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Editorial on the Research Topic

Central Cardiovascular and Respiratory Control: New Techniques, New Directions,

New Horizons

INTRODUCTION

How the brain controls blood pressure and respiration has fascinated physiologists for over a
century. The cardiovascular and respiratory regulatory systems are tightly coupled, operating
within a narrow range to maintain blood pressure, O2, and CO2 relatively constant, but with
the capacity to operate at different levels according to behavioral or environmental requirements.
For a long time, we have known that a decerebrate animal can breathe and maintain its blood
pressure with only the brainstem intact.We have learntmuch about the circuitry within themedulla
required for the beat-to-beat control of blood pressure and heart rate, and the circuitry within
the medulla and pons required for the generation of tidal breathing. We have also learnt about
the roles of other subcortical structures, such as the hypothalamus and amygdala, in homeostatic
regulation of blood pressure and respiration, and the contributions of cortical structures to this
control. Much of this knowledge has come through the development of novel techniques, such
as viral tracing of pathways, use of the working-heart brainstem preparation and, most recently,
optogenetics. New directions that have also changed our focus relate in particular to the genetic
and “omics” revolution which has transformed biomedical research in recent years. New models
with tissue-specific over-expression, constitutively active receptors and dominant negative genetics
have been developed and continue to increase our physiological understanding of these complex
systems regulating blood pressure and respiration and how they change during states of disease.
There are also new technologies such as CRISPR/Cas9 to enable global, conditional and targeted
gene editing. The discoveries of the exquisite detail involved in intracellular signaling, second
messengers and biochemical pathways as well as post-transcriptional modulation have markedly
enhanced our understanding of regulatory influences and have increased our understanding of
physiological processes to a new height.

It is clear that physiologists and pharmacologists will need to be able to integrate a vast
array of information to be able to translate preclinical to clinical phases of discovery. Progress
continues to be made in identifying the functional connectomes responsible for cardiovascular
and respiratory control, and we are now at the stage where some of the work conducted in
anesthetized or conscious animals is being pursued in humans through brain imaging. But
where does the future lie? What research should we be doing, how should we do it and where
will that lead? This Research Topic builds on an annual meeting held in Australia for over
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25 years, in which neuroscientists meet to discuss their latest
work in central cardiovascular and respiratory control. We have
14 excellent papers in the Research Topic which includes 6
reviews and 8 original articles. Of these, 5 were published in the
Frontiers in Neuroscience section while the remaining 9 were
published in Frontiers in Physiology and have been viewed over
50,000 times so far. One of the reviews, by Saleeba et al. and
Saleeba et al., provides an accessible “how-to guide” to all the
approaches that have been used to identify functional networks
within the brain. Geared to the student, but also suitable for
the avid experimentalist, this article has been hugely popular.
Given that it has been viewed >27,000 times it is safe to say that
these approaches continue to intrigue and to offer unprecedented
access to the networks of the brain. Needless to say, new
techniques continue to be developed, and novel applications for
their use will continue to allow progress in studying the pathways
responsible for cardiovascular and respiratory control.

NEW DIRECTIONS IN HUMAN

AUTONOMIC RESEARCH

Anumber of the contributions highlighted new and sophisticated
techniques for analyzing autonomic function in humans. For
example, a novel means of assessing sympathetic outflow
non-invasively in humans has been proposed by Jendzjowsky
et al.. Using optical coherence tomography, a means of
imaging the different layers of the retina as well as the
overlying blood vessels, the authors show that choroid vascular
perfusion density (VPD) correlates very well with muscle
sympathetic nerve activity (MSNA), recorded via an intraneural
microelectrode: the higher the MSNA the lower the VPD
(Jendzjowsky et al.). Interestingly, there was no relationship
between MSNA and retinal VPD, suggesting the latter is not
under sympathetic control, while choroid VPD decreased during
the cold-pressor response and during an apnoea, maneuvers
known to increase MSNA. Importantly, this means that imaging
the eye allows one to examine sympathetic vasoconstrictor
drive and vascular reactivity together and non-invasively.
Another human imaging study, in which functional magnetic
resonance imaging (fMRI) of the brain is performed at the
same time as recording MSNA has revealed the functional
location of the human homolog of the rostral ventrolateral
medulla (RVLM), which plays a key role in the generation
of MSNA (Macefield and Henderson). This combination of
imaging and recording sympathetic activity is unique to these
investigators and has provided an amazing insight into the
pathways and nuclei involved in regulation of sympathetic
activity. However, the technology has been further extended
so that Macefield and Henderson have been able to show that
changes in activity in this nucleus can be measured through
brain imaging, revealing excitatory, and inhibitory mechanisms
during sympatho-excitatorymaneuvers and extending their work
on MSNA-coupled fMRI to uncover operation of the human
sympathetic connectome. The interesting aspect of this work
is the connections from the prefrontal cortex highlight the
importance of the cortex and perception of the environment.

On that theme (Faull et al.) found the perception of the
exertion involved in exercise was influenced by a state of
ketoacidosis. Interestingly, the rating of perceived exertion was
more influenced by localized perception of breathlessness and
discomfort in the exercising legs rather than the presence of
acidosis, but overall suggests that there is a complex interplay of
humoral signals which may have evolved to cope with exertion
under times of extreme metabolic stress. The considerable
advancement in precise imaging coupled with neural recording
and stimulation technology for studying human physiology are
now enabling us to gain a new insight into the complexities of
autonomic function.

NEW DIRECTIONS IN PRE-CLINICAL

AUTONOMIC RESEARCH

In the area of basic autonomic research, a number of
contributions to the topic have included technically sophisticated
and cutting-edge technology. Abukar et al. examined a novel
micro embolism model of heart failure in sheep to determine
the extent of any changes to neural control as well to determine
whether this model reflected human heart failure. The technique
involves using three sequential embolizations over 3 weeks and
to study the animals 12–14 weeks later when heart failure
was evident, as indicated by elevated left ventricular end-
diastolic pressure (Abukar et al.). Assessment of neural control
involved examining the heart rate and blood pressure baroreflex
relationship, which was markedly reduced in the heart failure
group compared to the control animals. Importantly, these
findings and other aspects of the model in generating increased
respiratory rate and incidence of apnoea suggests that this large
animalmodel of heart failure replicates the neural and respiratory
instabilities seen in the human form of the disease. Zhang et al.,
using an interesting model of volume overload in rats, tested
the influence of the sympathetic nervous system using bilateral
stellate ganglionectomy and found significant improvement in
cardiac fibrosis associated with decreased cardiac norepinephrine
and TGF beta-1 release. Dhingra et al. explore the critical
brainstem nuclei involved in respiratory rhythmogenesis, and
the contributions of neighboring nuclei in furnishing the normal
respiratory pattern through an elegant series of experiments
conducted in the working heart-brainstem preparation. They
demonstrated that balance of excitation and inhibition exerted
onto the central network determines the overall respiratory
pattern. In terms of sensory feedback, Driessen presents novel
data on the central projections of afferents traveling in the
trigeminal, vagus, glossopharyngeal, and spinal nerves, and the
role of a hitherto largely unknown nucleus in the lateral medulla,
the paratrigeminal nucleus, in multimodal processing of visceral
sensory information and its integration for respiratory and
cardiovascular control. Continuing on the theme of respiration,
and its interaction with cardiovascular control, using the acute
intermittent hypoxia (AIH) model, Farnham et al. argue that
a specific excitatory amino acid, PACAP, is responsible for the
sympatho-excitation resulting from AIH, as shown by direct
injection of PACAP into the RVLM. They suggest this may
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be involved in the hypertension associated with obstructive
sleep apnoea. Dereli et al. identify several brainstem sites in
which long-term hypercapnia leads to blunted chemosensitivity,
offsetting the increase in ventilation that results from elevated
CO2 levels, with the neuropeptide galanin playing a key role.

There is increasing interest in non-drug therapies for the
treatment of hypertension. A quite novel approach has been to
use electroacupuncture, which appears to be quite effective in
producing a sustained decrease in blood pressure (Li et al., 2015).
However, the mechanisms aren’t well-understood. Malik et al.
examined whether adenosine in the rostral ventrolateral medulla
contributes to electroacupuncture modulation of sympatho-
excitatory reflexes through an adenosine receptor-opioid
mechanism. These elegant studies led to the conclusion that
activation of opioid receptors in this region of the medulla
inhibits pre-sympathetic activity directly as well through an
adenosine related mechanism, resulting in a lowering of blood
pressure. Moreover, we now know that the central cardiovascular
networks can be affected by inflammatory mediators, with
Elsaafien et al. showing central as well as peripheral upregulation
of several inflammatory markers in hypertension, arguing that
it is the central attraction of these agents to key autonomic
nuclei that lead to the increase in sympathetic outflow in high
blood pressure.

LATEST CONTRIBUTIONS BY SPECIFIC

TOPIC REVIEW

A comprehensive review by Badoer provided an insight into
the contribution of the carotid body in cardiovascular and
metabolic dysfunction. In particular the concept that overactivity
of the carotid body may contribute to both hypertension as
well as greater sympathetic activity in metabolic disturbances
associated with obesity and insulin resistance. This is an exciting
new area since targeting the carotid body for ablation may
be a viable treatment for essential as well as obesity- induced
hypertension. There is also the possibility of modulating the
activity of the carotid body afferents by targeting specific
receptors such as P2X3 or ion channels such as TRPM7.
To date this treatment has been successful in small clinical
studies in drug resistant hypertension and in patients with
low ejection fraction heart failure. Importantly the procedure
appears to be quite safe to perform (Badoer). Jackson et al.
provided an up-to-the-minute examination of the mechanisms
responsible for genetic hypertension in the Schlager BPH

mouse strain which was developed in the 1970s. This is the
first comprehensive review of this strain, which has been
used extensively as the mouse equivalent of the spontaneous
hypertensive rat (SHR) but there are important differences which
relate to the contribution of the sympathetic nervous system
in the Schlager strain which appears to be the predominant
mechanism driving the hypertension (Jackson et al.). The main
evidence for this is that ganglion blockade completely abolishes
the difference between normotensive and hypertensive mouse
strains but this is not the case in SHR. The review also
covers important findings relating to a marked contribution
of the medial amygdala to the hypertension in BPH mice as
well as the susceptibility to attenuate the hypertension with
neurosteroids such as allopregnanolone, which upregulate neuro
steroid sensitive extrasynaptic GABA A receptors, particularly
in the hypothalamus and amygdala (Jackson et al.). Thus,
the Schlager hypertensive mouse provides a relatively pure
neurogenic model of hypertension but exactly how this relates to
human essential hypertension is not exactly known at this stage.

CONCLUSION

This collection of papers and reviews provides the reader with an
overview of the current state-of-the-art in central cardiovascular
and respiratory control.We have highlighted some of the findings
from the use of the latest technical advances not only in animal
models but also in human autonomic neurophysiology, both
of which are helping unravel the complexities of the networks
governing some of the most important homeostatic regulatory
systems. The importance of these systems is such that they are
robust withmultiple redundant components but nevertheless can
be disturbed, leading to disease. Of course, there is much that
we still do not know, so the research will continue. We look
forward to receiving submissions for the second volume of this
Research Topic.
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Aim: Subjective perceptions of exercising exertion are integral to maintaining
homeostasis. Traditional methods have utilized scores of ‘rating of perceived exertion’
(RPE) to quantify these subjective perceptions, and here we aimed to test whether RPE
may encompass identifiable localized perceptions from the lungs (breathlessness) and
legs (leg discomfort), as well as their corresponding measures of anxiety. We utilized the
intervention of ketoacidosis (via consumption of an exogenous ketone ester drink) to
independently perturb exercise-related metabolites and humoral signals, thus allowing
us to additionally identify the possible contributing physiological signals to each of
these perceptions.

Methods: Twelve trained volunteers underwent two incremental bicycle ergometer tests
to exhaustion, following ingestion of either an exogenous ketone ester or a taste-
matched placebo drink. Cardiorespiratory measures, blood samples and perceived
exertion scales were taken throughout. Firstly, two-way repeated-measures ANOVAs
were employed to identify the overall effects of ketoacidosis, followed by generalized
linear mixed model regression to isolate physiological predictors contributing to
each perception.

Results: Rating of perceived exertion was found to contain contributions from localized
perceptions of breathlessness and leg discomfort, with no measurable effect of
ketoacidosis on overall exertion. Leg discomfort, anxiety of breathing and anxiety of
leg discomfort were increased during ketoacidosis, and correspondingly contained pH
within their prediction models. Anxiety of leg discomfort also encompassed additional
humoral signals of blood glucose and ketone concentrations.

Conclusion: These results indicate the presence of localized components of RPE in
the form of breathlessness and leg discomfort. Furthermore, subjective perceptions of
anxiety appear to result from a complex interplay of humoral signals, which may be
evolutionarily important when monitoring exertion under times of metabolic stress, such
as during starvation.

Keywords: exercise, perception, RPE, ketoacidosis, anxiety
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INTRODUCTION

Internal bodily perception of exercising exertion is a vital
component in the maintenance of homeostasis. More than simply
the sum of our physiology, understanding exercising humans as a
psychosomatic whole (Borg, 1982) may lead to valuable insights:
from the capacity for physical performance, through to barriers to
exercise within population health (Clark, 1999; Cohen-Mansfield
et al., 2003). Until now, measuring the subjective perception
of exercising exertion has often utilized subjective scores of
‘rating of perceived exertion’ (RPE), touted as a single indicator
of the degree of physical strain (Borg, 1982). RPE is thought
to integrate a multitude of ascending and descending signals
between the brain and periphery, including feed-forward motor
drive as well as neural and humoral feedback (Hampson et al.,
2001; Tucker, 2009). However, teasing apart the independent
physiological signals contributing to RPE, and possibly the
perceptual sub-components of this measure of exertion remain
as unsolved challenges.

Whilst RPE can be an informative tool to encompass
overall exertion perception, most human experiences are much
more complex and nuanced. If we are to better understand
subjective perceptions associated with athletic performance,
deeper understanding of the potential contributing components
to RPE is required. At its simplest level, these components may
constitute location of exertion, for example compartmentalized
perceptions of the legs or lungs. In light of this, breathlessness
and leg fatigue have also previously been quantified during
incremental exercise (Borg et al., 2010; Faull et al., 2016),
albeit with almost parallel reported growth functions to RPE
(Borg et al., 2010). Secondly, beyond localization of exertion,
an important (and often overlooked) aspect to our exercise
perception is the ‘affective’ or emotional qualities (Carrieri-
Kohlman et al., 1996, 2001, 2009; Faull et al., 2016) such
as the anxiety related to a sensation. Due to the salience of
anxiety as a symptom, it may be that these affective qualities
are powerful contributors to our homeostatic moderation of
exercise, in addition to the intensity of a perception. Therefore,
whilst fully understanding the host of signals contributing to
perceptions of RPE may be beyond our current sensitivity, the
aim of this manuscript was to break down exercising perceptions
into both location and symptom quality as a first tangible step in
understanding how we monitor and modulate perceived exertion
during exercise.

Bodily perceptions during exercise may also have an important
evolutionary role. During times of famine and starvation
we produce ketone bodies, which act as a fuel for the
brain and periphery to supplement low carbohydrate stores
(Cahill and Owen, 1968; Cahill, 1970, 2006). Additionally,
ketones act as a widespread signaling molecule, increasing
peripheral fat metabolism and sparing carbohydrate to prolong
survival (Robinson and Williamson, 1980). However, ketone
bodies are acidic, inducing a mild ketoacidosis even within
the physiological limits of controlled ketosis (0.2–7 mM)
(Robinson and Williamson, 1980). The perception of acidosis,
and furthermore ketoacidosis, may be important in maintaining
homeostasis and the trade-off between physical exertion to

overcome starvation, and the concomitant physiological strain.
Importantly, ketoacidosis can also be induced via consumption
of exogenous means, and specific ketone ester drinks have been
reported to rapidly invoke blood ketone concentrations of the
active D-βHB isoform to levels comparable with several days
of starvation (2–5 mM/L) (Clarke et al., 2012a,b; Cox et al.,
2016; Shivva et al., 2016; Stubbs et al., 2017). Therefore, using
exogenous ketoacidosis to perturb normal exercising metabolism
and examining the corresponding perceptual changes, we may
be better able to both understand the independent physiological
components contributing to exercising exertion, and potentially
reveal ketones themselves as possible perceptual signaling
molecules within the brain.

