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Abstract

Baroreflex is the physiological mechanism for the maintenance of blood pressure and heart rate.
Impairment of baroreflex is not a disease per se. However, depending on severity, the eventuality of
baroreflex dysfunction varies from inconvenience in daily existence to curtailment of mobility to
death. Despite universal acceptance, neuronal traffic within the contemporary neural circuits
during the execution of baroreflex has never been visualized. By enhancing signal detection and
fine-tuning the scanning parameters, we have successfully implemented tractographic analysis of the
medulla oblongata in mice that allowed for visualization of connectivity between key brain stem
nuclei in the baroreflex circuits. When viewed in conjunction with radiotelemetric analysis of the
baroreflex, we found that under pathophysiological conditions when the disrupted connectivity
between key nuclei in the baroreflex circuits was reversible, the associated disease condition (e.g.
neurogenic hypertension) was amenable to remedial measures. Nevertheless, fatality ensues under
pathological conditions (e.g. hepatic encephalopathy) when the connectivity between key
substrates in the baroreflex circuits was irreversibly severed. MRI/DTI also prompted partial
re-wiring of the contemporary circuit for baroreflex-mediated sympathetic vasomotor tone, and
unearthed an explanation for the time lapse between brain death and the inevitable asystole
signifying cardiac death that follows.

Key words: Neuroimaging, Baroreflex-mediated vasomotor tone, Cardiac vagal baroreflex, Neural circuits,
Neurogenic hypertension, Hepatic Encephalopathy, Brain death.

Introduction

Perhaps the two most common physiological
measurements in clinical practice are blood pressure
(BP) and heart rate (HR), and the most fundamental
mechanism for short-term [1] and long-term [2] regulation
of BP and HR is the baroreflex. Based initially on
anatomical (tracers), physiological (stimulation or
lesion) and pharmacological (agonists and
antagonists) methodologies [3, 4] and later on Fos
expression [5], a well-established dogma of the
baroreflex neural circuits stipulates that an increase in

nerve impulses in the primary baroreceptor afferents
because of augmented BP detected by the arterial
baroreceptors will lead to excitation of neurons in the
nucleus tractus solitarii (NTS). From there, two
physiological consequences will ensue to normalize
BP. In cardiac vagal baroreflex, fibers from the NTS
will excite neurons in the nucleus ambiguus (NA),
which in turn reduces HR via the vagus nerve.
Simultaneously, outputs from the NTS will elicit a
baroreflex-mediated =~ decrease  in  sympathetic

http://lwww.thno.org



Theranostics 2016, Vol. 6, Issue 6

838

vasomotor tone by exciting the caudal ventrolateral
medulla (CVLM), which in turn inhibits the rostral
ventrolateral medulla (RVLM), a site that exerts a tonic
excitatory action on the sympathetic preganglionic
neurons in the thoracic spinal cord. Similarly, the
opposite events will take place to normalize a
reduction in BP. Impairment of baroreflex therefore
inevitably results in a hypertensive or hypotensive
state, and death in extreme cases [6].

Until recently [7], whether neuronal traffic in the
above-mentioned circuits actually takes place in the
brain stem during the execution of baroreflex has
never been visualized. This is because unlike the
forebrain, application of magnetic resonance imaging
(MRI) and diffusion tensor imaging (DTI) to the brain
stem, particular in mice, requires extraordinary efforts
to enhance signal detection and fine tune the scanning
parameters. Based on successful implementation of
tractographic analysis of the medulla oblongata in
mice, we report here that the prevalence of traffic
within the neural circuits of cardiac vagal baroreflex
and baroreflex-mediated sympathetic vasomotor tone
bears clinical implications that are dependent on the
physiological, pathophysiological and pathological
conditions.

Materials and Methods

Ethics statement

All experimental procedures carried out in this
study were approved by the Institutional Animal Care
and Use Committee of the Kaohsiung Chang Gung
Memorial Hospital, and were in compliance with the
guidelines for animal care and use set forth by that
committee.

Animals

Male adult C57BL /6 mice (26 + 3 g) purchased
from the Experimental Animal Center of the Ministry
of Science and Technology, Taiwan were used. Animals
were housed in an AAALAC International-accredited
Center for Laboratory Animals under temperature
control (24-25°C) and 12-h light-dark cycle (lights on
at 07:00 h). Standard laboratory rat chow and tap
water were available ad libitum.

