dura. The electrical stimulation was performed via a
stimulus generator using the following parameters (60 pA, 0.5 ms pulse width, biphasic square
pulses). n the cervical vagus nerve stimulation experiments, the rat was placed in the supine
position. After the incision was made at 1 cm lateral to midline, the cervical vagus, jugular vein
and common carotid were exposed by blunt dissection. Following gentle isolation of the right
vagus nerve from the carotid sheath, a hook electrode (0.5 mm diameter, 5 mm spaced) was placed
around the nerve and secured with drops of liquid paraffin. The anode cephalad to cathode vagus
nerve stimulation (VNS) was biphasically delivered at 0.2 ms pulse width to evaluate
combinations of frequency and intensity (30 Hz, 0.2 mA). The basic sequence consisted of three

periods: baseline, controlled period, post-stimulation.
Data analysis

Continuously acquired data from all channels in Labchart software were played back for cross-
checking the online RR interval detection and the controlled stimulus. The efficacy of heart rate
regulation was evaluated by a scalar variable, the control degree, computed the mean value of the

proximity between the target and real-time heart rate trajectory as follows:

\/Z?:l(HRr - HRt)Z
n X HR,

(1)

Control degree =

where HR; is the real-time heart rate and HR; is the target heart rate. This value is presented as the
percentage which 100% corresponds to heart rate was completely controlled at target value. The
square root value avoids counteracting errors when oscillations occur around the target value. The
standard deviation was calculated to evaluate the stability during the control period. To assess the
speed of heart rate response, the time constant was obtained using the non-linear fitting function

of the exponential function in OriginPro.
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Figure 7. The schematic of the closed-loop stimulation system.
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3.4 Results

To investigate the limit of control ability for precise heart rate regulation, I embedded the simple
and robust control algorithms in the closed-loop medulla stimulation system. This on-off
controller switched the stimulus when the heart rate trajectory crossed the target value. Figure 8
shows examples of the dynamic behaviors of controlled heart rate for the RVLM, CVLM and

VNS. Note that the target value was set by the peak value of heart rate in open-loop stimulation.

RVIM oo

400 I'vwv—l"—‘—M_ N ﬂm

300

Heart rate (bpm)

stimulus
200 4

CVLM

400 +

NVMW b P NI

300

200 4 .IIIIII_-IIII-III-...I._lStImUIUS

500

Heart rate (bpm)

VNS

400

S - S P GRS Mw--—!ﬂ—w

i 5s
200 4 .‘II.“.....I-"USUmqus 25

Figure 8. Examples of heart rate control in about 1 min (grey area) at target value of 120% and

Heart rate (bpm)

90% from baseline (yellow dashed line) via electrical stimulation in RVLM, CVLM and VNS.

The control performance was quantified in terms of control degree, standard deviation and time
constant (Fig. 9). In every experiment, the performance evaluation of control period was
performed in offline analysis. The control degree of RVLM, CVLM and VNS were 98.02%,
98.11%, 98.49%, respectively. I observed that, compared to the VNS, the heart rate induced by
closed-loop medulla stimulation had higher fluctuations corresponding to standard deviation,
although the values of these standard deviations can be negligible due to the high resting sinus
rhythm of rats. Overall, these results demonstrate that precise heart rate control can stably be
conducted in closed-loop medulla stimulation. This medulla cardiac modulation could track the

target value more rapidly compared to VNS (Fig. 9C).
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To investigate if the medulla stimulation can still exert the ability to regulate heart rate, the
animals were intraperitoneally injected with the acetylcholinesterase inhibitor neostigmine or 1
receptor agonist dobutamine to simulate an imbalance of autonomic tone. Figure 10 shows a
representative heart rate trajectory obtained in two experiments for reducing drug effects on heart

rate. Note that the stimulus frequency was set by the level of sustained chronotropic drug effect
from 60 to 100 Hz.
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Figure 10. Examples of restoring heart rate to baseline (yellow dashed line) in autonomic
imbalance caused by (A) neostigmine and (B) dobutamine injection. During electrical stimulation

(grey area), the target values were set as baseline heart rate.