In this paper, we aimed to understand the simplest formation
of potential sub-components that may contribute to the
perception of RPE, and the physiological signals that may drive
them. To do this, we first investigated the contributions of
breathlessness, anxiety of breathing, leg discomfort, and anxiety
of leg discomfort toward perceptions of RPE during incremental
exercise both under placebo and exogenous ketotic conditions.
By employing this tool of exogenous ketosis, we were able to
then both separate aspects of physiology that are often tightly
linked within exercise, and examine whether the evolutionarily
important ketone molecules themselves may act as a homeostatic
signal when monitoring bodily sensations.

MATERIALS AND METHODS

Participants
Twelve healthy, athletically trained subjects [nine males, three
females; age (mean± SEM) 28± 1.6 years; height 185± 3.33 cm;
weight 78 ± 3.5 kg; VO2 max 56.5 ± 3.9 mL/min/kg; Wmax
382.3 ± 69.8 W] participated in this study. Ethical approval was
granted by the Oxfordshire Clinical Research Ethics Committee,
and all participants provided written, informed consent.

Protocol
Participants completed two incremental exercise tests to
exhaustion on an electronically braked bicycle ergometer
(Ergoline, Germany), separated by at least 5 days. Following
an overnight fast, participants consumed a drink containing a
ketone ester [330 mg/kg body weight of (R)-3-hydroxybutyl (R)-
3-hydroxybutyrate ketone ester] or a calorie-free, taste-matched
control drink prior to exercise, in a blinded, randomized and
counterbalanced order. The ketone ester drink contained
transesterified ethyl (R)-3-hydroxybutyrate with (R)- 1,3-
butanediol, and has previously been shown to be a safe and
effective way of elevating blood ketone levels (Clarke et al.,
2012a,b; Cox et al., 2016; Shivva et al., 2016; Stubbs et al.,
2017). The session order was determined in a randomized,
counterbalanced and single-blinded fashion.

For blood measures, participants were inserted with a 22-
gauge retrograde indwelling catheter into the dorsal vein of
the hand immediately upon arrival. The hand was gently
heated prior to blood sampling at rest and during exercise for
arterialized blood measures (Forster et al., 1972), and blood
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samples were drawn at baseline (prior to drink consumption),
immediately prior to exercise, and at exercise intensities of
100, 200, 300 W and maximal intensity prior to exhaustion.
For each blood measure, a 1 mL blood sample was first
drawn for blood gas measurements, which were immediately
analyzed using a benchtop blood gas analyzer (Radiometer,
Denmark) for measures of blood gasses, hemoglobin content,
oxygen saturation and blood metabolites. Calculations of arterial
pH and HCO−3 from these samples were made using custom
MATLAB scripts (MathWorks, Inc., United States) incorporating
measured and expected hemoglobin, measured partial pressure
of carbon dioxide (PCO2) and measured oxygen saturations
(see Supplementary Materials and Methods for equations),
and corrected arterial pH values were then transformed into
hydrogen concentrations ([H+]) for further analyses (Forster
et al., 1972), using a log transformation in Microsoft Excel R©.

A second 2 mL blood sample was drawn at each interval for
analysis of blood hormone and metabolite concentrations, with
D-βHB immediately assayed using a portable analyzer (Abbott
Laboratories, Ltd., United Kingdom). Samples were stored on
ice, centrifuged (3,600 rpm for 10 min), and subsequently
stored at −25◦C until further analysis. Glucose, non-esterified
fatty acids (NEFAs) and lactate were subsequently assayed
using a commercial automated bench-top analyzer (ABX Pentra,
France), and insulin assays were performed using an ELISA kit
(Mercodia, Sweden).

To collect respiratory gas measures, participants breathed
through a facemask (Hans Rudolf, Kansas City, MO,
United States) attached to a low-resistance turbine and gas flow
analyzer (Cortex Metalyzer 3B, Cranlea Human Performance,
Ltd., United Kingdom) to measure the breath-by-breath
composition of respiratory gasses and ventilatory parameters
(Metasoft Studio Software, Cortex, Version 3.9.9). Respiratory
measures were averaged and recorded over approximately
2 min both prior to drink consumption and immediately
before exercise. Heart rate was measured and recorded using
a chest strap (Polar T31, Polar Electro, Inc., Lake Success, NY,
United States) wirelessly connected to the Metasoft Studio.

Incremental exercise to exhaustion was conducted on an
electronically braked bicycle ergometer (Ergoline, Germany) for
the determination of maximal volume of oxygen consumption
(VO2 max) and maximal work (Wmax) (Cortex Biophysik,
Germany). At least one male and one female experimenter were
present at both exercise sessions for each participant. Exercise
began at 100 W, and increments of either 25 or 50 W were
undertaken every 3 min until volitional fatigue. Respiratory
measures were averaged and recorded over approximately 30 s
within the last minute of each exercise step, and ∼5 mL
blood samples were drawn at 100, 200, 300 W and maximal
exercise. Subjective scores of RPE (“What is your perceived
exertion?”), breathlessness (“How breathless are you?”), leg
discomfort (“What is your leg discomfort?”), anxiety of breathing
(“How anxious are you about your breathing?”) and anxiety
of leg discomfort (“How anxious are you about your leg
discomfort?”) were recorded in a randomized order on a linear
scale of 0–10 (from “No [breathlessness/leg discomfort/anxiety
of breathing/anxiety of leg discomfort]” = 0 to “Maximal

[breathlessness/leg discomfort/anxiety of breathing/anxiety of leg
discomfort]” = 10) both immediately prior to exercise and at
the end of each incremental step (see Supplementary Material
for rating scales).

Statistical Analysis
Preliminary statistical analyses were performed using GraphPad
Prism (version 7, GraphPad Software, Inc., San Diego, CA,
United States). All variables were first analyzed using a
two-way analysis of variance (ANOVA) of the intervention
(ketone or control) and cycle ergometer power. A p-value
of < 0.05 was taken to indicate statistical significance. Self-
reported subjective variables (RPE, breathlessness, anxiety of
breathing, leg discomfort and anxiety of leg discomfort) were
then further explored using generalized linear mixed effects
regression models in R (Faraway, 2017) (R version 3.4.1,
RStudio version 1.0.143). Mixed-effects regression models allow
accountability for repeated measures taken within subjects,
such as across an experimental exercise test, without violating
residual independence or autocorrelation assumptions of linear
regression models.

Following tests for data normality (Supplementary Material),
models were fitted to each of the psychological variables using
a generalized linear mixed effects model (glmer; Bates et al.,
2015), with maximum likelihood (laplace approximation) and a
log-normal link function. A subject-specific random effect was
included in each model, to allow a different model intercept to
be fitted for each subject. Data points where all measured blood,
heart rate and respiratory variables were present were used for
data modeling, and all variables were centered and scaled prior
to inclusion. Two subjects were excluded from modeling analyses
due to missing heart rate data.

To firstly test the potential contribution of breathlessness, leg
discomfort, anxiety of breathing, and anxiety of leg discomfort
toward the perception of RPE, a global model was fitted including
covariates for power, heart rate, sex (and their interactions),
as well as the four measured psychological components and
the interactions between power and both leg discomfort and
breathlessness (see Supplementary Material for explanation of
included variables). A parsimonious model of the key predictor
variables was then identified using backward elimination of
statistically non-significant terms (p > 0.05) until the model
contained all significantly contributing variables. This final model
was then formally compared to a null model (containing only
covariates for power, heart rate, sex and their interactions) using
the ANOVA function with type III Wald chisquare tests (R stats
package), to assess improvement in fit to the data.

To then test which physiological factors may drive each
of the four psychological components, initial global models
were fitted containing all hypothesized contributing variables
(power, heart rate, sex and their interactions, age, hydrogen
ion concentration [H+], lactate ion concentration [Lactate−],
D-βHB ion concentration [βHB−], glucose concentration
[Glucose], ventilation (for breathlessness and anxiety of
breathing only), and an interaction term between power and
[H+] (power × [H+])) (see Supplementary Material for
included variables). Parsimonious models of the key predictor
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variables were then identified using backward elimination of
statistically non-significant terms (p > 0.05), until each model
model contained all significantly contributing variables. Some
non-significant variables were retained if their interaction with
another variable was significant, to preserve a hierarchical, well-
formulated model (Morrell et al., 1997). These reduced models
were tested against the initial global models using the ANOVA
function in R and type II (no interaction terms) or III (interaction
terms present) Wald chisquare tests, to confirm that the reduced
set of variables did not impair the quality of the model fit. A p-
value of < 0.05 was taken to indicate statistical significance of an
independent effect of each parameter, accounting for all other
parameters in the model. Finally, full model R2 and fixed effect
R2-values for each global and reduced model were calculated
using the r2beta function within the r2glmm package, using the
standardized generalized variance approach (Jaeger et al., 2016),
and the predicted data was plotted against the measured data for
visualization of model accuracy (Figure 4).

RESULTS

Intervention Effects of Exogenous
Ketosis
Exercise performance (Wmax) was not significantly different
between KE (mean ± SEM: 393 ± 22 W) and control
(389 ± 20 W) conditions (T = 1.07, p = 0.31). Overnight fasted
D-βHB levels were 0.2± 0.0 mM/L in both conditions at baseline,
while D-βHB increased significantly to 3.7± 0.3 mM/L following
KE consumption prior to exercise. The main effect of a KE on all
other physiological variables are presented elsewhere (Dearlove
et al., in press). To address the aims of this manuscript, the
significance of the contributions of both the KE intervention and
cycle ergometer power (both fixed effect measures, determined
by the study protocol design) toward the measured perceptual
quantities were firstly assessed via two-way repeated measures
ANOVA analyses. For both RPE (Figure 1) and breathlessness
(Figure 2), power was the only significantly contributing variable,
while leg discomfort demonstrated a significant effect of power,
KE intervention and an interaction effect (Figure 2). Anxieties
of breathing and leg discomfort both showed a significant
effect of both power and KE intervention (Figure 2), with
no interaction effect. Full ANOVA results are provided in the
Supplementary Material.

RPE Model
The parsimonious generalized linear mixed effects RPE model
contained significant contributions from both breathlessness and
leg discomfort, but neither anxiety score (Figure 3). In addition,
a negative interaction between power and breathlessness was
also retained within this model, indicating that the increases in
breathlessness with power ‘tail off ’ toward maximal exertion.
The modeling of RPE scores was improved in comparison to
the null model, which contained only physiological variables
[ANOVA comparison: Null model: R2 = 0.96, Residual Degrees
of freedom (RDoF) = 80, Akaike’s Information Criterion
(AIC) = 254.1, Bayesian Information Criterion (BIC) = 276.5; vs.

FIGURE 1 | Rate of perceived exertion (RPE: mean ± SEM) plotted against
power during incremental exercise under ketosis or placebo control
conditions. p-values represent analysis of variance (ANOVA) results for power,
ketone ester intervention and an interaction effect. Statistical significance
(denoted by ∗) was taken at p < 0.05. BL = baseline.

Final model: R2 = 0.97, RDoF = 80, AIC = 195.2, BIC = 217.6;
Comparison Chi-squared = 58.9, p < 0.001]. Positive, significant
effects of both breathlessness (T = 7.5, p < 0.001) and leg
discomfort (T = 3.0, p < 0.001) were found to contribute to RPE
score, explaining 31 and 8% of the RPE variance respectively
(see Supplementary Table 2 for full results). A negative
effect of the interaction between power and breathlessness
(T = −10.7, p < 0.001) was also observed, explaining 58% of
the RPE variance. No significant, independent contribution of
anxiety of either breathing or leg discomfort toward RPE score
was demonstrated.

Compartmentalized Perceptual Models
Breathlessness
Results of the full model fit for breathlessness are presented
in Table 1, demonstrating a significant, positive, independent
effect of power, and negative effects of sex (male) and glucose
(Table 1). The reduced, parsimonious model of breathlessness
demonstrated significant, driving positive effects of power and
heart rate, with a negative effect of sex (male), and a model
R2-value of 0.93 (Figure 4 and Supplementary Table 3).

Anxiety of Breathing
Results of the full model fit demonstrated a positive effect
of [H+], and a negative interaction between power and [H+]
(Table 1). The reduced model also demonstrated significant,
positive effects of power and [H+], with a negative interaction
between power and [H+], and a model R2-value of 0.74 (Figure 4
and Supplementary Table 3).

Leg Discomfort
Results of the full model fit for leg discomfort also demonstrated
a positive effect of [H+], and a negative interaction between
power and [H+] (Table 1). The reduced model of leg
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FIGURE 2 | Mean ( ± SEM) perceptions of breathlessness, anxiety of breathing, leg discomfort, and anxiety of leg discomfort plotted against power during
incremental exercise, under ketosis or placebo control conditions. p-values represent analysis of variance (ANOVA) results for power, ketone ester intervention, and
interaction effects for each perception. ∗p < 0.05. BL = baseline.

FIGURE 3 | Summary of the model coefficients (left) and predicted vs. measured outcomes for the generalized linear mixed effects regression model (glmer) of RPE
(RPE). Glmer was fitted using a log-normal link function to a gaussian distribution. All predictor variables were centered and standardized before inclusion into the
model, and are represented as mean estimates ( ± standard deviations).

discomfort also demonstrated significant, positive effects of
power, heart rate and [H+], with a negative interaction between
power and [H+], and a model R2-value of 0.90 (Figure 4
and Supplementary Table 3).

Anxiety of Leg Discomfort
Results of the full model fit demonstrated positive effects of
heart rate, [H+], [Lactate−], and an interaction between power
and sex (male) (Table 1). Negative effects were shown for
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TABLE 1 | Model summaries and coefficients for global model fits to each of the compartmentalized perceptions of breathlessness, leg discomfort, anxiety of breathing
(breath anxiety), and anxiety of leg discomfort (leg anxiety).

Breathlessness Breath anxiety Leg discomfort Leg anxiety

Fixed effects Coefficient T p Coefficient T p Coefficient T p Coefficient T p

Intercept 1.91 7.95 <0.01∗ 0.48 0.81 0.42 1.39 4.67 <0.01∗ 0.17 0.31 0.76

Power 1.10 2.95 <0.01∗ 0.36 0.43 0.67 0.73 1.65 0.10 −0.89 −1.83 0.07

Heart rate 0.09 0.32 0.75 0.22 0.27 0.79 0.48 1.08 0.28 2.13 3.61 <0.01∗

Sex (male) −0.36 −2.50 0.01∗ −0.03 −0.08 0.94 0.03 0.11 0.92 0.88 1.51 0.13

[H+] −0.01 −0.21 0.84 0.37 2.90 <0.01∗ 0.14 1.96 0.05∗ 0.30 4.66 <0.01∗

[Lactate−] 0.07 1.05 0.30 −0.02 −0.19 0.85 0.03 0.49 0.63 0.23 3.41 <0.01∗

Ventilation −0.04 −0.39 0.70 0.34 1.53 0.13 − − − − − −

[βHB−] −0.04 −1.91 0.06 −0.04 −0.98 0.33 −0.01 −0.40 0.69 −0.04 −1.42 0.15

[Glucose] −0.08 −2.08 0.04∗ 0.08 1.09 0.27 −0.04 −1.41 0.16 −0.05 −2.02 0.04∗

Power × HR −0.10 −0.96 0.34 −0.16 −0.62 0.53 −0.03 −0.28 0.78 −0.24 −1.68 0.09

Power × Sex −0.69 −1.85 0.06 −0.33 −0.38 0.70 −0.09 −0.18 0.85 1.75 3.27 <0.01∗

HR × Sex 0.51 1.56 0.12 0.30 0.35 0.73 −0.23 −0.46 0.65 −2.01 −3.10 <0.01∗

Power × [H+] 0.02 0.36 0.72 −0.23 −2.06 0.04∗ −0.15 −2.40 0.02∗ −0.35 −5.57 <0.01∗

Random effects Intercept Residual Intercept Residual Intercept Residual Intercept Residual

Subject intercept 0.007 0.860 0.181 1.678 0.052 1.100 0.282 0.624

Model R2 0.93 0.74 0.90 0.81

∗ Indicates p < 0.05.