MRI and DTI

Sequential MRI/DTI acquisition was performed
under isoflurane anesthesia in a 9.4T horizontal-bore
animal MR scanning system (Biospec 94/20, Bruker,
Ettingen, Germany). This scanning system is made up
of a self-shielded magnet with a 20-cm clear bore and a
BGA-12S gradient insert (12-cm inner diameter) that
offered a maximal gradient strength of 675 mT m! and
a minimum slew rate of 4673 Tms?l. It is also
equipped with a modified high performance

transmitter-receiver surface cryo-probe coil for signal
detection from the head of the mouse. As a routine,
high resolution T>-weighted sagittal anatomical
reference images were first recorded, using multislice
turbo rapid acquisition with refocusing echoes
(Turbo-RARE) sequence. Based on orientation of
landmark structures from the sagittal images
(Supplementary Table 1), Tx-weighted coronal
anatomical reference imaging was performed on 10
adjacent slices from a restricted area of the brain stem
that covered the medullary portion of the NTS, NA,
RVIM and CVLM using Turbo-RARE sequence
acquisition (Supplementary Table 2). Employing
identical spatial dimension as in the T,-weighted
coronal reference imaging, the connectivity between
those key brain stem nuclei in the circuits of cardiac
vagal baroreflex or baroreflex-mediated sympathetic
vasomotor tone was subsequently evaluated using the
spin echo-planar imaging-DTI sequence in the coronal
plane covering the same ten 200-pum slices without gap
(Supplementary Table 3). We chose a slice thickness of
200 pm and an in-plane voxel dimension of 94 pm for
this sequence because they provided the optimal
condition for our tractographic evaluation of the brain
stem. In preliminary experiments, by reducing the
slice thickness to 100 pm and increasing the number of
slice to 20, the repetition time was increased from 2500
ms to 5000 ms, the acquisition time from 33 min 45 s to
67 min 30 s, and the signal-to-noise ratio was
decreased from 25 to 10.

Post-processing of images

Post-processing of the image data entailed an
analysis of fiber tractography and determination of
DTI indices, using the National Taiwan University
DSI studio (http://dsi-studio.labsolver.org). At each
time-point, the fiber tracts between the NTS and NA
or the NTS and RVLM on both sides were selected for
tractographic evaluation. In addition,
regions-of-interest  (ROIs)-based  analysis  was
performed to quantify two DTI indices, fractional
anisotropy (FA) and number of fiber tracts [8]. Values
of FA, which ranged from 0 (isotropy) to 1 (maximum
anisotropy), were derived from the standard
deviation of the three eigenvalues (A1, A2, A3) of the
diffusion ellipse of probability density function.
Representative ~ colors  for  tractography  in
color-encoded FA maps were: blue, caudal-rostral; red,
left-right; and green, dorsal-ventral. We also measured
axial diffusivity (\;) and radial diffusivity (A.) to
determine the main eigenvalues of water diffusion in
the brain stem. To calculate fiber numbers, the tracts
that passed through both NTS and NA or NTS and
CVLM or RVLM were counted using the streamline
tracking method.

http://lwww.thno.org



Theranostics 2016, Vol. 6, Issue 6

839

Animal model of neurogenic hypertension

Intracerebroventricular ~ (i.c.v.)) infusion of
angiotensin II (Ang II) (Sigma-Aldrich, St. Louis, MO,
USA) [7] was delivered by an osmotic minipump
(Alzet1007D; Alzet Corp, Cupertino, CA, USA) for 7
days at 7.5 pg/h and a rate of 0.5 pL/h. The dose of
Ang II used was the same as in our previous study [7].
Lowering the dose to half in preliminary experiments
resulted in inconsistent responses in our experimental
indices.

Animal model of hepatic encephalopathy (HE)

A single intraperitoneal injection  of
azoxymethane (AOM; 100 pg/g) was delivered to
induce acute liver failure [9, 10]. Animals were
evaluated for prominent neurobehavioral changes
according to the classifications by the West Haven
scale [11, 12].

Blood pressure and heart rate recording by
radiotelemetry and determination of
spontaneous baroreflex

Similar to our previous study [7, 13], BP of
animals was recorded by radiotelemetry under a
conscious state in their home cages using telemeters
(TA11PA-C10; Data Sciences International,
Minneapolis, MN, USA) that were surgically
implanted 14 days before commencement of the
experiment. The transmitted BP signals were digitized
and processed by an arterial blood pressure analyzer
(APR31a, Notocord Systems, Croissy-Sur-Seine,
France) based on feature extraction to detect and
measure the characteristics of BP cycles. Systolic blood
pressure (SBP), mean arterial pressure (MAP) and HR
were derived from the BP waveforms on a beat-by-beat
basis.