As shown in figure 11, the heart rate regulation induced by closed-loop medulla stimulation in
drug-administrated rats could track the target value of baseline heart rate with slight fluctuation.
The results in administrated rats were similar to those observed in normal rats. This demonstrates
that the electrical stimulation of the medulla is still effective even during imbalanced autonomic

activity and can temporarily normalize heart rate to its natural state.
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3.5 Discussion

Chronic tachycardia and hypertension caused by sympathetic hyperactivity lead to
pathophysiological consequences. In animals and patients with hypertension myocardial and left
ventricular remodeling are associated with elevated sympathetic outflow® *°. Accordingly,
cardiac remodeling develops cardiac arrhythmias and increases the risk of sudden cardiac death®’.
Traditional pharmacological treatments are known to have hard-to-avoid side effects due to
complex and sustained pharmacokinetic processes. With the anti-tachycardic effect, VNS has the
potential as an alternative therapy to provide cardioprotective effects for drug-resistant patients.
Appropriate bradycardia is necessary to prevent hypoperfusion and hold physical activities. The
vagus nerve has a mixed fiber population that is classified as A-, B-, and C-fibers in accordance
with diameter, myelination and activation thresholds. Due to the complex fascicular organization
and function of the fibers, the stimulation effect depends on various factors such as frequency,
current intensity, pulse width and electrode interface. Previous studies demonstrated many
methods for accurate heart rate regulation including optimizing parameters by closed-loop control,
cardiac-synchronized stimulation and electrode design®®**. In this study, the results show similar
performance of heart rate control in the case of medulla stimulation with a simple on-off control
strategy. To tonically active neurons in the medulla, the efficacy of control can be improved by
optimizing the stimulus to match the desired set heart rate. The methodology of heart rate
regulation in medulla stimulation will be easier and more predictable than traditional VNS and
pharmaceutical treatments. Additionally, positive and negative modulation of sympathetic activity

in the medulla to more scenarios can be envisioned.
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Chapter 4 Development of non-invasive cardiac neuromodulation in

medulla using sonogenetics

4.1 Abstract

To effectively activate the neurons in medulla, the adeno-associated virus (AAV) vector was
microinjected to express mechanosensitive ion channels to enhance ultrasound sensitivity. The

pulse repetition frequency was varied and tachycardia was evoked at specific pulse repetition

frequency and high ultrasound pressure.

4.2 Materials and devices

ltem Article No. Source
imizu L .
Wistar male rats Slc Shlmlzu aboratory Sl.Jpp|IeS
Kwl Kiwa Laboratory Animals

Piezoelectric ceramic

Function/arbitrary waveform generator

RF amplifier

Dual channel amplifier

Stimulus generator

AD/DA converter

Data acquisition software

Physiological - Biological Temperature
Controller

HA Tag Antibody

Alexa Fluor® 488 AffiniPure® Donkey
Anti-Goat IgG (H+L)

4,6-Diamidino-2-phenylindole
Dihydrochloride

1710DS15R-SYX

DGY53

T145-4726AA

MEG-5200MG

STG-4002

PowerlLab 16/35

LabChart Pro

TMP-5b

NB600-362

AB_2340428

19178-91

Fuji Ceramics

Rigol

Thamway

Miyuki Giken

Multi Channel Systems

AD Instruments, Australia

AD Instruments, Australia

Supertech Instruments

Novus biologicals

Jackson ImmunoResearch

Nacalai tesque

23



4.3 Methods
General operations

Seven Wistar male rats were used in the experiments (300-500 g). All experiments were approved
by the Animal Ethics and Administrative Council of Hokkaido University and Kindai University.
The rat was initially anesthetized in an induction chamber with 4-5% isoflurane. Once the animal
failed to elicit the toe pinch reflex, the rat was sustained with inhalation anesthesia of 1-2%
isoflurane and mounted in a stereotaxic apparatus. The body temperature was maintained at 37°C
by a heating pad. The rat forelimbs were attached with Ag/AgCl electrodes for electrocardiogram
(ECQG) lead I. The ECG signals were filtered at 1.5 to 100 Hz and amplified, followed by