[Glucose], an interaction between heart rate and sex, and an
interaction between power and [H+] (Table 1). The reduced
model demonstrated significant, positive effects of heart rate, sex
(male), [H+], [Lactate−], and an interaction between power and
sex (male) (Figure 4 and Supplementary Table 3), with negative
effects of power, [βHB−] and [Glucose], and negative interactions
between heart rate and sex, and between power and [H+]. This
reduced model had an R2-value of 0.81 (Figure 4).

DISCUSSION

In this study, we aimed to investigate the subcomponents of RPE
and their driving physiological factors. We quantified subjective
measures of breathlessness and leg discomfort as contributing
components toward RPE, and observed no change in RPE during
ketoacidosis despite widespread changes in peripheral exercising
physiology. For the isolated perceptual components measured,
breathlessness intensity was the only perception unaltered by
ketoacidosis, and simultaneously the only perception that was not
predicted by changes in blood pH. Whilst anxiety of breathing
and intensity of leg discomfort contained pH (hydrogen ion
concentration) as a humoral predictor, anxiety of leg discomfort
was also associated with a number of other humoral signals,
including the concentration of blood βHB ions.

The relationship between perceptions of exertion and physical
work was first investigated by Borg and Dahlström in the 1950s
(Borg and Dahlström, 1960). Within this early work, it was
noted that power functions (with an exponent of approximately
1.6) best described the psychophysical relationship between
perceptual changes and exercise intensity (Borg, 1982). These
observations led Borg to conclude that RPE may encompass both

more linear afferent factors, such as heart rate, and non-linear
peripheral factors, such as lactate (exponent of approximately
2) (Borg, 1973, 1982). Therefore, Borg went on to develop
the 15-point ‘Borg scale’ as a singular measure of perceived
exertion (Borg, 1970, 1982, 1998), designed to increase linearly
and reduce inter-subject variability by using carefully placed
word anchors on the scale. In this manuscript, we aimed
to decompose the RPE measure into perceptual components
during incremental exercise, and assess how the underlying
physiological signals contribute to these compartmentalized
perceptions. Furthermore, we also incorporated measures of
psychological affect (anxiety) toward these intensity perceptions.
To model these perceptions and capture all signaling components
in their native state, we used linear perception scales (0–10)
and generalized linear mixed model regression, to account
for inter-subject variability and non-normally distributed data
(Faraway, 2017).

Rating of Perceived Exertion
In extension of the seminal work by Borg and Dahlström
(1960) and Borg (1962), modern models of RPE have theorized
it to be more than simple modulation of afferent feedback
(Ulmer, 1996; Hampson et al., 2001; Tucker, 2009). Subjective
scores of RPE are thought to also encompass feedforward
anticipation of exercise demands, allowing appropriate pacing
strategies to be selected under a variety of physiological
circumstances (Hampson et al., 2001; Noakes, 2004; Tucker,
2009). Furthermore, the more holistic measure of exercise
‘exertion’ is now also thought to be distinct from perception
of exercising ‘effort’ (Abbiss et al., 2015). This idea addresses
the breakdown of the relationship between RPE and exercise
intensity under conditions of hypnosis (Morgan et al., 2008,
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FIGURE 4 | Summary of the model coefficients (left) and predicted vs. measured outcomes for the generalized linear mixed effects regression models (glmer).
Models were fitted for ratings of breathlessness, anxiety of breathing, leg discomfort and anxiety of leg discomfort, and each glmer was fitted using a lognormal link
function to a gaussian distribution. All predictor variables were centered and standardized before inclusion into the model, and are represented as mean estimates
( ± standard deviations).
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2011), or when key physiological signals are perturbed, such as
heart rate via blocking agents (Ekblom and Golobarg, 1971), or
in glycogen-deplete states (Baldwin et al., 2003; Noakes, 2004).
Therefore, we created a null model of RPE encompassing power,
heart rate, and sex (and their interactions), to account for linear
and potential anticipatory effort perceptions with increasing
power, as well as a measure of cardiac sympathetic drive via
changes in heart rate, and any differences according to sex. Whilst
this model demonstrated a tight fit to the RPE measures, positive,
independent components of breathlessness, leg discomfort and
the interaction between breathlessness and power were then
shown to also independently contribute and improve this
model, indicating each to be a significant component of RPE.
Breaking down RPE into localized components may deepen
our understanding of the independent contributions of afferent
feedback from different bodily sensations, and thus equip us
with better tools to explore how this may change across sporting
modalities and/or contexts.

Whilst RPE had also originally been theorized to be influenced
by psychological affect (Borg, 1998), previous work has also
been unable to substantiate this relationship (Hardy and Rejeski,
1989). Therefore, it is possible that measuring RPE alone when
investigating exercising perceptions may miss the influence of
heavily valent affective emotions such as anxiety, which may
also influence performance (Leupoldt von and Dahme, 2005;
Banzett et al., 2008; Faull et al., 2016). Here we found no
influence of breathlessness anxiety nor anxiety of leg discomfort
toward RPE, although it must be noted that the relatively
small sample size may hinder our ability to detect potentially
small contributions from these variables. These preliminary
data thus appear to indicate that perceptual anxiety does not
positively contribute to subjective perceptions of RPE. However,
as adapted linear scales were employed in this study (allowing for
generalized linear models to be applied within the analysis) and
the specific wording proposed by Borg to describe RPE (“how
laborious it feels to work”; Borg, 1962) were not used in the
description of the ratings to participants, care must be taken
in the application of these results to other studies employing
measures of RPE.

Lastly, RPE was not measurably altered during ketosis, despite
widespread changes in physiology. These results further support a
dominant component of anticipatory feedforward contributions
to perceived exertion (Hampson et al., 2001; Tucker, 2009),
even in the face of ketoacidosis. Therefore, whilst measures
of RPE are able to garner enormous insight into man as a
psychosomatic whole during exercise (Borg, 1982), these results
highlights the need for additional, more interrogative measures
of psychological affect to be simultaneously adopted. It would
appear evolutionarily unlikely that either the presence of vital
molecules such as βHB within the brain (Owen et al., 1967; Cahill
and Owen, 1968; Cahill et al., 1970; Mikkelsen et al., 2015), or the
concurrent changes in blood acidosis would not elicit any changes
in perception of exercising exertion.

Localized Perceptions of Exertion
Results of our RPE model revealed positive, independent
contributions of breathlessness and leg discomfort perceptions

toward overall exertion (RPE) during cycle ergometer exercise.
Furthermore, these isolated perceptual intensity components
were found to be driven by different physiological signals,
where breathlessness contained only power and heart rate, while
leg discomfort also contained pH as an integral predictor.
In accordance with these modeling results, ketoacidosis did
not affect breathlessness perception, while leg discomfort was
increased compared to the control condition. Interestingly,
leg discomfort was altered in a non-uniform fashion across
exercising intensities with ketosis (Figure 2). It appears that the
effect of pH on leg discomfort also depends on the intensity
of the exercise, as demonstrated by the negative interaction
effect between power and [H+]. Lower and moderate intensities
of exercise were more susceptible to increased leg perception
with acidosis, as this may create a peripheral mismatch when
monitoring blood pH against what is expected for these exercise
intensities (Paulus and Stein, 2006).

Anxiety of Exercising Perceptions
The anxiety associated with interoceptive perception is
an important, highly valent driver in the maintenance of
homeostasis (Craig, 2003; Paulus and Stein, 2006). Contrary
to intensity perceptions, anxiety of both breathlessness and
leg discomfort were increased throughout ketoacidosis, and
contained blood pH as a predictor of perception. Therefore,
it is possible that anxiety perception measures are more
broadly sensitive to potentially harmful peripheral changes in
metabolism, and our homeostatic monitoring of these signals
manifest more strongly within the affective perceptual domain.
Furthermore, anxiety of leg discomfort appears to be a more
complex measure that incorporates further humoral signals,
including glucose and βHB. Both glucose and βHB cross the
blood–brain barrier (Mikkelsen et al., 2015) and are important
signals denoting metabolic stress. The combination of blood
glucose and ketone ion concentrations represent two important
components of cerebral fuel availability (Owen et al., 1967; Cahill
and Owen, 1968; Cahill et al., 1970; Mikkelsen et al., 2015),
and if exercise compromises that fuel it may heighten anxiety
of leg discomfort. Therefore, perception of exercising limb
anxiety may be a homeostatic warning signal whilst exercising
under compromised metabolic conditions, such as during
starvation. However, further modeling would be required to
reproduce and thoroughly investigate these results in the future,
incorporating larger datasets for more nuanced and generalisable
statistical analyses.

CONCLUSION

In this manuscript, we have conducted a preliminary
investigation into the potential localized lung and leg
perceptual components that contribute to RPE, and the
importance of simultaneous affective anxiety perceptions.
While the metabolic state of ketoacidosis does not appear
to alter RPE, we reported concomitant increases in leg
discomfort and affective perceptions of anxiety. In comparison,
breathlessness appears to be unaffected by ketoacidosis.
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Finally, we have revealed that anxiety of leg discomfort may
be a complex measure that incorporates humoral signals such
as glucose and ketone concentrations, and thus potentially
an evolutionarily important perception to help moderate
exercise during times of metabolic stress. Whilst this data
has yielded interesting preliminary modeling results of these
perceptions, large scale datasets (with a more equal gender
balance and a diverse study population) would be required for
greater understanding and further statistical support regarding
definitive sub-components of RPE and the physiological signal
contributions to exercising perceptions.
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The core circuit of the respiratory central pattern generator (rCPG) is located in the 
ventrolateral medulla, especially in the pre-Bötzinger complex (pre-BötC) and the 
neighboring Bötzinger complex (BötC). To test the hypothesis that this core circuit is 
embedded within an anatomically distributed pattern-generating network, we investigated 
whether local disinhibition of the nucleus tractus solitarius (NTS), the Kölliker-Fuse nuclei 
(KFn), or the midbrain periaqueductal gray area (PAG) can similarly affect the respiratory 
pattern compared to disinhibition of the pre-BötC/BötC core. In arterially-perfused 
brainstem preparations of rats, we recorded the three-phase respiratory pattern (inspiration, 
post-inspiration and late-expiration) from phrenic and vagal nerves before and after bilateral 
microinjections of the GABA(A)R antagonist bicuculline (50 nl, 10 mM). Local disinhibition 
of either NTS, pre-BötC/BötC, or KFn, but not PAG, triggered qualitatively similar 
disruptions of the respiratory pattern resulting in a highly significant increase in the variability 
of the respiratory cycle length, including inspiratory and expiratory phase durations. To 
quantitatively analyze these motor pattern perturbations, we measured the strength of 
phase synchronization between phrenic and vagal motor outputs. This analysis showed 
that local disinhibition of all brainstem target nuclei, but not the midbrain PAG, significantly 
decreased the strength of phase synchronization. The convergent perturbations of the 
respiratory pattern suggest that the rCPG expands rostrally and dorsally from the 
designated core but does not include higher mid-brain structures. Our data also suggest 
that excitation-inhibition balance of respiratory network synaptic interactions critically 
determines the network dynamics that underlie vital respiratory rhythm and pattern formation.

Keywords: respiratory pattern formation, ataxic breathing, excitation-inhibition balance, respiratory microcircuit, 
synchronization, oscillator
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INTRODUCTION

The concept of central pattern generator (CPG) networks that 
produce rhythmic physiologic motor activities emerged from 
studies concerned with invertebrate flight, swimming, feeding, 
and locomotion (Marder and Calabrese, 1996). The CPG concept 
is also applied for the generation of rhythmic vertebrate motor 
activities including locomotion (Grillner and Wallén, 1985; 
McCrea and Rybak, 2008; Kiehn, 2016), chewing (Yamada and 
Yamamura, 1996), swallowing (Jean, 2001), sniffing (Deschênes 
et  al., 2012), and breathing (Richter, 1982; von Euler, 1983; 
Feldman, 1986). The concept of CPGs as a substrate of complex 
neural network dynamics was extended to the rhythmic neural 
activity of the cortex (Yuste et  al., 2005). Thus, until today, 
the CPG concept is central to the understanding of neural circuits.

The respiratory CPG (rCPG) of vertebrates is the only motor 
network whose motor pattern is generated continuously throughout 
life to serve the vital function of oxygen uptake and carbon 
dioxide excretion. In contrast, all other motor CPG networks are 
episodic and require higher commands or sensory stimulation 
for their activation. The contemporary view on the structure and 
function of the rCPG implicates a respiratory rhythm generator 
called the pre-Bötzinger complex (pre-BötC; Smith et  al., 1991; 
Feldman and Del Negro, 2006) that drives a pattern formation 
circuit located nearby within the Bötzinger complex (BötC). This 
anatomically localized core of the rCPG generates a sequential 
three-phase motor pattern of inspiration, post-inspiration and 
late-expiration (see Smith et  al., 2009; Richter and Smith, 2014; 
Del Negro et al., 2018). Currently, several models for the generation 
of the three-phase respiratory motor rhythm and pattern are 
debated. A popular model depends on interconnected excitatory 
neurons with distinct bursting properties in the pre-BötC (see 
Rybak et al., 2014) that initiates inspiratory bursts. The rhythmogenic 
pre-BötC core also contains inspiratory GABAergic and glycinergic 
neurons that are thought to provide inhibition to expiratory neuron 
populations in the neighboring BötC and thereby inter-nuclear 
connectivity is thought to form an inhibitory ring of mutual 
inhibition between inspiratory, post-inspiratory and late-expiratory 
neurons (Richter, 1982; Rybak et  al., 2004; Smith et  al., 2007, 
2009; Ausborn et  al., 2018). This rhythm- and pattern-generating 
core is embedded into a larger anatomically functionally 
compartmentalized lateral respiratory column spanning from the 
caudal medulla to dorsal pons (Alheid et  al., 2004; Rybak et  al., 
2004; Smith et al., 2007; Alheid and McCrimmon, 2008; Dutschmann 
and Dick, 2012). The respiratory areas outside of the core circuit, 
such as the pontine respiratory group (see Dutschmann and Dick, 
2012) or the caudal ventral respiratory group of the medulla 
oblongata are thought to provide tonic modulatory inputs to the 
core or to relay the phasic respiratory activity to spinal (e.g., 
phrenic, intercostal, or abdominal motor neurons) or cranial (e.g., 
vagal-laryngeal, hypoglossal motor neurons) respiratory motor pools.

The recent discovery of an oscillator for post-inspiration, the 
so-called post-inspiratory complex (PiCo, Anderson et al., 2016), 
located rostro-medially to the pre-BötC/BötC respiratory core 
gave rise to an alternative model called the triple oscillator 
hypothesis (Ramirez and Baertsch, 2018). In this hypothesis, 
anatomically distinct independent oscillators for inspiration 

(pre-BötC), post-inspiration (PiCo), and late-expiration (RTN/
pFRG) are mutually coupled via inhibitory and excitatory synaptic 
interactions to generate the three-phase motor pattern of respiration. 
While the triple oscillator hypothesis is an intriguing new concept 
for the generation of multi-patterned breathing activity, it requires 
further experimental and computational verification and validation. 
Thus, the common view of a layered CPG architecture (see 
McCrea and Rybak, 2008) that includes a separate rhythm generator 
(pre-BötC), which is connected to a downstream motor pattern 
formation network, currently prevails.