Continuous, on-line and real-time auto-spectral
analysis (SPA10a, Notocord) of SBP signals was used
to detect temporal fluctuations of the low-frequency
(BLF; 0.15-0.6 Hz) component in the SBP spectrum [7].
We demonstrated previously [14] that the power
density of this spectral band is a valid index for
baroreflex-mediated sympathetic vasomotor tone. To
evaluate the cardiac vagal baroreflex, we employed a
baroreflex sequence analyzer (BRS10a, Notocord) to
determine baroreflex sensitivity (BRS) based on
on-line detection of spontaneous sequences of
consecutive increases or decreases in SBP associated
with parallel changes in HR [15]. Concurrent 24-h
changes in SBP, MAP, HR, power density of the BLF
band, BRS and activity of the animals were
continuously recorded. The averaged values of those
parameters recorded between11:00 and 15:00 daily in
the neurogenic hypertension model, or every hour in
the HE model, were taken to represent the daily or

hourly results.

Blood chemistry

Blood samples for measurement of aspartate
aminotransferase (AST), alanine aminotransferase
(ALT), total bilirubin (T-Bilirubin), or albumin were
taken before and after AOM administration.
Approximately 0.2 ml of blood sample was
centrifuged at 2000 g for 15 min. The serum levels of
AST, ALT, T-Bilirubin, or albumin were determined by
an autoanalyzer (Fujifilm, Tokyo, Japan).

Reactive oxygen species (ROS)/reactive
nitrogen species (RNS) assay

Total ROS/RNS in NTS or RVLM tissue was
measured by a ROS/RNS assay kit (Cell Biolabs, San
Diego, CA, USA) according to the manufacturer's
protocol. Fluorescence intensity, which is proportional
to the total ROS/RNS levels within the sample, was
read at 480 nm excitation/530 nm emission in a
fluorescence plate reader (Gemini EM; Molecular
Devices, Sunnyvale, CA, USA).

Histological examination

The liver and brain stem were removed
immediately after sacrifice and fixed in 10%
neutral-buffered formalin for 24 h. The tissues were
dehydrated, embedded in paraffin, sectioned at 4 pm
thickness, and stained by hematoxylin and eosin
(H&E) for histopathological examination.

Statistical analysis

All values are expressed as means = SEM.
One-way or two-way analysis of variance with
repeated measures was used to assess the group
means, as appropriate, followed by the Dunnett
multiple-range test for post hoc assessment of the
individual means. P < 0.05 was taken to indicate
statistical significance.

Results

Visualization of connectivity between key brain
stem nuclei in the baroreflex circuits in mice

Tractographic analysis of the baroreflex neural
circuits, particularly in mice, requires extraordinary
efforts to fine tune the scanning parameters because of
the size of the brain stem. Employing a 9.4T
horizontal-bore animal MR scanning system equipped
with a cryo-probe coil (Figure 1), we were able to
visualize the connectivity between key brain stem
nuclei in the baroreflex circuits in mice. This was
achieved via systematic optimization of the scanning
parameters for Tr-weighted sagittal anatomical
reference imaging of the brain (Supplementary Table
1), coronal anatomical imaging of a restricted brain

http://lwww.thno.org



Theranostics 2016, Vol. 6, Issue 6

840

stem area that contains the medullary portion of NTS,
NA, RVLM or CVLM (Supplementary Table 2), and
imaging the connectivity between these medullary
nuclei using spin echo-planar imaging-DTI sequence
(Supplementary Table 3). When viewed in conjunction
with changes in BP, HR, and indices of cardiac vagal
baroreflex or baroreflex-mediated sympathetic
vasomotor tone obtained by radiotelemetry coupled
with power spectral analysis (Figure 1), these
tractographic data revealed reversible and irreversible
alterations of the baroreflex neural circuits that bear
important clinical implications. Visualization of the
connectivity between key brain stem nuclei also
prompted partial re-wiring of the contemporary circuit
for baroreflex-mediated sympathetic vasomotor tone,
and unearthed an explanation for the time lapse
between brain death and the inevitable cardiac death
that follows.

Neurogenic hypertension: A case of
pathophysiological changes in baroreflex
because of reversible disruption of functional
connectivity between key brain stem nuclei in
the neural circuits

Neurogenic hypertension refers to a chronic
hypertensive state that is not induced by defects of

peripheral organs or blood vessels, but is
consequential  to  depressed  baroreflex. A
well-established animal model for neurogenic

hypertension [7] entailed i.c.v. infusion of Ang II by
osmotic minipump (Figure 1). In male adult C57BL /6
mice instrumented for physiological measurements by
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radiotelemetry under conscious conditions in their
home cage (Figure 1), i.c.v. infusion of Ang Il (7.5 pg/h
at 0.5 pL/h) for 7 days elicited a significant elevation
in MAP or HR and reduction in physical activity
(Days 2 and 7; Figure 2b,d) that returned to basal
levels over time (Day 21; Figure 2b,d). Determined by
the slope method and presented as the spontaneous
BRS [7, 13, 15], the cardiac vagal baroreflex underwent
a significant reduction that mirrored temporally the
increase in HR (Figure 2b,d). Likewise, determined by
the power density of the BLF component of the SBP
spectrum [13, 15, 16], the baroreflex-mediated
sympathetic vasomotor tone exhibited a significant
increase that paralleled temporally the elevation in
MAP (Figure 2b,d).