digitization at 1 kHz through a PowerLab data acquisition device.
AAV injection

The genetic engineering experiments were approved by the institutional Recombinant DNA
Experiment Committee. The recombinant adeno-associated viral vector AAVDJ-hSyn-TRPC6-
HA, used for expressing mechanosensitive ion channel TRPC6, was provided by Dr. Masafumi
Shimojo’ (Advanced Neuroimaging Center, National Institutes for Quantum Science and
Technology, Japan). For the sham group, AAVDJ-hSyn-tdTomato (Addgene#193019) was
injected. Adult rats were anesthetized with 1-2% isoflurane for AAV injections. To target
sympathetic neurons in the ventrolateral medulla, 300 nl AAV vector to each site was injected into
wild type rats at the following stereotactic coordinates: 3.36 mm caudal to lambda, 2.1/2.3 mm
lateral to lambda, 8.1/8.3 mm ventral to the brain surface. Rats recovered for at least 4 weeks

before ultrasound irradiation experiments.
Ultrasound irradiation

The pulses were generated using a function generator (DG953, Rigol) and amplified by a radio
frequency amplifier (T145-4726AA, Thamway) before being sent to drive a bowl piezoelectric
ceramic transducer (1Z10DS15R-SYX, Fuji Ceramics) with a 10 mm diameter, 15 mm focus
length, and a center frequency of 1 MHz. The acoustic field distribution was measured using a
calibrated needle hydrophone (NH0500, Eastek) in a water tank, and the transducer was attached
to a 3D orientation frame. The full-width-at-half-maximum (FWHM) of the acoustic field was
about 3.6 mm in the focal plane (Fig. 12B). To obtain acoustic pressure, the output signal of the
function generator was adjusted from 50 to 600 mVpp. In this study, the ultrasound parameters
were investigated to evoke cardiac effect are as follows: pulse repetition frequencies (PRF) = 20

/40/80/200 /400 /800 Hz, output signal of function generator = 300 / 600 mVpp, fundamental
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frequency = 1 MHz, duty cycle = 50%. The ultrasound transducer was mounted on the stereotaxic
apparatus with a 3D-printed holder. The collimator was placed on the surface of the skull above
the target brain region. Transcranial pulsed ultrasound was delivered to the RVLM (from bregma:

12.36 mm posterior, 2.3 mm lateral) with coupling ultrasound gel.

A 15+ B 0.2175

0.1805

0.1435

MPa
MPa

Y Axis (mm)

0.1065

0.5+

0.06950

0.0 0.03250

0 260 400 BEI)O
mvV X Axis (mm)

Figure 12. Ultrasound properties of the transducer. (A) Ultrasound pressure at the focal area

corresponding to the output signal of the function generator. (B) The distribution of the ultrasound

field at the x-y plane at 100 mVpp of function generator output.
Histology

After ultrasound stimulation experiments, each rat was euthanized with combination anesthetics
(medetomidine 0.15 mg/kg, midazolam 2 mg/kg, butorphanol 2.5 mg/kg) and overdosed in
isoflurane. Brains were harvested and post-fixed in 4% paraformaldehyde (PFA) for 3 days at
4 °C after transcardial perfusion with saline followed by 4% PFA. Tissues were then gradient
cryoprotected in 15% and 30% sucrose solution and embedded in optimal cutting temperature
medium. Frozen tissues were sectioned at 50 um (Leica CM3000 Cryostat). Sections were
blocked for 30 min in phosphate-buffered saline (PBS) with 0.3% Triton X-100 and 10% normal
donkey serum, then incubated with primary antibody (Goat anti-HA, Novus biologicals, NB600-
362, 1:1000) in block buffer (PBS + 0.3% Triton X-100 + 1% normal donkey serum) overnight.
Slices were washed and incubated in secondary antibody (Donkey anti-goat IgG conjugated to
Alexa Fluor 488, Jackson immunoresearch, AB_2340428, 1:1000) in block buffer for 2 h at room
temperature. After washing with PBS, the sections were stained with 4',6-diamidino-2-
phenylindole (DAPI) (19178-91, Nacalai tesque, 1 pg/ml). Following washing, the coverslip was
applied with antifade mounting medium (50% glycerol +2.5% DABCO in PBS). Stained neurons

were imaged on a Zeiss LSM 900 confocal microscope.
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4.4 Results