A recent publication from our laboratory tested the hypothesis 
of network degeneracy and redundancy by using in situ brainstem 
perfused brainstem preparations in which brainstem circuits were 
isolated by transection before re-perfusion at three distinct levels 
(caudal to the pre-BötC, just rostral to the pre-BötC or just 
rostral to the RTN/pFRG) (Jones and Dutschmann, 2016). The 
results confirmed the essential role of the pre-BötC for respiratory 
rhythm generation but failed to verify the anatomical location 
of the pattern formation circuit within the medulla alone. 
Specifically, preparations that maintained the anatomical integrity 
of all designated key nuclei for the generation of the respiratory 
rhythm and pattern, including the pre-BötC, BötC, RTN/pFRG, 
and PiCo, failed to produce a sequential three-phase motor pattern 
and instead produced a monophasic respiratory motor output 
that was synchronously expressed in functionally distinct respiratory 
motor nerves such as inspiratory phrenic, inspiratory/post-
inspiratory vagal, and expiratory iliohypogastric nerves. 
We concluded that respiratory pattern formation requires essential 
ponto-medullary synaptic interactions to generate a physiologic 
three-phase respiratory motor pattern. Indeed, anatomically, the 
rCPG is classically defined as bilaterally organized neuronal 
columns stretching from the pontine Kölliker-Fuse nuclei through 
the caudal ventral respiratory group (Alheid et  al., 2004; Rybak 
et  al., 2004; Smith et  al., 2007, 2009; Alheid and McCrimmon, 
2008; Dutschmann and Dick, 2012). Therefore, ponto-medullary 
synaptic interactions within the rCPG are still considered to 
be  the key mechanism underlying respiratory pattern formation.

As introduced above, the core circuit for respiratory rhythm 
and pattern generation is commonly anatomically localized to 
the pre-BötC and the neighboring Bötzinger complex BötC. In 
the present study, in addition to the pre-BötC/BötC core circuit, 
we  investigated the role of the following nuclei in respiratory 
rhythm and pattern formation in the perfused brainstem 
preparation: (1) The nucleus of the solitary tract (NTS) is a 
major relay for peripheral respiratory sensory inputs (Kubin et al., 
2006; Zoccal et  al., 2014). In addition, our recent work indicates 
that the NTS might also be  an integral part of the pattern 
formation network as a component of the dorsal respiratory 
group (DRG) (Bautista and Dutschmann, 2014b; Jones et  al., 
2016; Dhingra et  al., 2017). (2) The pontine Kölliker-Fuse nuclei 
(KFn) is a critical area within the pontine respiratory group that 
controls the centrally mediated inspiratory off-switch (Cohen and 
Shaw, 2004; Ezure and Tanaka, 2006; Dutschmann and Dick, 
2012) and gates post-inspiratory laryngeal adductor activity 
(Dutschmann and Herbert, 2006) and inspiratory hypoglossal 
nerve activity (Bautista and Dutschmann, 2014a) in the perfused 
brainstem preparation. (3) The periaqueductal gray is a midbrain 
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area that relays and integrates limbic and cortical respiratory 
commands into brainstem respiratory circuits (Faull et al., 2019). 
In the perfused brainstem preparation, it was shown that chemical 
stimulation of PAG compartments triggered pronounced respiratory 
modulation, whereas pharmacological lesion of the PAG had no 
effect on the generation of the stationary respiratory motor pattern 
in the perfused brainstem preparation (Farmer et  al., 2014).

To test the hypothesis that the pre-BötC/BötC core circuit is 
embedded within an anatomically distributed pattern generating 
network, we  locally increased neuronal excitability by locally 
disinhibiting these anatomically and functionally distinct respiratory 
nuclei of the brainstem and midbrain via microinjection of the 
GABA(A) receptor antagonist bicuculline. We  used the perfused 
brainstem preparation (Paton, 1996) for our experiments because 
it generates a three-phase respiratory motor pattern in the absence 
of sensory feedback (the lungs are removed; there are no respiratory 
movements; and there is no effect of carotid sinus nerve transection; 
see Farmer et  al., 2016) and thereby allows for the investigation 
of the respiratory network’s CPG mechanisms. While local 
pharmacologic disinhibition will not reveal whether an area is 
active at baseline and likely activates nearby silent neurons, analysis 
of the effects of local disinhibition on the respiratory motor 
pattern offers a method to functionally assess the net connectivity 
of a given area with the whole of the respiratory network. Our 
data demonstrate that local disinhibition of any target nuclei, 
except the PAG, severely disrupts the respiratory motor pattern 
and significantly decreases the strength of synchronization between 
inspiratory and post-inspiratory motor outputs. Therefore, our 
data indicate that, contrary to contemporary models, the central 
generation of the breathing movements depends on synaptic 
interactions across a distributed neural circuit, rather than consisting 
of an anatomically localized core circuit.

MATERIALS AND METHODS

Experimental protocols were approved and conducted with 
strict adherence to the guidelines established by the Animal 
Ethics Committee of The Florey Institute of Neuroscience and 
Mental Health, Melbourne, Australia.

Perfused Brainstem Preparation
Experiments were performed in juvenile Sprague-Dawley rats of 
either sex (N = 37 rats, 17–30 days post-natal) using the arterially 
perfused in situ brainstem-spinal cord preparation as described 
previously (Paton, 1996; Dutschmann et  al., 2000; Dhingra et  al., 
2017). Briefly, rats were anesthetized by inhalation of isoflurane 
(2%) until they reached a surgical plane of anesthesia. The rats 
were then transected below the diaphragm and transferred to an 
ice-cold bath of artificial cerebrospinal fluid (aCSF, in mM: 125 
NaCl, 3 KCl, 1.25 KH2PO4, 2.5 CaCl2, 1.25 MgSO4, 25 NaHCO3, 
10 D-glucose) for pre-collicular decerebration. After decerebration, 
the lungs and heart were removed. Next, the descending aorta, 
phrenic, vagal, and hypoglossal nerves were dissected for subsequent 
cannulation or recording. Note that analysis of hypoglossal nerve 
activity was not included in the present study. However, an analysis 
of the effect of local disinhibition of brainstem target areas on 

the generation of the inspiratory motor pattern is presented in 
Dhingra et  al. (2019). The preparation was then transferred into 
the recording chamber. The descending aorta was cannulated with 
a double-lumen catheter for perfusion and measurement of perfusion 
pressure. The preparation was perfused with aCSF containing 
sucrose (4.5  ×  10−3  g/ml) for oncotic pressure, warmed to 31°C 
using a peristaltic pump, recirculating water bath and heat exchanger 
(ELMI, TW-2.02). The perfusion circuit also contained two bubble 
traps and a nylon filter (Millipore, 100  μm pore size) to prevent 
embolism. The perfusate was continually bubbled with carbogen 
(95% O2/5% CO2) to maintain constant chemosensory drive. 
Phrenic and vagal nerves were mounted in suction electrodes to 
measure respiratory motor output. Nerve potentials were amplified 
(10,000×, Warner Instruments, DP-311), filtered (0.01–10  kHz), 
digitized (AD Instruments, PowerLab 16/35), and stored on a 
computer using LabChart software (AD Instruments).

Experimental Protocol
After the initial stabilization of the eupneic three-phase respiratory 
rhythm, we first recorded 10 min of the baseline respiratory motor 
pattern. In the present work, we  targeted the NTS (N  =  9 
preparations), pre-BötC/BötC (N = 11 preparations), KFn (N = 10 
preparations), and PAG (N = 7 preparations) as potential components 
of the respiratory pattern formation circuit. To functionally identify 
the target site coordinates, using a triple barreled pipette, we  first 
mapped the target site with glutamate microinjections (50  nl, 
10  mM). Glutamate microinjections within the BötC, NTS, and 
KFn evoked a bradypnea, whereas glutamate microinjections within 
the pre-BötC and PAG evoked a tachypnea. Once appropriate 
functionally identified injection site coordinates were identified, 
we microinjected bicuculline (50 nl, 10 mM), a GABA(A) receptor 
antagonist, to locally disinhibit and consequently locally increase 
the excitability of the target site. Next, we microinjected pontamine 
sky blue (50 nl, 2% w/v in aCSF) for post hoc histologic verification 
of injection site locations. This procedure was then repeated on 
the contralateral side. Note that after functional and histologic 
confirmation of injection site coordinates in an initial cohort, in 
subsequent experiments, we  locally microinjected bicuculline and 
pontamine sky blue according to the established site coordinates 
without functional identification of target sites. After local 
disinhibition of the target site, we recorded 10 min of the respiratory 
motor pattern for measurement of respiratory phase durations, 
respiratory rhythm variability, and phase synchronization properties.

At the conclusion of the experiment, brainstems were removed, 
post-fixed in paraformaldehyde (4% w/v in PBS), cryo-protected 
in sucrose (20% w/v in PBS), cryo-sectioned (50 μm thickness), 
and counter-stained with neutral red to verify microinjection 
sites (Figure 1).

Data Analysis
Respiratory phase durations and respiratory rhythm variability 
were assessed from PNA. PNA was first high-pass filtered to 
remove DC fluctuations with a zero-phase FIR filter (300  Hz), 
and then integrated (100  ms time constant) and normalized to 
have zero mean and unit variance. Breaths were detected using 
a threshold-crossing algorithm to determine the onset and offset 
times of PNA. Events were manually inspected to ensure that 
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no false-positive breaths were included in subsequent analyses. 
From these event times, we measured the mean respiratory period 
(TTOT), inspiratory (TI) and expiratory (TE) phase durations, and 
their coefficient of variation (CV). To qualitatively compare the 
respiratory rhythm variability evoked by local disinhibition of 
the target areas, we  generated Poincaré plots of TTOT(n) versus 
TTOT(n + 1) using the entire TTOT time series. Points in such 
Poincaré plots provide information about the relationship between 
one respiratory period and its successor (Fishman et  al., 2012).

Motif Occurrence
To qualitatively assess the similarities and differences between 
local disinhibition of the different target sites, we  scored the 
occurrence of eight representative motor pattern motifs during 
3-min epochs recorded after bicuculline microinjection. To 
compare the relative frequencies of motif occurrence across 
experiments, we normalized the raw counts to the total number 
of motifs in each epoch, thereby yielding the probability of 
motif occurrence.

A B

C D

E F

G H

FIGURE 1 | Histologic verification of injection sites. (A-H) Schematic drawings indicate the locations of bicuculline microinjections are presented from caudal to 
rostral. All microinjections were histologically identified within the designated target areas. Red, orange, green and blue symbols indicate NTS, pre-BötC/BötC, KFn 
and PAG injection sites, respectively.
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Phase Synchronization Analysis
Because local disinhibition often disrupted the three-phase 
respiratory rhythm (see Figure 2), we developed a quantitative 
description of the respiratory pattern. We  reasoned that the 
eupneic three-phase respiratory motor pattern could be quantified 

by the strength of synchronization between the coupled oscillatory 
respiratory motor outputs (e.g., PNA and VNA).

Because the activity of the phrenic and vagal nerves span 
the majority of the respiratory cycle, and because their signal-
to-noise ratios permit the estimation of their instantaneous 

Baseline After Local DisinhibitionA

N
TS

P
N

A
V

N
A

∫P
N

A
∫V

N
A

pr
e-

B
öt

C
/B

öt
C P
N

A
V

N
A

∫P
N

A
∫V

N
A

B

K
Fn

P
N

A
V

N
A

∫P
N

A
∫V

N
A

C

P
N

A
V

N
A

∫P
N

A
∫V

N
A

PA
G

10 s

D

FIGURE 2 | Local disinhibition of anatomically distributed brainstem-, but not midbrain-, respiratory areas disrupts the eupneic three-phase respiratory motor 
pattern. To test the hypothesis that the pre-BötC/BötC core circuit is embedded within an anatomically distributed respiratory motor pattern generating network, 
we locally disinhibited the nucleus of the solitary tract (NTS), the pre-Bötzinger complex/Bötzinger complex area (pre-BötC/BötC), the Kölliker-Fuse nuclei (KFn) or 
the periaqueductal gray (PAG)—brainstem and midbrain areas known to be involved in the generation or modulation of the respiratory rhythm and pattern—by 
microinjecting the GABA(A)R antagonist bicuculline (50 nl, 10 mM). (A–D) Representative traces are shown at baseline and after local disinhibition of the NTS (A),  
pre-BötC/BötC (B), KFn (C), or PAG (D). The eupneic three-phase motor pattern observed at baseline was disrupted by local disinhibition of any brainstem target 
site (A–C). In contrast, local disinhibition of the PAG evoked a modulation of the respiratory motor pattern that spared the eupneic three-phase motor pattern (D).  
The PAG disinhibition-evoked modulation of the respiratory pattern consisted of stationary eupneic breathing intermingled with tachypneic events that were 
reminiscent of physiologic modulations of the respiratory pattern like sniffing. PNA: phrenic nerve activity; VNA: vagal nerve activity. Scale bars: 10 s.
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phases via the Hilbert transform method (Kralemann et al., 2008;  
Zhu et  al., 2013), we  chose to use the phase synchronization 
between PNA and VNA to define the respiratory motor pattern 
at baseline and after local disinhibition of a target site.

In essence, this approach allows us to model the respiratory 
motor activities under consideration as a system of coupled 
oscillators. We  first confirmed that their activity was periodic 
by computing their power spectral densities using the Welch 
method. Next, we  band-pass filtered the integrated signals 
around the respiratory frequency. Instantaneous protophases 
were then extracted by applying the Hilbert transform. 
Instantaneous phases were then determined by applying the 
transformation defined in Kralemann et  al. (2008).

To quantify the strength of the phase synchronization 
interaction between PNA and VNA and to determine the 
significance of the phase synchronization interaction, 
we  computed the mutual information of the instantaneous 
phases (Zhu et al., 2013; Dhingra et al., 2017). Mutual information, 
a measure of the statistical dependence between two variables, 
was computed from the joint-probability histogram according 
to the following equation:
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j j
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where P(φPNA, φVNA) is the joint probability distribution of the 
instantaneous phases, and P(φPNA) and P(φVNA) are the marginal 
probability distributions of either variable. For all measurements 
of mutual information of the instantaneous phases, we  used 
a fixed bin width of 0.03  rad to discretize the probability 
distributions. Because we use the natural logarithm in computing 
mutual information, reported mutual information values are 
presented in the corresponding unit of nats. Values of mutual 
information near zero indicate that the variables are independent 
and have no coupling, whereas high values of mutual information 
are associated with high dependence between the instantaneous 
phase variables, and thereby associated with a high 
synchronization strength between the pair of motor outputs.

To assess whether a given trial had a statistically significant 
interaction between the input and the output, we bootstrapped 
the distribution to represent the null hypothesis that the two 
instantaneous phases were independent by randomly shuffling 
the inter-event intervals and re-computing the instantaneous 
phases and their mutual information. The bootstrapping 
procedure was iterated 100 times to estimate the distribution 
that represented the null hypothesis. If a forcing trial had 
mutual information greater than the 99% confidence interval 
of the bootstrap distribution, it was considered significant.

All analyses were performed using custom routines 
implemented in MATLAB. Statistical analyses were performed 
in R. All measurements are reported as the mean  ±  standard 
deviation. Unless stated otherwise, statistical comparisons were 
made by applying a one-way or two-way ANOVA. The Tukey 
HSD post hoc test was used to identify specific differences.

RESULTS

To investigate the distributed organization of the brainstem 
network regulating the respiratory motor pattern, we  locally 
disinhibited the nucleus of the solitary tract (NTS), pre-Bötzinger 
complex/Bötzinger complex area (pre-BötC/BötC), the Kölliker-
Fuse nuclei (KFn), or the periaqueductal gray (PAG). 
Representative traces before and after local disinhibition are 
shown in Figure 2. At baseline, all preparations generated a 
sequential eupneic three-phase respiratory motor pattern that 
consisted of inspiration, post-inspiration, and late-expiration 
(Figures 2A–D, left panels). Eupneic phrenic nerve activity 
(PNA) began abruptly at the onset of inspiration and increased 
in amplitude in a ramp-like fashion until the onset of post-
inspiration. The eupneic pattern of vagal nerve activity (VNA) 
began at the onset of inspiration and increased logarithmically 
until the onset of post-inspiration. The onset of post-inspiration 
was denoted by a peak in vagal nerve discharge that decayed 
exponentially until the onset of late-expiration, at which point, 
VNA ceased until the beginning of the next inspiratory phase.