Tractographic analysis based on MRI/DTI of the
medulla oblongata further revealed that under basal
SBP and HR, there was robust connectivity between
the NTS and NA or NTS and RVLM. Both NTS-NA
and NTS-RVLM connectivity was substantially
reduced (Days 2 and 7; Figure 2a) when visualized
during sustained hypertension or tachycardia and
depressed cardiac vagal baroreflex or
baroreflex-mediated sympathetic vasomotor tone.
More importantly, the connectivity between the NTS
and NA or NTS and RVLM (Day 21; Figure 2a) was
re-established when MAP, HR, BRS or BLF power
returned to their basal levels (Figure 2b).
Quantification of the magnitude of NTS-NA or
NTS-RVLM connectivity by two DTI indices yielded
comparable results. The temporal changes in the

Marker Position

T2WI FA mapping and

Tractography

Figure 1. Flowchart of the experimental setup and procedures for MRI/DTI and radiotelemetry in conjunction with neurogenic hypertension and
hepatic encephalopathy. In the neurogenic hypertension model, mice received intracerebroventricular (.C.V.) infusion of angiotensin (Ang Il) by osmotic minipump via
a MRI confirmed implantation of cannula into the lateral ventricle (yellow arrow). In the hepatic encephalopathy model, mice received intraperitoneal (I.P) administration of
azoxymethane (AOM). These mice may also be instrumented for radiotelemetric recording of their blood pressure under conscious state in their home cage; and the
computer processed cardiovascular parameters, including indices for the baroreflex, were displayed continuously. In association with a cryo-probe, these mice may also be
subjected first to high resolution T-weighted sagittal anatomical reference image to demarcate the area of the brain stem for tractographic analysis with DTI. This was

followed by T7-weighted coronal anatomical reference image showing locations of the key sites in the baroreflex neural circuits. Finally, fractional anisotropy (FA) maps of
the brain stem were generated, and were used to quantify the DT indices on the connectivity between those key sites.
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respective FA and number of fiber tracts (Figure 2c)
paralleled those of the cardiac vagal baroreflex (Figure
2d) or mirrored the baroreflex-mediated sympathetic
vasomotor tone (Figure 2d), and were accompanied by
changes in tissue levels of ROS/RNS in the NTS or
RVLM that also exhibited a mirror-image pattern
(Figure 2d). Likewise, the significant reduction in A in
the brain stem on Days 2 and 7 returned to baseline
level on Day 21 (Table 1), without significant changes
in A\, at all time-points evaluated. As a negative
control, on the other hand, tractographic analysis of
the bilateral pyramidal tracts, which do not play a role
in cardiac vagal baroreflex or baroreflex-mediated
sympathetic vasomotor tone, showed consistent DTI
images and FA values only in the caudal-rostral
direction (Figure 4a) before, during and after ic.v.
infusion of Ang IL

Table 1. Axial diffusivity (A1) and radial diffusivity (A.) values in the
brain stem of mice after infusion of angiotensin Il (Ang II).

Brain Stem
A (x104 mm2/s) AL (x104mm2/s)
Basal 9.40+0.14 6.52£0.12
Ang 11 Day 2 751 +0.28 6214013
Ang Il Day 7 7.58 + 0.26* 6.20+0.11
Ang Il Day 21 9.40 £ 0.25 6.53+0.16

Values are mean + SEM, n = 7 animals per group. *P < 0.05 versus pre-infusion
control (Basal) group in the post hoc Dunnett multiple-range analysis.

Hepatic encephalopathy: A case of
pathological changes in baroreflex because of
irreversible disruption of functional
connectivity between key brain stem nuclei in
the neural circuits

HE is most commonly seen in patients with
advanced liver cirrhosis and severe hepatocellular
dysfunction [17, 18]. In acute hepatic failure, the onset
of encephalopathy is an indication for liver
transplantation [19], without which results in 50-90%
mortality [20]. Male adult C57BL /6 mice that received
a single intraperitoneal injection of AOM (100 pg/g)
exhibited typical clinical markers of liver damage,
including a significant and progressive increase in
serum levels of AST, ALT, T-Bilirubin or albumin
(Supplementary Table 4), along with necrotic cell
death and neutrophil infiltration in the liver
(Supplementary Figure 1). All animals died within
24-30 h after AOM administration.