As a first step toward non-invasive cardiac neuromodulation, each animal was subjected to pulsed
ultrasound (1 MHz frequency, 30 s duration, 20 to 800 Hz PRF at 50% duty cycle) with 600 mVpp
output signal of the function generator which corresponds to a pressure of 1.24 MPa. The heart
rate change was recorded including 30 s of stimulation duration. As shown in Fig. 3A, typical
tachycardia was evoked specifically at 800 Hz PRF. And at 300 mVpp of output signal which
corresponds to about 0.63 MPa, there was no cardiac response during the 30 s stimulation (n =4,
data not shown). The maximum heart rate change from the baseline was distinguishable from the
other PRFs and the control group of tdTomato expression (Fig. 3B, p < 0.001, t-test). Note that
the calculation between the maximum and baseline heart rate did not exclude the fluctuation of
sinus rhythm in all conditions. I also tested the effect of PRF around 800 Hz and the same RVLM
region in the other hemisphere, which did not receive microinjection of AAVs (Fig. 13C), holding
all other parameters (i.e., pressure, duty cycle). The heart rate did not increase substantially except
for 800 Hz PRF with virus injection, reinforcing the idea that the cardiac response depends on the

expression of mechanosensitive ion channels and ultrasound stimulation at specific PRF.
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Figure 13. Ultrasound stimulation (grey area) evoked tachycardia at 800 PRF and 600 mVpp. (A)
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during stimulation and baseline heart rate in TRPC6 group and control group. (C) Ultrasound
stimulation at PRF around 800 Hz and on the hemisphere without injection did not evoke cardiac

effect.

I explored the expression of mechanosensitive ion channel in the RVLM region after ultrasound
stimulation. As shown in Fig. 14A, HA-positive neurons were found in the RVLM region, while
the lateral rostral ventromedial medulla (RVMM) region which also has vasomotor effect*® did
not express TRPC6 channel. To assess the biological safety of the ultrasound irradiation, DAPI
staining was used to evaluate cell apoptosis. The labeled cells with intact reticular formation show

no obvious cell damage in the target regions (Fig. 14B).
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Figure 14. Spatial distribution of neurons expressing TRPC6 after AAV vector injection. DAPI is

in blue and TRPC6 expressed neurons are in green as HA-tag of immunostaining.
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4.5 Discussion

The mechanism underlying ultrasound stimulation evoking neural activity is still ambiguous at
present. Two main effects have been considered during acoustic waves through tissues: thermal
and mechanical domains. Ultrasound induces an increase in temperature that is capable of
activating neurons whose membranes contain thermoresponsive ion channels, or increase blood
flow and vascular permeability. Mechanical effects are physical effects including acoustic
radiation force, acoustic streaming and cavitation. Acoustic radiation force arises from ultrasound
absorption, scattering, reflection, standing waves or other phenomena. These propagations of
acoustic waves result in the distribution of acoustic intensities, and lead to a steady pressure
during ultrasound application on the target. Acoustic streaming induces steady oscillations with
period equal to the fundamental frequency, and causes appreciable displacement of the cell
membrane. Ultrasound may elicit cavitation, which entails the formation and collapse of gaseous
cavities. The strong dependence of the stimulation effects on PRF that argues against a thermal
explanation is nearly fatal for the hypotheses of cavitation and acoustic streaming as well. Because
cavitation requires pressures larger than 5 MPa’®, the low pressure I used during these experiments
makes cavitation unlikely. The brain tissue has a speed of sound at about 1515 m/s, the 1 MHz
ultrasound deforms the cell membrane in a sinusoidal fashion along the wave length of ~1515 pm.
It is questionable whether such a huge deformation can activate a small TRPC6 ion channel.
Acoustic radiation force only creates movement during the on-phase of the ultrasound, and results
in no effect during the off-phase in a cycle. Thus, these findings implicate acoustic radiation force
as a major physical effect of ultrasound on neurons that expressed mechanosensitive ion channels.
While such spiked responses are inconsistent with previous studies that showed the gradual curve
between response and ultrasound PRF***". Tversen et al. also found that different types of neurons
showd preferential response to the patterns of amplitude-modulated ultrasound®®. Based on the
results of previous chapters, it is necessary to establish the relationship between parameters and
cardiac effect for precise heart rate regulation. Therefore, future work will be dedicated to varying