Local disinhibition of the NTS, pre-BötC/BötC or KFn, but 
not the PAG, disrupted the sequential eupneic three-phase 
respiratory motor pattern (Figures 2A–D, right panels). Local 
disinhibition of the NTS enhanced VNA bursting but disrupted 
the coordination of PNA with VNA. Local disinhibition of 
the pre-BötC/BötC enhanced the frequency of PNA and VNA 
but also disrupted their eupneic coordination. Local disinhibition 
of the KFn enhanced VNA bursting, modulated the duration 
of inspiration, but did not change the frequency of the respiratory 
rhythm. Interestingly, despite the enhancement of VNA, local 
disinhibition of the KFn resulted in a pattern of PNA that 
alternated between short- and long-bursts. In contrast, local 
disinhibition of the PAG perturbed the respiratory motor pattern 
but remained eupneic. PAG-disinhibited respiratory motor 
patterns also contained brief tachypneic perturbations that 
maintained a three-phase respiratory motor pattern. Compared 
qualitatively to the motor pattern disruptions evoked by local 
disinhibition of ponto-medullary target sites (compare Figure 2D 
with Figures 2A–C), local disinhibition of the PAG appeared 
to evoke physiologic modulations of the respiratory motor 
pattern, akin to sniffing, rather than evoking the ataxic respiratory 
patterns observed after local disinhibition of brainstem 
respiratory areas.

Initially, to assess the effect of local disinhibition of a target 
site on the respiratory rhythm, we  measured the respiratory 
phase durations and their variability using PNA as an index 
of the respiratory rhythm. Note that local disinhibition of 
brainstem-, but not midbrain-, respiratory areas disrupted the 
respiratory pattern to an extent such that the definition of 
the three-phase rhythm no longer applied. As such, the following 
analysis should be  interpreted to reflect properties of the 
respiratory rhythm as expressed in PNA.

Group data of the effect of local disinhibition on respiratory 
phase durations are presented in Figure 3A. Local disinhibition 
of the NTS significantly reduced the respiratory period (TTOT, 
from 5.5  ±  2.3 to 1.8  ±  0.6  s, p  <  0.001, N  =  9), and the 
duration of expiration (TE, from 4.7  ±  2.3 to 1.4  ±  0.5  s, 
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FIGURE 3 | Local disinhibition of brainstem respiratory areas increases stochastic respiratory rhythm variability, whereas local disinhibition of the midbrain PAG 
increases deterministic respiratory rhythm variability. (A) The mean respiratory period (TTOT), inspiratory (TI), and expiratory (TE) durations were measured from PNA at 
baseline (navy-colored bars) and after local disinhibition (wine-colored bars) of the NTS, pre-BötC/BötC, KFn or PAG. Note that due to the disruption of the three-
phase motor pattern evoked by disinhibition of brainstem respiratory target areas, these data should be interpreted to reflect the properties of the respiratory rhythm 
as expressed in PNA. Local disinhibition of the NTS significantly reduced the respiratory period due to a reduction in expiratory duration. Similarly, local disinhibition 
of the pre-BötC/BötC significantly decreased the respiratory period, and expiratory phase duration. Finally, local disinhibition of the KFn significantly increased the 
duration of inspiration but did not change the respiratory period. (B) Local disinhibition of any target site evoked a significant increase in the coefficient of variation 
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p  <  0.001, N  =  9), but not the duration of inspiration (TI). 
Local disinhibition of the pre-BötC/BötC significantly reduced 
TTOT (from 4.7  ±  2.0 to 2.1  ±  0.7  s, p  <  0.05, N  =  11), 
and TE (from 3.9  ±  1.8 to 1.3  ±  0.5  s, p  <  0.01, N  =  11), 
but not TI. Local disinhibition of the KFn did not change 
TTOT or TE, but significantly increased TI (from 0.9  ±  0.2 
to 1.5  ±  0.9  s, p  <  0.05, N  =  10). Finally, local disinhibition 
of the PAG tended to decrease TTOT (from 5.0  ±  1.9 to 
3.1  ±  1.7  s, N  =  7) via a reduction in TE, but neither 
change was significant for the group. Together, these data 
show that local disinhibition of the NTS, pre-BötC/BötC, 
or KFn had a greater influence on the respiratory rhythm 
compared to local disinhibition of the PAG.

Group data of the effect of local disinhibition on the variability 
of the PNA rhythm are shown in Figure 3B. Local disinhibition of 
the NTS significantly increased the coefficient of variation of 
TTOT [CV(TTOT) (from 0.11  ±  0.05 to 0.75  ±  0.21, p  <  0.001, 
N  =  9), CV(TI) (from 0.05  ±  0.02 to 0.53  ±  0.23, p  <  0.001, 
N = 9), and CV(TE) (from 0.13 ± 0.06 to 0.98 ± 0.31, p < 0.001, 
N  =  9)]. Similarly, local disinhibition of the pre-BötC/BötC 
significantly increased CV(TTOT) (from 0.14 ± 0.06 to 0.58 ± 0.11, 
p  <  0.001, N  =  11), CV(TI) (from 0.09  ±  0.03 to 0.61  ±  0.12, 
p < 0.001, N = 11) and CV(TE) (from 0.17 ± 0.07 to 0.79 ± 0.14, 
p < 0.001, N = 11). Local disinhibition of the KFn significantly 
increased CV(TTOT) (from 0.11 ± 0.07 to 0.50 ± 0.10, p < 0.001, 
N  =  10), CV(TI) (from 0.08  ±  0.06 to 0.64  ±  0.09, p  <  0.001, 
N = 10) and CV(TE) (from 0.13 ± 0.08 to 0.60 ± 0.18, p < 0.001, 
N  =  10). Finally, local disinhibition of the PAG significantly 
increased CV(TTOT) (from 0.12 ± 0.05 to 0.37 ± 0.15, p < 0.01, 
N = 7) and CV(TE) (from 0.15 ± 0.06 to 0.53 ± 0.20, p < 0.001, 
N  =  7), but not CV(TI). Together, these data suggest that local 
disinhibition of any target site increases the variability of the 
respiratory rhythm and expiratory intervals. However, whereas 
local disinhibition of brainstem respiratory areas increased the 
variability of inspiration, local disinhibition of the PAG did 
not modulate the variability of inspiration.

Representative Poincaré plots of the instantaneous respiratory 
period (TTOT) highlight the qualitative difference in the respiratory 
rhythm variability evoked by local disinhibition of brainstem 
respiratory areas versus the PAG (Figure 3C). At baseline, all 
preparations had a consistent respiratory rhythm with limited 
stochastic variability which was centered around the line-of-
identity. In some cases, like the baseline condition before 
pre-BötC/BötC and PAG disinhibition, the variability of the 
respiratory rhythm in the perfused preparation can show some 
deterministic structure that may indicate the presence of 
consistent breath-to-breath sequences of respiratory cycle 
durations in the underlying time series. After local disinhibition 
of the NTS, pre-BötC/BötC, or KFn, all preparations showed 

a marked increase in the variability of TTOT that was reflected 
by an increase in the size of the point cloud. The variability 
of the respiratory rhythm evoked by local disinhibition of any 
of these brainstem respiratory areas appeared random. In 
contrast, local disinhibition of the PAG was associated with 
a modulation of the respiratory pattern such that brief (two 
to four cycles) tachypneic events were intermingled with 
stationary breathing. In the Poincaré plot after local disinhibition 
of the PAG, this structured variability was reflected by the 
presence of clouds of points offset from the line of identity. 
This qualitative analysis suggests that local disinhibition of 
brainstem-respiratory areas increased the stochastic variability 
of the respiratory rhythm, whereas local disinhibition of the 
PAG introduced a deterministic source of variability into the 
respiratory rhythm.

To further analyze the motor patterns expressed after local 
disinhibition of respiratory areas, we  scored the occurrence of 
eight representative motor pattern motifs during a 3-min epoch 
after local disinhibition (Figure 4). Representative traces for 
each of these motor pattern motifs are shown in Figure 4. 
To compare motif occurrence after local disinhibition of the 
NTS, pre-BötC/BötC, KFn, or PAG, we  normalized the motif 
counts in each epoch to the total number of events to determine 
the probability of motif occurrence within each epoch.

The eupnea motif (Figure 4A) is defined by inspiratory 
activity on PNA, and by a bi-phasic VNA discharge that begins 
during inspiration, peaks at the onset of post-inspiration, and 
decays exponentially until the onset of the late-expiratory phase. 
The eupnea motif was almost never observed after local 
disinhibition of brainstem target sites but was preserved after 
PAG disinhibition. For the group, the probability of eupnea 
motif occurrence after PAG disinhibition was significantly 
greater compared to local disinhibition of the NTS, pre-BötC/
BötC, or KFn (p  <  0.05).

The staccato PNA motif (Figure 4B) was defined by 
repeated, short bursts of PNA associated with inspiratory-
like discharges on VNA. The probability of staccato PNA 
motif occurrence was equally likely after NTS-, pre-BötC/
BötC-, or KFn-disinhibition. After local disinhibition of the 
PAG, this motif never occurred and was significantly less 
likely to occur compared to local disinhibition of brainstem 
areas (p  <  0.05).

The sub-threshold PNA motif was defined by the 
sub-threshold tonic discharge on PNA (compare black- versus 
wine-colored arrowheads in Figure 4C). Note that in the 
representative example shown, the tonic sub-threshold PNA 
was also associated with additional full amplitude PNA bursts 
during the period of tonic discharge. Sub-threshold PNA 
motifs were observed after NTS-, pre-BötC/BötC-, or 

FIGURE 3 | (CV) of the respiratory period and expiratory phase durations. The CV of TI was significantly increased after local disinhibition of the NTS, pre-BötC/
BötC and KFn, and tended to increase after local disinhibition of the PAG. (C) Representative Poincaré plots of the instantaneous respiratory period (TTOT) are shown 
at baseline (left) and after local disinhibition (right) of the NTS, pre-BötC/BötC, KFn or PAG. At baseline, all preparations had limited variability that appeared 
stochastic since the point clouds were clustered around the line of identity (dashed lines). After local disinhibition of the NTS, pre-BötC/BötC or KFn, the variability of 
the respiratory rhythm (width of the point cloud) increased, but still appeared stochastic. In contrast, after local disinhibition of the PAG, the tachypneic events that 
occurred regularly (see Figure 2D) were reflected by additional point clouds offset from the line of identity. This observation suggests that increasing the excitability 
of the PAG introduced a deterministic source of respiratory rhythm variability. *p < 0.05; **p < 0.01; ***p < 0.001.
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KFn-disinhibition but not after PAG-disinhibition. The 
probability of sub-threshold PNA motif occurrence was equally 
likely after local disinhibition of brainstem areas. The probability 
of sub-threshold PNA motif occurrence was significantly less 

after local disinhibition of the PAG compared to after local 
disinhibition of the NTS or pre-BötC/BötC (p  <  0.05).

The prolonged PNA motif (Figure 4D) was defined 
by  apneustic bursts reminiscent of those evoked by KFn 

A B C D

E F G H

FIGURE 4 | Local disinhibition of brainstem-, but not midbrain-, respiratory areas evokes ataxic respiratory motor patterns composed of a similar set of motifs. To 
qualitatively analyze the ataxic respiratory motor patterns expressed after local disinhibition of the NTS, pre-BötC/BötC, KFn or PAG, we scored the occurrence of 
eight representative respiratory motor pattern motifs during 3-min epochs recorded after bicuculline microinjection. The representative traces shown in this figure 
depict the definitions of the motor pattern motifs scored after local disinhibition of each target compartment. Below each set of raw traces, we plot the probability 
(or relative frequency) of observing a given respiratory motor pattern motif after local disinhibition of each target respiratory area. (A) Eupnea: The eupneic motif is 
defined by inspiratory activity on PNA, and by a bi-phasic VNA discharge that begins during inspiration, peaks at the onset of post-inspiration, and decays abruptly 
at the onset of the late-expiratory phase. As noted in Figure 2, the eupneic respiratory motor pattern motif was disrupted after local disinhibition of brainstem 
respiratory areas, but was spared after local disinhibition of the midbrain PAG. Further, the probability of observing eupneic fictive breaths was significantly greater 
after local disinhibition of the PAG compared to local disinhibition of either of the three brainstem respiratory areas. (B) Staccato PNA: This motif was defined by 
repeated, short bursts of PNA (arrowhead) associated with inspiratory-like discharges on VNA. There was no significant difference between the probability of 
occurrence of staccato PNA motifs after local disinhibition of brainstem respiratory areas. However, this motif was observed significantly less frequently after local 
disinhibition of the PAG. (C) Sub-threshold PNA: This motif was defined by the sub-threshold tonic discharge on PNA (sub-threshold activity indicated by black- 
versus DC-level of noise indicated by wine-colored arrowheads, respectively). This motif occurred significantly less frequently after PAG-disinhibition compared to 
disinhibition of brainstem respiratory areas. (D) Prolonged PNA: This motif was defined by apneustic bursts (arrowhead) reminiscent of those evoked by KFn lesions. 
This apneustic motif occurred significantly more frequently after KFn-disinhibition compared to after NTS-, or PAG-disinhibition. There was no significant difference in 
the probability of prolonged PNA motif occurrence after NTS-, pre-BötC/BötC- or PAG-disinhibition. (E) Truncated PNA: In this motif, we observed a short burst of 
PNA (arrowhead) that was quickly terminated by an exaggerated post-inspiratory discharge of VNA. This motif occurred significantly less frequently after PAG-
disinhibition compared to after disinhibition of the NTS or KFn. Further, there was no significant difference in the probability of observing truncated PNA motifs after 
NTS-, pre-BötC/BötC- or KFn-disinhibition. (F) Extra VNA Bursts: This motif was characterized by the presence of one or more additional bursts or peaks of VNA 
discharge (arrowheads) after the initial VNA burst at the onset of post-inspiration. This motif occurred significantly less frequently after PAG-disinhibition compared to 
after NTS- or pre-BötC/BötC-disinhibition. There was no significant difference in the probability of observing extra VNA burst motifs after local disinhibition of 
brainstem respiratory areas. (G) Prolonged VNA: This motif was characterized by an exaggerated and sustained VNA (arrowhead) that continued through multiple 
cycles of PNA. This motif occurred significantly more frequently after NTS- or KFn-disinhibition compared to after PAG-disinhibition. There was no significant 
difference in the probability of observing this motif after local disinhibition of brainstem respiratory areas. (H) Truncated VNA: This motif was characterized by a 
rapidly decaying post-inspiratory discharge of VNA (arrowhead) that was very short compared to baseline post-inspiratory VNA. There was no significant difference 
in the probability of occurrence of this motif after local disinhibition of any respiratory area. Scale bars: 2 s; n.s.: not significant; *p < 0.05.
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lesions. Less severe apneustic PNA bursts were also observed after 
pre-BötC/BötC- or PAG-disinhibitions. For the group, the 
probability of prolonged PNA motif occurrence  was equally 
likely after NTS-, pre-BötC/BötC-, or PAG-disinhibition. After 
local disinhibition of the KFn,  the  probability of prolonged 
PNA motif occurrence was significantly greater compared to 
after NTS- or PAG-disinhibition (p  <  0.05).

In the truncated PNA motif (Figure 4E), we  observed a 
burst of PNA that is quickly terminated by an exaggerated 
post-inspiratory discharge of VNA. This motif was observed 
after local disinhibition of the NTS, pre-BötC/BötC, or KFn, 
but not the PAG. The probability of truncated PNA motif 
occurrence was equally likely after NTS-, pre-BötC/BötC-, or 
KFn-disinhibition. The probability of this motif occurring was 
significantly less after local disinhibition of the PAG compared 
to local disinhibition of the NTS or KFn (p  <  0.05).