Results from radiotelemetry (Figure 3b,d)
revealed a significant increase in physical activity at 2
h, followed by a progressive decline typically
exhibited by patients with HE. HR was maintained
and even elevated during the first 12 h, followed by a
significant decrease to a level that was sustained until

the abrupt occurrence of asystole around 24 h
signifying cardiac death (Figure 3b, fine dotted line).
As reflected by the spontaneous BRS, cardiac vagal
baroreflex persisted until shortly before the abrupt
occurrence of cardiac arrest despite a significant
depression that began at 12 h. MAP underwent a
significant increase (2 h) followed by a decrease that
began at 12 h, approaching zero around 24 h.
Intriguingly, the power density of the BLF component
in the SBP spectrum already underwent drastic
reduction that began at 12 h. This index of
baroreflex-mediated sympathetic vasomotor tone
reached zero (Figure 3b, gross dotted line) before the
occurrence of asystole. Clinically, this signifies brain
death in comatose patients despite the presence of
reasonable SBP and maintained HR [21-23].

Tractographic analysis of the brain stem again
revealed that the temporal changes in connectivity
between the NTS and NA (Figure 3a) during the
course of HE manifested a trend that resembled that of
the spontaneous BRS (Figure 3d). The robust NTS-NA
connectivity was maintained during the first 2 h, to be
followed by a reduction at 12 h. Complete disruption
of the connectivity between the NTS and NA only
took place towards the end of the 24-h observation
period. Likewise, the temporal changes in
connectivity between the NTS and RVLM (Figure 3a)
during experimental HE manifested a trend that
resembled that of the power density of the BLF
component of SBP spectrum (Figure 3d). Of note is
that the NTS-RVLM connectivity was eliminated
beginning at 12 h, without returning at 24 h,
coincidental with the significant reduction in
baroreflex-mediated sympathetic vasomotor tone.
Again, quantification by FA and number of fiber
tracts revealed comparable results (Figure 3c). There
was also a significant reduction in Ay in the brain stem
at 12 h after AOM treatment, with further decrease at
24 h (Table 2), although changes in A, were
insignificant. Biochemical data showed a trend of
elevated ROS/RNS in the NTS, reaching significance
at 24 h for NTS. On the other hand, significant increase
in ROS/RNS was already detected in the RVLM at 12
h (Figure 3d). Morphologically, damaged neurons
characterized by shrunken cell body, intensive
eosinophilic cytoplasm, and pycotic nucleus that lacks
discernible nucleolus were found in both NTS and
RVLM at 24 h (Supplementary Figure 2). In addition,
as a negative control, tractographic analysis of the
bilateral pyramidal tracts (Figure 4b) showed
consistent DTI images and FA values only in the
caudal-rostral ~direction during the course of
experimental HE.
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Figure 2. Reversible disruption of baroreflex neural circuits in neurogenic hypertension. (a,b) lllustrative examples of imaging connectivity between the NTS and NA
or RVLM by DTI (a) or mean arterial pressure (MAP), heart rate (HR), power density of the low-frequency (BLF) component of the SBP spectrum, an index for
baroreflex-mediated sympathetic vasomotor tone, baroreflex sensitivity (BRS), an index for cardiac vagal baroreflex, or physical activity measured by radiotelemetry (b) in mice
before (Basal), during (Day 2 or Day 7) and after (Day 21) I.C.V. infusion of Ang Il for 7 days. Note that in this and Figure 3, representative colors for tractography in color-encoded
FA maps are: blue, caudal-rostral; red, left-right; and green, dorsal-ventral. (c,d) Temporal changes in FA or number of tracts connecting the NTS and NA or RVLM, quantitative
indices for the magnitude of connectivity in DTI analysis (c), the cardiovascular parameters and activity, or tissue levels of reactive oxygen species/reactive nitrogen species
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the post hoc Dunnett multiple-range analysis. (e) Diagrammatic illustration of the pathophysiological changes in baroreflex because of reversible disruption of connectivity
between key brain stem nuclei in the neural circuits during neurogenic hypertension. Note resumption of physiological condition and connectivity when the impending condition
of oxidative stress (shade in yellowish brown) in the NTS or RVLM was removed. Solid line denotes connectivity, dashed line denotes disrupted connectivity, arrow head denotes
excitation, and “1” denotes inhibition.
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Figure 4. Lack of effects on connectivity in the pyramidal tracts during neurogenic hypertension and hepatic encephalopathy. (a,b) lllustrative example of
imaging the bilateral pyramidal tracts (PY) in mice by DTl or the associated temporal changes in FA, quantitative index for the magnitude of connectivity in tractographic analysis,
before (Basal or B), during (days 2 or 7) or after (day 21) intracerebroventricular infusion of Ang Il to induce neurogenic hypertension (a); or before (Basal or B) and after (2, 12
or 24 h) intraperitoneal administration of AOM (b). Values of FAin (a,b) are mean + SEM, n = 7 animals. No statistical significance among all groups (P > 0.05) in two-way ANOVA
with repeated measures. Note consistent presence of caudal-rostral connectivity coded in blue, and the lack of dorsal-ventral connectivity coded in green.