PRF in small range around 800 Hz and modulate waveforms for controlling cardiac effect.
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Chapter 5 General discussion

Sympathetic neuromodulation in medulla

Dysfunction of autonomic nervous system plays a crucial role in the development and progression
of many diseases. Therefore, modulating autonomic nervous system activity would be able to act
on the internal state of the body and compensate for dysfunctional nervous circuits leading to
disease. For decades, several devices have been developed as bioelectronic medicines for using
electrical pulses to communicate with the nervous system to improve health as neural prostheses”.
These devices mostly act on baroreflex and vagus nerve, which lack the scenario of sympathetic
neuromodulation. Novel neural engineering was developed to miniaturize electrical devices,
decipher and modulate neural signal patterns which are deployed as closed-loop strategies for the
detection of dysfunctional activity and achieve therapeutic effects'®. Although VLM neurons
receive inputs to regulate sympathetic output from other central regions including the
paraventricular nucleus of the hypothalamus, nucleus of the solitary tract, lateral tegmental field
and AS region. In this study, closed-loop control of the medulla can successfully intervene with
tonic sympathetic output and alter the heart rate at the target value, which depends on adjusting
stimulus frequency. This approach was also effective in the autonomic imbalance conditions
caused by drug injections, which implicate the endogenous feedback regulation of sympathetic
output may be limited and insufficient, and demonstrate potential therapeutic effects of medulla

neuromodulation.
Non-invasive neuromodulation toward controlling sympathetic hyperactivity

Sustained change of cardiovascular homeostasis is associated with both changes in hormones and
sympathetic nervous system. Brooks and Osborn have suggested a model stating that the raised
sympathetic nerve activity is induced by an increased level of circulating angiotensin II'”!, which
can directly modulate blood pressure via activation of angiotensin II type 1 receptor thus causing
vasoconstriction. The increase in blood pressure activates the baroreflex which leads to the
inhibition of sympathetic efferents and decrease of blood pressure. However, this reflex in the
nucleus of the solitary tract (NTS) can be reset to allow higher levels of blood pressure via the
angiotensin I mediated pathway'®?. The mechanism of central sympathetic activity evoked via
circulating angiotensin II has not been defined, probably involving the circumventricular organs
which lack a blood-brain barrier and are rich in angiotensin II type 1 receptors. The RVLM

103,104 which facilitates renin release from the

neurons regulate renal sympathetic nerve
juxtaglomerular apparatus. It can be assumed that elevated sympathetic activity and angiotensin

II level promote each other and are crucial to development of hypertension, together with a

29



baroreflex resetting in the NTS. Deep brain stimulation for sympathetic withdrawal has been

105,106

shown to effectively reduce blood pressure in refractory hypertension and centrally reset the

107 Ultrasound stimulation offers the advantages of non-invasive and free

blood pressure reflex
from side effects for central neuromodulation. Previous studies demonstrated depressor effect
using focused ultrasound'®'*. In this work, the RVLM neurons were successfully activated to
induce cardioexcitatory effects using sonogenetics. The limitations of applying ultrasound to
depressor CVLM in experiments are the extent and caudal position close to the skull, which hardly

complete specific stimulation and bring coordinate problem. Therefore, for future work, specific

activation of the parasympathetic neurons in the medulla using selective AAV vector is planned.
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