The extra VNA bursts motif (Figure 4F) was characterized 
by the presence of one or more additional bursts or peaks of 
VNA discharge after the initial VNA burst at the onset of 
post-inspiration. This motif was observed after local disinhibition 
of any respiratory area. The probability of extra VNA burst 
occurrence was equally likely after local disinhibition of the 
NTS, pre-BötC/BötC, or KFn. After local disinhibition of the 
PAG, the probability of this motif occurring was significantly 
less compared to after local disinhibition of the NTS or pre-BötC/
BötC (p  <  0.05).

The prolonged VNA motif (Figure 4G) was characterized 
by an exaggerated and sustained VNA that continued through 
multiple cycles of PNA. This motif was observed after local 
disinhibition of the NTS, pre-BötC/BötC, or KFn but never 
after PAG disinhibition. The probability of prolonged VNA 
motif occurrence was equally likely after NTS-, pre-BötC/BötC-, 
or KFn-disinhibition. The probability of this motif occurring 
was significantly greater after NTS- or KFn-disinhibition 
compared to after PAG-disinhibition (p  <  0.05).

Finally, the truncated VNA motif (Figure 4H) was 
characterized by a rapidly decaying post-inspiratory discharge 
of VNA that was very short compared to baseline post-
inspiratory VNA. For the group, the probability of truncated 
VNA motif occurrence was equally likely after local disinhibition 
of any site.

In general, the distributions of motif occurrence probabilities 
after local disinhibition of the NTS, pre-BötC/BötC and KFn 
clustered together, whereas the set of motifs occurring after 
local disinhibition of the PAG was in most cases significantly 
different from brainstem respiratory areas. Taken together, 
this analysis suggests that local disinhibition of the NTS, 
pre-BötC/BötC or KFn areas evokes a convergent set of 
respiratory motor pattern motifs, especially when compared 
to the breathing patterns evoked by local disinhibition of 
the PAG.

Because the previous qualitative analyses were prone to 
variability due to their subjective nature (e.g., manual scoring 
of phase durations and motif occurrence), we  next sought 
to apply a more quantitative method to compare the effect 
of disinhibition of the NTS, pre-BötC/BötC, KFn, or PAG 
on the respiratory motor pattern. We  assumed that the 

deviations from the eupneic three-phase respiratory rhythm 
could be  quantified via changes in the strength of 
synchronization between respiratory motor outputs. Because 
PNA and VNA remained periodic after local disinhibition 
of any target site, and because the instantaneous phases of 
PNA and VNA could be  determined in an un-biased fashion 
using the Hilbert transform method, we  measured the phase 
synchronization between PNA and VNA to quantitatively 
analyze the disruption of the respiratory motor pattern after 
local disinhibition of target sites.

Representative joint probability distributions of the 
instantaneous phases of PNA and VNA are shown before and 
after local disinhibition in Figure 5. In these plots, diagonal 
banding patterns appear when the instantaneous phases of 
PNA and VNA maintain a constant relative phase difference 
consistently for many cycles. Thus, the presence of such banding 
patterns indicates a potential phase synchronization interaction 
between PNA and VNA. As expected, at baseline (Figure 5, 
left panels), PNA and VNA were tightly synchronized. After 
local disinhibition of any target site (Figure 5, right panels), 
the non-eupneic respiratory motor pattern motifs were reflected 
as trajectories that deviated from the synchronized path around 
the torus. Nonetheless, for many respiratory cycles, PNA and 
VNA remained partially synchronized.

The mutual information of the instantaneous phases of PNA 
and VNA quantifies the strength of phase synchronization 
between these two respiratory motor outputs. Group data 
regarding the mutual information statistic are shown before 
and after local disinhibition in Figure 6A. For the group, local 
disinhibition of the NTS significantly reduced the mutual 
information of PNA and VNA (from 2.19 ± 0.28 to 0.88 ± 0.13 
nats, p  <  0.001, N  =  9). Similarly, local disinhibition of the 
pre-BötC/BötC significantly reduced the mutual information 
of PNA and VNA (from 1.58  ±  0.35 to 0.71  ±  0.24 nats, 
p  <  0.001, N  =  11). Local disinhibition of the KFn also 
significantly reduced the mutual information of PNA and VNA 
(from 2.04  ±  0.29 to 1.07  ±  0.24 nats, p  <  0.001, N  =  10). 
Finally, local disinhibition of the PAG tended to increase the 
mutual information of PNA and VNA (from 1.69  ±  0.32 to 
1.86  ±  0.39 nats, N  =  7), but this change was not significant. 
Importantly, the mutual information of PNA and VNA after 
local disinhibition of the PAG was significantly greater than 
that evoked by local disinhibition of the NTS, pre-BötC/BötC, 
and KFn (p  <  0.001).

To assess whether the presence of phase synchronization 
between PNA and VNA in each epoch was not simply due 
to chance, for each analyzed epoch, we  generated a surrogate 
dataset by shuffling whole cycles of the instantaneous phases 
of PNA and VNA to determine the 99% confidence interval 
for the mutual information statistic. The original values of the 
mutual information of PNA and VNA (stars) and the upper-
bound of the 99% confidence interval of the surrogate dataset 
(solid bars) are shown in Figure 6B. As expected, at baseline, 
all preparations showed a significant phase synchronization 
interaction between PNA and VNA, i.e., the original mutual 
information of the instantaneous phases was greater than the 
upper-bound of the 99% confidence interval of the surrogate 
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FIGURE 5 | Local disinhibition of brainstem-, but not midbrain-, respiratory circuit compartments reduces the strength of PNA-VNA synchrony. (A–D) We assumed 
that the eupneic three-phase respiratory rhythm could be quantified via the synchrony between respiratory motor outputs. Because PNA and VNA remained 
periodic after local disinhibition of any target site, and because the instantaneous phases of PNA and VNA could be determined in an un-biased fashion by applying 
the Hilbert transform, we characterized the phase synchronization between PNA and VNA to quantitatively analyze the disruption of the respiratory motor pattern 
after local disinhibition of target sites. Representative joint probability distributions of the instantaneous phase of PNA ( jPNA ) and VNA ( jVNA ) are shown at 
baseline (left) and after local disinhibition (right) of the NTS (A), pre-BötC/BötC (B), KFn (C) or PAG (D). The joint probability histograms are representative examples 
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dataset. Interestingly, after local disinhibition of the NTS, 
pre-BötC/BötC, KFn, the phase synchronization between PNA 
and VNA remained significant despite the change in the mutual 
information of the instantaneous phases. Taken together, these 
data demonstrate that a significant, but weaker, phase 
synchronization interaction persists after local disinhibition of 
the NTS, pre-BötC/BötC, or KFn.

DISCUSSION

The present study shows that local disinhibition of the NTS, 
pre-BötC/BötC, or KFn—respiratory nuclei which are distributed 
along the rostro-caudal and dorso-ventral axes of the ponto-
medullary brainstem—evokes convergent disruptions of the 
respiratory motor pattern. In contrast, disinhibition of the 
midbrain PAG, which is known to potently modulate respiration, 
does not perturb the eupneic respiratory motor pattern. Our 
data support the conclusion that the circuit underlying respiratory 

pattern formation is anatomically distributed across the ponto-
medullary brainstem, rather than being localized solely within 
a core circuit in the ventrolateral medulla.

Local Disinhibition of Anatomically  
Distinct Nuclei in the Ponto-Medullary 
Brainstem, but Not Midbrain, Evokes 
Convergent Disruptions of the Respiratory 
Motor Pattern
The present study qualitatively and quantitatively demonstrates 
convergence between the highly disturbed respiratory motor 
patterns evoked by locally increasing excitability within either 
the NTS, the pre-BötC/BötC, or the KFn areas, especially when 
compared to the effect of local disinhibition of the midbrain PAG.

Locally increasing excitability of a respiratory area via 
pharmacologic disinhibition enables the functional measurement 
(via respiratory motor outputs) of the net connectivity of the 
target area with the remainder of the respiratory network. 
We  postulate that if there are few connections from the target 
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FIGURE 6 | Group data reveal a quantitative difference in the effect of local disinhibition of brainstem-versus midbrain-respiratory areas on the strength of PNA-
VNA synchrony. The mutual information of the instantaneous phases of PNA and VNA quantifies the strength of the phase synchronization between these two 
respiratory motor outputs. (A) After local disinhibition of any brainstem-, but not midbrain-, target site, the strength of the phase synchronization between PNA and 
VNA was significantly reduced. Further, the mutual information of the instantaneous phases of PNA and VNA after local disinhibition of the PAG was significantly 
greater than that after local disinhibition of the NTS, pre-BötC/BötC or KFn. (B) To assess the statistical significance of the phase synchronization interaction, 
we compared the mutual information of the original dataset with that of a surrogate distribution which was generated by shuffling whole cycles of the instantaneous 
phases. This plot shows the observed mutual information (navy- or wine-colored stars) and the upper-bound of the 99% confidence interval of the surrogate 
distributions (gray bars). Both before and after local disinhibition of target sites, the original mutual information of the instantaneous phases was greater than that of 
the respective surrogate distribution indicating the presence of a significant phase synchronization interaction between PNA and VNA. Taken together, the 
measurement of phase synchronization before and after local disinhibition of brainstem target sites suggests that a significant, but weaker, phase synchronization 
interaction persisted after local disinhibition of the NTS, pre-BötC/BötC or KFn. In contrast, the synchronization of PNA and VNA was preserved after local 
disinhibition of the PAG. ***p < 0.001; n.s.: not significant.

FIGURE 5 | from single experiments that reflect all respiratory cycles in a given epoch. Banding patterns in these histograms reflect the presence of a phase 
synchronization interaction between PNA and VNA. As expected, at baseline, all preparations showed strong phase synchronization between PNA and VNA. After 
local disinhibition of any brainstem target site (A–C), many trajectories around this toroidal phase space deviated from the strongly synchronized trajectory observed 
at baseline. However, an interaction (banding pattern) remained between the instantaneous phases of PNA and VNA, suggesting that some component of the 
physiologic inspiration-to-post-inspiration transition remained after local disinhibition of any target compartment. In contrast, after local disinhibition of the PAG, the 
trajectories around the toroidal phase space remained clustered suggesting that local disinhibition of the PAG spared the eupneic phase synchronization interaction 
between PNA and VNA (D).
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to the network, we  would expect that the respiratory motor 
pattern would be  minimally impacted by the disinhibition. If 
there is dense connectivity from the target area to the network, 
we would expect the respiratory pattern to be strongly modulated 
by the disinhibition. In addition, the effect of a local disinhibition 
may also depend on the pattern of connections from a target 
to the rest of the network. If projections from the target to 
the network influence many types of respiratory neurons 
(inspiratory, post-inspiratory, late-expiratory, phase spanning, 
etc.), we would expect the disinhibition to disrupt the respiratory 
pattern because these pathways would not be coherently activated 
by the disinhibition, i.e., we  would introduce a strong source 
of stochastic variability in the network. Alternatively, if the 
projections from the target to the network are themselves 
coherent, e.g., neurons in the target area project to one or a 
few cooperative respiratory neuron types, we  would expect that 
local disinhibition of the target would modulate the respiratory 
pattern since these synergistic projections would be  coherently 
activated despite the noisy pharmacologic activation of the target.

In our results, all tested areas had a strong influence on 
the respiratory motor pattern, as predicted by previous work 
(Wasserman et al., 2002; Dutschmann and Herbert, 2006; Smith 
et  al., 2007; Zhang et  al., 2009; Bautista and Dutschmann, 
2014b; Dhingra et  al., 2017). However, the data also suggested 
a difference between local disinhibition of brainstem- versus 
midbrain-respiratory areas. Local disinhibition of brainstem 
respiratory areas (NTS, pre-BötC/BötC, or KFn) evoked ataxic 
respiratory motor patterns that could be described as respiratory 
motor pattern disruptions, whereas local disinhibition of the 
midbrain PAG evoked coherent modulations of the respiratory 
motor pattern that spared the eupneic three-phase respiratory 
motor pattern. We  speculate that the latter was likely due to 
the presence of coherently organized projections from the PAG 
to select expiratory components of the respiratory network.

While previous studies have also used local disinhibition as 
a perturbation of physiologic respiratory network dynamics in 
vivo (Wasserman et al., 2002; Zhang et al., 2009; Bongianni et al., 
2010; Janczewski et  al., 2013), the most relevant study in the 
context of the present results is that of Marchenko et  al. who 
microinjected a cocktail of GABAergic and glycinergic antagonists 
into the pre-BötC or BötC in the perfused preparation of rats 
(Marchenko et al., 2016). Consistent with the results of the present 
study, these authors observed a disruption of the respiratory pattern 
after local disinhibition of either the pre-BötC or BötC. Our 
results extend their findings by characterizing the specific disruptions 
of the respiratory motor pattern and by comparing the local 
disinhibition of the pre-BötC/BötC core circuit with the local 
disinhibition of other brainstem- and midbrain-respiratory nuclei.

Local microinjection of bicuculline into brainstem target areas 
triggered the emergence of generally similar sets of ataxic respiratory 
motor pattern motifs, especially when compared to local 
disinhibition of the PAG. While subtle differences in the expression 
of respiratory motor pattern motifs were observed, in most cases, 
we  showed that probability of respiratory motor pattern motif 
occurrence was equivalent after local disinhibition of brainstem 
respiratory areas, whereas the respiratory pattern evoked by local 
disinhibition of the PAG consisted largely of eupneic breaths.

We further analyzed the effect of local disinhibition of 
respiratory areas with an unbiased quantitative approach based 
on measuring the phase synchronization between the motor 
outputs of the respiratory network. This analysis revealed that 
the strength of the synchronization between phrenic and vagal 
motor activities was significantly reduced after all three 
perturbations of brainstem respiratory areas, whereas local 
disinhibition of the PAG spared the phase synchronization 
interaction between phrenic and vagal motor pools. Importantly, 
local disinhibition and the resultant increased excitability of 
any brainstem target respiratory area resulted in a similar 
decrease in the synchronization strength between phrenic and 
vagal motor activities. If one specific brainstem area would 
have shown a significantly different reduction in the coupling 
strength compared to the other brainstem areas, it would have 
been considered to play a more significant role in respiratory 
pattern formation. However, since such a difference between 
the magnitudes of the reduction in phase synchronization 
strength after disinhibition of brainstem target sites was not 
observed, our data imply that the functional rCPG network 
is distributed across ventral and dorsal brainstem areas.

In contrast, we  have shown that local disinhibition of the 
midbrain PAG evoked a qualitatively different modulation of 
the respiratory rhythm, but not pattern, compared to the local 
disinhibition of brainstem target nuclei. Neuronal cell columns 
within the PAG have long been known to project to various 
ponto-medullary respiratory nuclei to modulate respiration and 
are thought to relay and integrate limbic and cortical respiratory 
commands into respiratory brainstem circuits (Faull et al., 2019). 
Thus far, it has been shown that the respiratory effects of PAG 
stimulation depend on the activities of the parabrachial nuclei 
(located dorso-medially to the KFn) and the NTS (Huang et al., 
2000; Hayward et  al., 2004). While these projections overlap 
with the brainstem target nuclei considered in the present study, 
it is also clear that local disinhibition of the PAG did not 
evoke the ataxic respiratory motor pattern motifs observed after 
NTS-, pre-BötC/BötC-, or KFn-disinhibition. This observation 
suggests that the descending connectivity of the PAG may not 
be  sufficient to enable the PAG to have direct control of 
respiratory pattern formation (Farmer et  al., 2014).