Table 2. Axial diffusivity (A1) and radial diffusivity (A.) values in the
brain stem of mice after administration of azoxymethane (AOM).

Brain Stem

A (x104 mm?2/s) A (x104mm?/s)
Basal 9.40+0.15 6.52£0.14
AOM 2h 9.42+0.23 6.61+0.17
AOM 12h 8.74+0.17* 6.49 +0.10
AOM 24h 6.85 + 0.49* 5.99+0.31

Values are mean + SEM, n = 7 animals per group. *P < 0.05 versus pre-infusion
control (Basal) group in the post hoc Dunnett multiple-range analysis.

Absence of connectivity between NTS and
CVLM

The contemporary dogma stipulates that the
CVLM participates in baroreflex-mediated
sympathetic vasomotor tone by acting as a synaptic
relay that connects the NTS to the RVLM.
Functionally, CVLM exerts an inhibitory action on
RVLM neurons involved in the tonic and reflex control
of sympathetic vasomotor tone (Figure 5c) [3-5].
Interestingly, in an anterior-posterior presentation of
the FA map of the medulla oblongata, we rarely (P <
0.0001, Chi-square analysis) detected the obligatory
presence of connectivity between NTS and CVLM
under basal conditions (3 out of 56 observations) or
during neurogenic hypertension (1 out of 28
observations) or HE (2 out of 28 observations).
Nevertheless, commensurate temporal changes in
NTS-RVLM connectivity and baroreflex responses
depicted in Figs. 2 and 3 were continuously
manifested (Figure 5a,b). Our visualization of the
baroreflex at work therefore necessitates partial

re-wiring of the circuit for baroreflex-mediated
sympathetic vasomotor tone (Figure 5c).

Discussion

Visualizing the baroreflex neural circuits in
brain stem is now feasible

This is the first time when tractographic analysis
of the neural circuits of cardiac vagal baroreflex and
baroreflex-mediated sympathetic vasomotor tone in
the mouse medulla oblongata became feasible.
Whereas MRI/DTI of the forebrain has been published
extensively, application of this technique to the brain
stem, particularly in mice, has been dearth. One
obvious reason is the size of the mouse brain stem. In
addition, the location of the brain stem beneath the
cerebellum and in an oblique position from the
horizontal plane of the cortical surface makes its
accessibility by MRI difficult. One approach, as
suggested by Kim and Song [24], is to apply an angled
restraining device to the head of the mouse to produce
an angle between the brain stem/cervical spinal cord
and the rest of the mouse body. Since this is not a
natural position for the mouse and would exert extra
stress on the animal, we have resorted to placing the
cortex in its horizontal position but improved signal
detection from the head of the mouse by using a high
performance transmitter-receiver surface cryo-probe
coil. Together with systematic optimization of the
scanning parameters, we were able to obtain high
quality T,-weighted sagittal anatomical reference
images of the brain, coronal anatomical images of the
medulla oblongata, and DTI images of the
connectivity between key components of the
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baroreflex circuits. More importantly, when viewed in
conjunction with our physiological indices, our
tractographic data revealed that whether alterations of
the baroreflex neural circuits are reversible or
irreversible bear important clinical implications.

Our study design was based on the fundamental
premise that DTI uses diffusion of water molecules as
the probe to offer two pieces of information, diffusion
anisotropy and fiber orientation, and tractographic
analysis can be used to investigate brain connectivity.
We reasoned that since the passage of action
potentials along the axon will create prominent
anisotropy, a decrease in FA can be taken to infer
reduction or cessation of impulse traffic between two
brain structures, which we termed disruption or
severance of functional connectivity. Importantly, the
significant reduction in A} and the insignificant
changes in A. measured in the brain stem during
neurogenic hypertension and experimental HE
further ascertained that the disrupted NTS-NA or

tractographic analysis is restricted to water diffusion
in the dorsal-ventral direction, the trajectory of the
fiber tracks that connect the NTS and NA or the NTS
and RVLM.