Excitation-Inhibition Balance Is a 
Mechanism Underlying Respiratory 
Pattern Formation
An important observation of the present study is that locally 
increasing excitability within a node of the distributed rCPG 
network was sufficient to disrupt respiratory pattern formation 
suggesting that the balance between excitation and inhibition 
(E-I balance) may serve as a mechanism that underlies the 
physiologic generation of the eupneic three-phase respiratory 
motor pattern. In cortical circuits, both during spontaneous 
and sensory-evoked activities, excitation is accompanied by a 
lagging inhibition (Borg-Graham et al., 1996; Wehr and Zador, 
2003; Mariño et  al., 2005; Haider et  al., 2006). E-I balance is 
thought to keep cortical circuits in a state of criticality that 
may enhance information transfer (Shew and Plenz, 2013).
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In general, inhibitory neurons have been shown to 
be intermingled with excitatory neurons in in the NTS, pre-BötC/
BötC area, and KFn (Guthmann et  al., 1998; Fong et  al., 2005; 
Winter et  al., 2009). In the present study, we  observed that 
locally increasing the excitability of only one anatomically-
distinct brainstem target area was sufficient to completely disrupt 
the eupneic three-phase respiratory motor pattern. Thus, the 
present results are in accordance with a role for E-I balance 
in determining the respiratory pattern.

Considering the bicuculline microinjections in the context 
of E-I balance also helps to understand the paradoxical 
appearance of apneustic respiratory motor pattern motifs, 
especially after local disinhibition of the KFn. Importantly, 
all three target areas within the ponto-medullary brainstem 
were previously shown to be  key elements for the mediation 
of the inspiratory off-switch because local pharmacological 
inhibition (lesion) of either the NTS, BötC, or KFn reportedly 
triggers apneusis (prolonged PNA motif, see Figure 4D; 
Cohen and Shaw, 2004; Dutschmann and Herbert, 2006; 
Burke et al., 2010; Bautista and Dutschmann, 2014a; Dhingra 
et  al., 2017). Apneusis is a pathological prolongation of 
inspiration, and typically reflects a delay in the inspiratory 
off-switch mechanisms. While the evidence that pharmacologic 
inhibition of the KFn triggers apneusis supports a hypothesis 
that increasing the excitability of the KFn should inhibit 
inspiration and enhance post-inspiratory motor outputs, in 
the present study, we observed that increasing the excitability 
of the KFn paradoxically also triggers apneusis. It is important 
to note, however, that the apneusis triggered by disinhibition 
of the KFn was qualitatively different from the previously 
reported apneusis triggered by KFn inhibition (Dutschmann 
and Herbert, 2006; Dhingra et  al., 2017). Previous studies 
have shown that KFn- (or NTS- or BötC-) inhibition evokes 
a stationary apneustic respiratory motor pattern in which 
every respiratory cycle contains a prolonged inspiratory effort 
without the expression of post-inspiratory VNA. In contrast, 
in the present study, we  observed a highly variable apneustic 
respiratory motor pattern after disinhibition of the KFn. More 
specifically, as can be  observed in the raw traces shown in 
Figure 2, local disinhibition of the KFn did not cause every 
respiratory cycle to be  apneustic. Instead, we  observed both 
severely apneustic respiratory cycles associated with a prolonged 
inspiratory effort and no post-inspiratory VNA, and truncated 
PNA motifs wherein inspiratory motor output in PNA was 
quickly terminated by a prolonged VNA motif. A similarly 
variable pattern of PNA was previously reported after local 
disinhibition of the BötC with bicuculline in anesthetized 
rabbits (Bongianni et  al., 2010). Therefore, the results of the 
present study suggest that a mixture of excitatory and inhibitory 
inputs (from either local or long-range projections) to the 
KFn determines the timing of the inspiratory off-switch and 
highlight E-I balance as a mechanism underlying eupneic 
respiratory pattern formation. Consequently, the perturbation 
of E-I balance in any given brainstem node of the pattern 
generating circuit was sufficient to perturb the global respiratory 
network dynamics underlying the formation of the 
respiratory pattern.

Pathological changes in E-I balance are also known to 
underlie pathologic breathing patterns in Rett syndrome. Initially, 
excitability-related synaptic dysfunction was identified 
functionally in the NTS, KFn, locus coeruleus, and ventrolateral 
medulla (Stettner et  al., 2007; Medrihan et  al., 2008; 
Taneja et  al., 2009; Kline et  al., 2010; Abdala et  al., 2016). 
However, from these studies alone, it was difficult to determine 
the causal source of pathologic breathing patterns in Rett 
syndrome. The findings of the present study show that disruption 
of E-I balance within any of these brainstem areas could 
potentially underlie Rett syndrome pathology. Consistent with 
this interpretation, later Fos-expression studies in MeCP2-
deficient mice demonstrated that forebrain circuits are subject 
to widespread hypo-excitability, whereas brainstem networks 
are hyperexcitable (Kron et  al., 2012). While E-I imbalance 
in the brainstem respiratory network will trigger neurogenic 
breathing disorders, the findings of the present study also 
suggest that a specific pathologic motor pattern may not 
necessarily be  predictive of the anatomic location of the E-I 
imbalance. Thus, the findings of the present study extend a 
growing body of literature supporting the hypothesis that 
eupneic respiratory pattern formation depends on E-I balance 
within brainstem respiratory circuits.

Technical Considerations
Bicuculline is classified as a competitive GABA(A) receptor 
antagonist. However, the aim of the present study was not to 
investigate the role of GABAergic inhibition within localized 
brainstem or midbrain nuclei. Instead, we  used bicuculline 
microinjections as a pharmacologic tool to locally increase 
neuronal excitability. Thus, bicuculline-related side-effects, 
including the blockade of calcium-activated potassium 
conductances or GABA reuptake (Olsen et  al., 1976; Heyer 
et  al., 1981; Johnson and Seutin, 1997; Johansson et  al., 2001), 
do not interfere with our conclusions. First, blocking GABA 
reuptake should have a marginal effect on neuronal excitability 
when local GABA(A) receptors are also blocked. Second, the 
apamin-like activity of bicuculline that blocks calcium-dependent 
potassium conductances should also increase neuronal excitability. 
Thus, potential off-target effects of bicuculline should further 
enhance local hyperexcitability.

CONCLUSIONS AND FUTURE 
DIRECTIONS

While effects of the network perturbation following bicuculline-
evoked increases in excitability on the generation of the 
respiratory pattern (Bautista and Dutschmann, 2014b; Abdala 
et  al., 2016) or reflex mediation (Dutschmann and Herbert, 
1998) were previously reported, this is the first publication 
that qualitatively and quantitatively compared such effects of 
a local disinhibition. The role of the KFn as a key area for 
the control of respiration has been appreciated for many years 
(see Marckwald, 1887). The interaction between the KFn and 
pre-BötC/BötC core circuit is also considered in many 
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computational and conceptual models (Rybak et  al., 2004; 
Smith et  al., 2007, 2009; Mörschel and Dutschmann, 2009; 
Dutschmann and Dick, 2012; Ausborn et  al., 2018). 
Consequently, the anatomical location of the rCPG is commonly 
depicted as continuous bilateral respiratory columns that 
stretch from the ventral caudal medulla to the dorsolateral 
pons (see Alheid et al., 2004; Alheid and McCrimmon, 2008). 
However, the role of the NTS and adjacent dorsal brain 
structures of the medulla oblongata, as a dorsal respiratory 
group and integral part of the rCPG, was just recently 
re-discovered in experiments using the perfused brainstem 
preparation (Bautista and Dutschmann, 2014b; Jones et  al., 
2016) and further supported by the findings of the present study.

Overall, the data of the present study strongly suggest that 
the rCPG cannot be associated with a compact and continuous 
cell column that only extends rostrocaudally and instead needs 
to also be  functionally and anatomically extended to dorsal 
brainstem area(s). Therefore, future investigations exploring the 
dynamical mechanisms underlying respiratory control should 
look broadly across respiratory neuronal populations to unravel 
the fundamental neurophysiologic principles controlling the 
breath. Our observations also highlight the need to implement 
modern experimental tools, like population imaging and multi-
electrode array recording, in preparations that maintain the 

functional and anatomic integrity of the rCPG to optimally 
capture brainstem-wide respiratory circuit dynamics.
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Inflammatory mediators play a critical role in the regulation of sympathetic outflow to 
cardiovascular organs in hypertension. Emerging evidence highlights the involvement of 
immune cells in the regulation of blood pressure. However, it is still unclear how these immune 
cells are activated and recruited to key autonomic brain regions to regulate sympathetic 
outflow to cardiovascular organs. Chemokines such as C-C motif chemokine ligand 2 
(CCL2), and pro-inflammatory cytokines such as tumor necrosis factor alpha (TNF-α) and 
interleukin 1 beta (IL-1β), are upregulated both peripherally and centrally in hypertension. 
More specifically, they are upregulated in key autonomic brain regions that control sympathetic 
activity and blood pressure such as the paraventricular nucleus of the hypothalamus and 
the rostral ventrolateral medulla. Furthermore, this upregulation of inflammatory mediators 
is associated with the infiltration of immune cells to these brain areas. Thus, expression of 
pro-inflammatory chemokines and cytokines is a potential mechanism promoting invasion 
of immune cells into key autonomic brain regions. In pathophysiological conditions, this can 
result in abnormal activation of brain circuits that control sympathetic nerve activity to 
cardiovascular organs and ultimately in increases in blood pressure. In this review, we discuss 
emerging evidence that helps explain how immune cells are chemoattracted to autonomic 
nuclei and contribute to changes in sympathetic outflow and blood pressure.

Keywords: neuroinflammation, chemoattraction, immune system, autonomic nervous system, hypertension

INTRODUCTION

The autonomic nervous system plays a major role in blood pressure regulation whereby 
dysfunction can lead to hypertension. Brain regions lacking a functional blood-brain barrier 
(BBB), known as circumventricular organs (CVOs), can sense and respond to circulating factors 
such as blood-borne hormones, like angiotensin II. This can lead to elevated sympathetic 
discharge and blood pressure (BP) (Nunes and Braga, 2011; Zubcevic et  al., 2017). CVOs, 
such as the subfornical organ (SFO) and the area postrema (AP), regulate sympathetic outflow 
by changing the activity of neurons in the paraventricular nucleus of the hypothalamus (PVN) 
and the rostral ventrolateral medulla in the brainstem (RVLM) (van der Kooy and Koda, 1983; 
Dampney et  al., 1987; Braga et  al., 2011). Both the PVN and the RVLM are implicated in 
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the regulation of sympathetic outflow to cardiovascular organs 
via direct projections to sympathetic preganglionic neurons 
(SPNs) located in the spinal cord (Strack et al., 1989a,b; Schramm 
et  al., 1993). Thus, these brain regions play an important role 
in regulating homeostatic levels of sympathetic outflow to the 
cardiovascular organs such that activation of the AP, by 
inflammatory mediators such as tumor necrosis factor alpha 
(TNF-α), for example, can lead to increases in both cardiac 
and renal sympathetic nerve activity (Korim et  al., 2018).

The upregulation of pro-inflammatory mediators is associated 
with human hypertension (Chrysohoou et  al., 2004; Antonelli 
et  al., 2012). Studies in experimental rodent models of 
hypertension confirm this finding. Moreover, they further show 
that upregulation of a wide range of pro-inflammatory mediators 
occurs in key brain regions known to regulate sympathetic 
outflow to cardiovascular organs (Shen et  al., 2015). These 
pro-inflammatory cytokines include TNF-α, interleukin 1 beta 
(IL-1β), interleukin 6 (IL-6), and pro-inflammatory chemokines 
such as C-C motif chemokine ligand 2 (CCL2). These mediators 
are upregulated in the PVN and RVLM, in models of both 
primary and secondary hypertension (Li et  al., 2014; Song 
et al., 2014). Selective blockade of these inflammatory mediators 
in the central nervous system reduces BP in animal models 
of hypertension (Li et al., 2014; Song et al., 2014). These studies 
indicate that upregulation of pro-inflammatory mediators in 
brain regions that control cardiovascular function contributes 
to sustained BP increase in hypertension. However, the factors 
leading to upregulation of these mediators in critical brain 
areas in the context of cardiovascular control remain unclear.

Recently, focus has shifted to the role of immune cells in 
the development of hypertension (Bomfim et  al., 2018; Caillon 
et  al., 2018; Carnagarin et  al., 2018). Resident immune cells in 
the central nervous system (microglia) are responsible for local 
inflammatory processes in the brain (Shen et  al., 2015). In fact, 
chronic central infusion of minocycline, an anti-inflammatory 
antibiotic that reduces microglia activation, reduces central 
inflammation and BP in hypertension (Shi et  al., 2010). There 
is also evidence that peripheral bone marrow immune cells are 
involved in inducing brain inflammation, leading to a hypertensive 
phenotype (Santisteban et al., 2015). Interestingly, when the bone 
marrow of spontaneously hypertensive rats (SHRs) is ablated 
and replaced with bone marrow from normotensive Wistar Kyoto 
rats (WKYs), central inflammation is attenuated, leading to BP 
reduction (Santisteban et  al., 2015). This evidence suggests that 
peripheral immune cells play an important role in central 
inflammation and the development of hypertension.

Infiltrating immune cells are activated and recruited by 
pro-inflammatory chemokines, such as CCL2 (Deshmane et al., 
2009). Interestingly, CCL2 is upregulated in the PVN of 
hypertensive rodents. This upregulation of CCL2 was linked 
to the presence of infiltrating immune cells in the PVN of 
these animals (Wang et  al., 2018). Moreover, there is a clear 
gradient of CCL2 levels in hypertensive animals, whereby the 
lowest levels are detected in bone marrow and the highest 
levels are detected in the cerebrospinal fluid (CSF) of rodents 
(Santisteban et al., 2015). Hence, this forms a distinct chemotactic 
gradient, such that immune cells are recruited to specialized 

cardiovascular control regions of the brain. Once there, they 
initiate an inflammatory cascade, which impairs sympathetic 
control and mediates sustained increases in BP.

In this review, we  discuss the evidence supporting brain 
chemoattraction and the involvement of immune cells in 
regulating sympathetic outflow to cardiovascular organs. We will 
focus on the effects of chemoattraction of immune cells to 
induce inflammatory cascades in key autonomic brain centers 
that control cardiovascular function, and the potential role of 
these changes in the development of hypertension.

UPREGULATION OF BRAIN PRO-
INFLAMMATORY CYTOKINES AND 
CHEMOATTRACTION OF IMMUNE 
CELLS ON THE REGULATION OF 
BLOOD PRESSURE

Upregulation of Brain Pro-inflammatory 
Cytokines in Hypertension
Increases in BP in rodent models of hypertension are associated 
with the upregulation of pro-inflammatory mediators, both 
peripherally and centrally. Recent studies demonstrate that a 
number of pro-inflammatory mediators are elevated in different 
rodent models of hypertension (Jia et  al., 2014; Song et  al., 
2014; Yu et  al., 2015; Li et  al., 2016). For example, there are 
significantly higher levels of TNF-α, IL-1β, IL-6, and CCL2  in 
the PVN of SHRs, a model of primary hypertension, compared 
with normotensive WKYs. Similarly, in a model of secondary 
hypertension (renovascular; two kidney-one clip, 2  K-1C), the 
levels of TNF-α, IL-1β, IL-6, and CCL2 are elevated in the 
RVLM (Li et  al., 2014). Furthermore, the levels of these 
pro-inflammatory mediators are also elevated in the PVN of 
angiotensin II-induced hypertensive rat models (Kang et  al., 
2009, 2014; Sriramula et  al., 2013; Su et  al., 2014), as well as 
in high salt diet-induced hypertension (Gao et  al., 2016; Wang 
et al., 2018). The downstream effect of this increased inflammation 
is thought to contribute to altered neuronal signaling caused 
by imbalances in neurotransmitter and neuromodulator levels 
in key autonomic brain centers. For instance, glutamate and 
norepinephrine are upregulated whereas GABA was 
downregulated within both the PVN and the RVLM of 
hypertensive animals (Jia et  al., 2014; Song et  al., 2014; Yu 
et  al., 2015; Li et  al., 2016). Thus, changes in the activity of 
neurons in key autonomic brain nuclei may contribute to 
elevated sympathetic nerve activity (SNA) and increases in BP.