Why study the baroreflex and brain stem?

We are cognizant that the baroreflex and brain
stem are not limelight study subjects despite their vital
importance. Whereas contemporary medical research
places major emphasis on molecular and cellular
information, one often forgotten fact is that BP and HR
are most probably the first two primary vital signs
measured from a patient. As the fundamental
mechanism responsible for the maintenance of BP and
HR, the eventuality of impairment of baroreflex may
vary from inconvenience in daily existence to serious
curtailment of mobility to death. Another often
forgotten fact is that the functionality of the brain stem,
not the forebrain, defines life-and-death [3]. Although
patients in a persistent vegetative state (PVS) because

NTS-RVLM  connectivity ~ revealed by our of supratentorial lesions suffer from the worse degree
of functional brain damage compatible with

rolonged survival [25] and displa
a Ang Il b AOM Eo awfreness of external s’timuli%)th}ej
Basal D2 D7 D21 Basal _2h 1h 24h Multi-Society Task Force on PVS [26,
27] stipulates that their vital
vegetative  functions such as

NTS
RVLM

CVLM

IML

.:._Lq—/

Blood vessels

= A

 —

Figure 5. Partial re-wiring of the contemporary baroreflex neural circuit. (a,b) lllustrative examples of
imaging connectivity between the NTS and the rostral (R) or caudal (C) ventrolateral medulla (VLM) by an
anterior-posterior presentation of the FA map of the medulla oblongata in the neurogenic hypertension (a) or

Blood vessels

maintained BP and cardiac action
are preserved. On the other hand,
the importance of the brain stem to

brain death is reflected in two
memoranda  issued by  the
Conference of Medical Royal

Colleges and their Faculties in the
UK. The first one [28], issued in 1976,
emphasizes “permanent functional
death of the brain stem constitutes
brain death”. The second
memorandum [29], issued in 1979,
identifies brain stem death with
death itself. Previous work from our
laboratory also demonstrated that
defunct baroreflex is causally related
to brain death [6, 21-23], and
whether cardiopulmonary
resuscitation is successful depends
on whether brain death has ensued
in the subject [30]. It follows that
studying the baroreflex and brain
stem is of vital importance.

hepatic encephalopathy (b) model. (c) CVLM as an intermediate between the NTS and RVLM in the neural circuit
for baroreflex-medicated sympathetic tone depicted in the classical literature (left side). An inhibitory input
directly from the NTS to RVLM that in turn lessens the tonic excitatory action of these premotor sympathetic
neurons on vasomotor tone in the re-wired circuit as revealed by DTI (right side). Solid line denotes connectivity,
dashed line denotes putative non-existent connectivity, arrow head denotes excitation, and *“_L” denotes
inhibition. IML, intermediolateral column where preganglionic sympathetic neurons are located.
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MRI/DTI of the brain stem necessitates partial
re-wiring of the contemporary neural circuit
for baroreflex-mediate sympathetic vasomotor
tone

One surprising finding from visualization of the
baroreflex at work is the almost lack of connectivity
detected between the NTS and CVLM under basal
conditions and during neurogenic hypertension or
HE. On the other hand, there were prominent
temporal alterations in functional connectivity
between the NTS and RVLM that were commensurate
with the time-course changes in baroreflex-mediated
sympathetic vasomotor tone under the same
experimental conditions. Those findings therefore
necessitate partial re-wiring of the circuit that includes
CVLM as an intermediate between the NTS and
RVLM depicted in the classical literature [4] (Figure
5c, left side). Direct projection of barosensitive
neurons in the NTS to the RVLM has been reported
[5], as is the possibility for those NTS neurons to
synapse with GABAergic interneurons in the RVLM
[31]. As such, it 1is conceivable that the
baroreflex-mediated sympathetic vasomotor tone of
mice in our study is sustained by a tonic inhibitory
input from the NTS to RVLM, which in turn lessens
the tonic excitatory action of these premotor
sympathetic neurons on vasomotor tone (Figure 5c,
right side).

Unearthing an explanation for the time lapse
between brain death and cardiac death

In a series of articles on brain death
commissioned by the British Medical Journal [32], Pallis
pointed out succinctly that “brain stem death is the
physiological kernel of brain death, the anatomical
substratum of its cardinal signs (apnoeic coma with
absent brain stem reflexes), and the main determinant
of its invariable prognosis: asystole within hours or
days”. The presence of an interim when cardiac
functions are sustained after brain death until the
invariable asystole (cardiac death) takes place is one of
the driving forces for recognizing brain death as the
legal definition of death in the US, UK and many other
countries [32-36]. This time-window is vitally
important for transplantation, which requires organ(s)
retrieved from the donor to be in a relatively
functional condition. Our results from MRI/DTI and
radiotelemetry provided direct evidence to support
the notion that unceasing cardiac vagal baroreflex
because of the sustained connectivity between the
NTS and NA, leading to the preservation of cardiac
functions, is responsible for the vital period between
brain death and the abrupt occurrence of cardiac
death that inevitably follows.

Clinical implications

Operated under physiological conditions (Figs.
2e and 3e), the cardiac vagal baroreflex and
baroreflex-mediated sympathetic vasomotor tone are
responsible for the maintenance of BP and HR [3].
Nonetheless, as exemplified by neurogenic
hypertension (Figure 2e), a pathophysiological
condition (increase in HR, sympathetic vasomotor
tone and BP) is created when the connectivity
between the NTS and NA and between the NTS and
RVLM is disrupted because of oxidative stress
induced by Ang II in the NTS and RVLM [7, 37, 38].
Intriguing, the disrupted connectivity is reversed
when the impending oxidative stress is no longer
present (Day 21) or when antioxidant is applied to the
NTS [7] or RVLM (data not shown), resulting in the
resumption of physiological condition when HR, BP
and cardiac vagal baroreflex and baroreflex-mediated
sympathetic vasomotor tone return to baseline. In
addition to BP, central administration of Ang II is
known to induce drinking and salt appetite [39, 40],
and to suppress food intake [41, 42]. Whether those
Ang Il-induced effects may impact on our results
remained to be investigated because our experimental
design did not call for their measurement. Suffice to
say, water intake elicited by i.c.v. Ang Il has been
reported to be inversely related to changes in MAP in
the absence of sinoaortic baroreceptor input [43]. It
follows that our observed changes in MAP and
baroreflex in our model of neurogenic hypertension may
bear minimal interactions with icv. Ang Il-induced
drinking responses.

Under pathological conditions, defunct
baroreflex has been demonstrated to be causally
related to brain death in comatose patients [6, 21-23],
and animal models of organophosphate poisoning [30,
44-48], endotoxemia [49-52], or fatal
methamphetamine intoxication [53, 54]. Intriguingly,
nitrosative stress induced by peroxynitrite formed by a
reaction between nitric oxide and superoxide in key
nuclei of the baroreflex circuits is identified as the
culprit [54]. As exemplified by HE (Figure 3e), a
pathophysiological condition (decrease in HR,
sympathetic tone and BP) is created when the
connectivity between the NTS and RVLM is disrupted
initially because of oxidative stress induced by AOM
in the NTS. The ultimate severance of this NTS-RVLM
connectivity takes place on shifting oxidative stress to
nitrosative stress (formation of peroxynitrite) in the
NTS, leading to cessation of action potentials because of
the induced cell damage in this medullary site. Together
with the formation of peroxynitrite in the RVLM, the
BLF power disappeared, signifying that brain death [6,
21-23], which precedes cardiac death, has ensued
during the final, pathological stage of HE, a process
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that is irreversible. We recognize that both
demyelination and axonal injury result in lower
anisotropy. Animal studies reported that whereas
demyelination often leads to an increase in A. [55],
axonal injury is associated with a loss of Ay [56]. It
follows that the reduction in Ay and the insignificant
changes in A. observed in our study suggested that
axonal injury may also underlie the disrupted
NTS-RVLM or NTS-NA connectivity. This suggestion,
however, awaits further delineation.

Conclusion

Determination of neural fiber density by D11 has
been widely used in studies on neural degeneration
[67-59] and brain white matter disorders such as
multiple sclerosis, ischemia, traumatic brain injury
and cerebral stroke [60-62]. The present study revealed
that in addition to morphological evaluations,
tractographic analysis of the baroreflex neural circuits
offers a hitherto unexplored research dimension on the
engagement of baroreflex in cardiovascular functions.
In particular, we found that under pathophysiological
conditions when the disruption of the functional
connectivity between key substrates in the baroreflex
circuits is reversible, the associated disease condition
is amenable to remedial measurements. On the other
hand, fatality ensues when pathophysiological
conditions evolve to pathological conditions when the
functional connectivity between key substrates in the
baroreflex circuits is irreversibly severed. Our findings
may therefore be extended to the clinic to aid in the
design of alternative therapies based on the principle
of reversing a pathophysiological condition to a
physiological ~ condition, or  preventing a
pathophysiological condition from evolving to a
pathological condition, wusing reversibility —of
disrupted neural circuits as a guide.
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