Blockade of receptors for pro-inflammatory mediators within 
cardiovascular brain regions reduces BP in rodent models of 
hypertension. Recently, we  showed that blockade of TNF-α 
receptors (TNFR1) in the AP reduces BP in the 2  K-1C model 
of hypertension (Korim et al., 2018). Others have also demonstrated 
that non-selective blockade of TNF-α receptors (Sriramula et al., 
2013; Song et  al., 2014), IL-1β receptors (Lu et  al., 2017), and 
the downstream secondary messenger of pro-inflammatory 
cytokines NF-κB (Yu et  al., 2015) in the PVN of hypertensive 
rats reduced BP. Interestingly, antagonism of pro-inflammatory 
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cytokine receptors within the central nervous system not only 
reduced SNA and BP in hypertension, but also appeared to 
restore the neurotransmitter imbalances and excessive activation 
of cardiovascular brain regions (Sriramula et  al., 2013; Song 
et  al., 2014; Lu et  al., 2017). Thus, the dysregulation of 
pro-inflammatory mediator levels within key autonomic centers 
appears to be  associated with the development of hypertension.

Exogenous application of pro-inflammatory cytokines into 
specific central cardiovascular control centers of normotensive 
animals increases SNA and BP. For example, microinjections 
of TNF-α and IL-1β into the SFO (Wei et  al., 2015) and in 
the PVN (Shi et  al., 2011) increased renal SNA and BP. 
Furthermore, our group has recently shown that the 
microinjection of TNF-α into the AP increases both renal and 
cardiac SNA and BP (Korim et al., 2018). Interestingly, we found 
receptors for TNF-α to be expressed on AP neurons projecting 
to the RVLM – a cardiovascular brain region known for 
containing neurons directly projecting to SPNs (Strack et  al., 
1989a,b; Schramm et  al., 1993). These neurons appear to 
be  chronically activated in hypertensive animals and are also 
active following microinjection of TNF-α into the AP (Korim 
et  al., 2018). These studies provide a direct causal relationship 
whereby activation of neurons by pro-inflammatory mediators, 
within important central cardiovascular control regions such 
as the AP, increases the sympathetic outflow and BP. Indeed, 
we  have also previously demonstrated that the AP is critical 
in driving the increased cardiac SNA in an ovine model of 
heart failure (Abukar et al., 2018). Taken together, these studies 
provide compelling evidence to support a link between increases 
in brain pro-inflammatory mediators and the dysregulation of 
SNA and BP in hypertension.

C-C Motif Chemokine Ligand 2 and  
the Chemoattraction of Immune Cells  
in Hypertension
Chemokines are pro-inflammatory mediators and chemotactic 
cytokines, whose main function is to regulate cell trafficking 
(Rollins, 1997; Deshmane et  al., 2009; Zlotnik and Yoshie, 
2012). These proteins create a concentration gradient and 
activate immune cells, causing them to move up this chemotactic 
gradient (Zlotnik and Yoshie, 2012). The chemokine CCL2 
(also known as monocyte chemoattractant protein-1 or MCP-1), 
and its cognate receptor C-C Chemokine receptor type 2 
(CCR2), is one of the most extensively studied chemokines. 
While CCL2 can be secreted by a variety of cell types, including 
endothelial cells and vascular smooth muscle cells (Bartoli 
et  al., 2001), the main source of CCL2 is believed to 
be  monocytes/macrophages (Yoshimura et  al., 1989a,b). CCL2 
is secreted in response to injury, oxidative stress, growth factors, 
and expression of other pro-inflammatory cytokines – where 
CCL2 secretion forms a gradient toward these stimuli. This 
process is termed chemotaxis, where CCL2 recruits circulating 
monocytes/macrophages to the respective chemical stimulus 
in the inflamed tissue or site of injury (Ajuebor et  al., 1998). 
Evidence that CCL2 plays a vital role in the process of monocyte 
recruitment and cytokine expression is demonstrated by the 

finding that these are abnormal in CCL2 knockout mice (Lu 
et  al., 1998). Interestingly, both CCL2 and its receptor, CCR2, 
are expressed and produced in the brain, specifically in central 
autonomic control centers such as the PVN and the RVLM 
(Wittendorp et  al., 2004; Banisadr et  al., 2005; Hinojosa et  al., 
2011; Morioka et  al., 2013). However, the extent to which 
CCL2 and the chemoattraction of immune cells contribute to 
increased SNA and BP in the development of hypertension is 
still unknown and requires further investigation.

There is some evidence suggesting the involvement of increased 
chemoattraction of immune cells by CCL2 into cardiovascular 
brain centers during the development of hypertension. For 
example, selective antagonism of CCR2 receptors reduces BP 
in rodent models of hypertension (Aiyar et al., 1999; Elmarakby 
et  al., 2007; Chan et  al., 2012; Chang et  al., 2014; Wang et  al., 
2015). Furthermore, studies in models of both primary and 
secondary hypertension reveal upregulation of CCL2 both 
peripherally and centrally (Sriramula et  al., 2013; Li et  al., 
2014; Song et  al., 2014), with a 3-fold elevation in the levels 
of CCL2 within the PVN of hypertensive animals (Sriramula 
et  al., 2013; Li et  al., 2014; Song et  al., 2014). Upregulation 
of CCL2 occurs in the bone marrow, serum, and cerebrospinal 
fluid of SHRs compared with normotensive WKYs (Santisteban 
et al., 2015). Interestingly, the increase in CCL2 levels in SHRs 
forms a gradient from the bone marrow (lowest concentrations) 
toward the cerebrospinal fluid (highest concentrations) 
(Santisteban et al., 2015), possibly forming a chemotactic gradient 
toward the central nervous system. Thus, it seems that CCL2 
chemoattracts immune cells and triggers an inflammatory 
cascade within the brain, leading to increases in BP.

THE NEURO-IMMUNE-INFLAMMATORY 
MODEL OF HYPERTENSION

In hypertension, increased circulating levels of angiotensin II is 
a potential cause for increased levels of brain CCL2 (Matsuda 
et  al., 2015). A hallmark of hypertension is the upregulation of 
renin-angiotensin system and increased levels of angiotensin II 
(Goldblatt et  al., 1934; Crowley et  al., 2006, 2010). While not all 
human essential hypertension is angiotensin II mediated, the serum 
levels of CCL2 are increased in hypertensive patients (Antonelli 
et  al., 2012). Interestingly, treating these patients with angiotensin 
II receptor blockers, which reduces blood pressure, also reduces 
plasma levels of CCL2 (Marketou et  al., 2011), suggesting a link 
between angiotensin II and increased levels of CCL2. Similarly, 
in a rodent renovascular model of hypertension, peripheral blockade 
of receptors for angiotensin II attenuates peripheral CCL2 production 
(Xie et al., 2006). Moreover, in vitro studies show that angiotensin 
II can directly stimulate the production of CCL2 from monocytes 
and vascular smooth muscle cells (Chen et  al., 1998; Tsou et  al., 
2007). In addition, systemic angiotensin II infusion increases CCR2 
receptor expression in circulating monocytes – which is blunted 
by blocking angiotensin II receptors (Ishibashi et al., 2004). Recent 
studies further show that application of angiotensin II to primary 
hypothalamic neurons induces increased CCL2 mRNA and CCL2 
protein levels in the cell culture media (Santisteban et  al., 2015). 
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As such, the stimulation of receptors for angiotensin II on peripheral 
circulating monocytes, vascular smooth muscle cells, and even 
on neurons induces the production of CCL2  in these cells.

Increased levels of CCL2 lead to the disruption of the BBB 
and facilitate immune cell infiltration into the brain tissue. 
While the BBB prevents immune cells from entering the brain, 
we  have previously suggested that this structure is disrupted 
in hypertension (Setiadi et  al., 2018). The regulation of BBB 
permeability involves tight junction proteins expressed on 
endothelial cells (Begley and Brightman, 2003). CCL2 is known 
to disrupt the BBB, through dysregulation of tight junction 
proteins such as ZO-1, ZO-2, occludin, and claudin-5 (Stamatovic 
et  al., 2009; Roberts et  al., 2012). In vitro studies have 
demonstrated that the application of CCL2 to primary mouse 
brain endothelial cell cultures reorganizes and redistributes 

tight junction proteins, increasing the permeability of the BBB 
(Stamatovic et al., 2003, 2009). Hence, CCL2 can directly disrupt 
the BBB by regulating the distribution of tight junction proteins. 
In SHRs, increased BBB permeability in the PVN and RVLM 
facilitates the entry of circulating angiotensin II into these 
brain structures (Biancardi et  al., 2013). Interestingly, in vitro 
studies using primary human brain endothelial cells corroborate 
in vitro animal studies by showing that CCL2 can disrupt 
tight junction proteins expressed on endothelial cells cultured 
from human brains (Roberts et  al., 2012). Furthermore, the 
application of CCL2 to primary human brain endothelial cell 
cultures induces the expression of cell adhesion molecules, 
such as PECAM-1 on the surface membrane of endothelial 
cells, which is required for facilitating transmigration of immune 
cells through endothelial cells (Muller et  al., 1993; Roberts 
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FIGURE 1 | Chemoattraction of immune cells in the brain, autonomic dysfunction, and hypertension. Schematic diagram showing the potential role of 
chemoattraction of immune cells and their components in determining increases in sympathetic nerve activity and blood pressure. Increased circulating levels of 
angiotensin II leads to production of the chemokine CCL2. CCL2 can act directly on the BBB, increasing the permeability of endothelial cells and recruiting immune 
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et al., 2012). Thus, not only can CCL2 reorganize the distribution 
of tight junction proteins expressed on endothelial cells to 
increase BBB permeability, it can also induce the expression 
of cell adhesion molecules on the surface membrane of endothelial 
cells to facilitate immune cell entry into brain tissue (Figure 1).

The recruitment and infiltration of immune cells into distinct 
brain regions can induce an inflammatory cascade resulting in 
the local upregulation of pro-inflammatory cytokines. The 
recruitment of activated immune cells into brain areas, including 
the PVN, results in the production and the upregulation of 
pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 
(Santisteban et  al., 2015; Zubcevic et  al., 2017; Sharma et  al., 
2019). These pro-inflammatory cytokines are capable of directly 
activating neurons and increasing sympathetic outflow and BP 
(Shi et al., 2011; Wei et al., 2015; Korim et al., 2018). Furthermore, 
the upregulation of pro-inflammatory cytokines and chemoattraction 
of activated immune cells also leads to activation of microglial 
cells (Santisteban et al., 2015; Zubcevic et al., 2017; Sharma et al., 
2019). As microglia are the resident immune cells of the brain, 
activation of microglia leads to further release of pro-inflammatory 
mediators (Shi et al., 2010; Shen et al., 2015), therefore establishing 
an inflammatory state and escalating the inflammatory process 
centrally. Such a chronic inflammatory state results in further 
activation of immune cells, further neuroinflammation, and further 
rises in BP, leading to severe hypertension (Marvar et  al., 2010). 
Whereas the blockade of receptors for pro-inflammatory cytokines 
in the brain (Sriramula et  al., 2013; Song et  al., 2014; Lu et  al., 
2017) prevents the activation of microglia (Shi et  al., 2010), the 
recruitment of peripheral macrophages to the brain (Santisteban 
et  al., 2015) and completely reverses the increased levels of 
peripheral and central pro-inflammatory cytokines and chemokines, 
leading to a reduced BP in hypertensive rats.

In summary, we  propose a possible mechanism by which 
an inflammatory state in brain areas that control cardiovascular 
function is established, resulting in impaired BP control and 
hypertension. We propose that the increased levels of angiotensin 
II in the circulation results in the production and release of 
CCL2. This chemokine produces a chemotactic gradient that 
recruits immune cells toward the central nervous system. In 
addition, CCL2 increases BBB permeability and promotes the 
recruitment of activated immune cells. These immune cells 
initiate an inflammatory cascade where several pro-inflammatory 
mediators are released locally. Pro-inflammatory mediators 
activate neurons directly or indirectly by involving microglial 
transmission, which relays excitatory synapses to cardiovascular 
sympathetic premotor neurons in the ventrolateral medulla 
(Brown and Guyenet, 1985). The excitation of these neuronal 
subsets increases SNA and BP. These findings suggest that 
sustained activation of autonomic circuits contributes to the 

development of increased SNA and BP in neurogenic hypertension. 
Hence, chronic chemoattraction and recruitment of immune 
cells into key cardiovascular control regions might be a potential 
pathophysiological mechanism responsible for impaired BP 
control and hypertension (Figure 1).

CONCLUSION

In this review, we  discussed recent findings that support our 
proposal of a potential mechanism to explain the contribution 
of neuroinflammation and chemoattraction mediated by CCL2, 
in brain regions that control cardiovascular function, as a cause 
of the sustained increase in sympathetic tone and BP in 
hypertension. This mechanism likely involves the recruitment 
and the infiltration of immune cells by chemokines to key 
autonomic brain areas. In future, targeting brain immune cells 
or the chemoattraction of immune cells may serve as a new 
avenue for developing antihypertensive treatments. In fact, in 
the pre-clinical setting, blockade of receptors for CCL2 or preventing 
immune cells from being activated reduces BP, in addition to 
slowing the development of atherosclerosis and vascular hypertrophy 
(Aiyar et  al., 1999; Bush et  al., 2000; Elmarakby et  al., 2007; 
Chan et  al., 2012; Chang et  al., 2014; Santisteban et  al., 2015; 
Wang et  al., 2015). However, more thorough investigations are 
required to determine the mechanism by which chemoattraction 
and immune cells interact with the central nervous system, during 
the development and maintenance of hypertension.
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Repetitive hypoxia is a key feature of obstructive sleep apnoea (OSA), a condition
characterized by intermittent airways obstruction. Patients with OSA present with
persistent increases in sympathetic activity and commonly develop hypertension. The
objectives of this study were to determine if the persistent increases in sympathetic nerve
activity, known to be induced by acute intermittent hypoxia (AIH), are mediated through
activation of the pituitary adenylate cyclase activating polypeptide (PACAP) signaling
system. Here, we show that the excitatory neuropeptide PACAP, acting in the spinal
cord, is important for generating the sympathetic response seen following AIH. Using
PACAP receptor knockout mice, and pharmacological agents in Sprague Dawley rats,
we measured blood pressure, heart rate, pH, PaCO2, and splanchnic sympathetic nerve
activity, under anaesthesia, to demonstrate that the sympathetic response to AIH is
mediated via the PAC1 receptor, in a cAMP-dependent manner. We also report that both
intermittent microinjection of glutamate into the rostroventrolateral medulla (RVLM) and
intermittent infusion of a sub-threshold dose of PACAP into the subarachnoid space can
mimic the sympathetic response to AIH. All the sympathetic responses are independent
of blood pressure, pH or PaCO2 changes. Our results show that in AIH, PACAP signaling
in the spinal cord helps drive persistent increases in sympathetic nerve activity. This
mechanism may be a precursor to the development of hypertension in conditions of
chronic intermittent hypoxia, such as OSA.

Keywords: Sprague-Dawley rat, mice, anaesthetized, PACAP, sympathetic, intermittent hypoxia, intrathecal

INTRODUCTION

Obstructive sleep apnoea (OSA) is characterized by collapse of the upper airway, resulting
in frequent intermittent episodes of hypoxemia and hypercapnia. OSA affects approximately
10% of the population and is strongly associated with major cardiovascular diseases, including
hypertension, stroke and heart failure; in these disorders, the prevalence of sleep apnoea is close
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to 50% (Bradley and Floras, 2009). The hypoxemic/hypercapnic
events cause large sympathetic surges including increases in
heart rate, blood pressure and frequent arousal from sleep,
leading to persistently elevated sympathetic nerve activity
(SNA), i.e., sympathoexcitation (Leung et al., 2012). While
sympathoexcitation may be critical for survival in diseases
characterized by high risk of acute crisis such as sudden infant
death syndrome (SIDS), marked sympathoexcitation is a key
feature of hypertension which, in turn, causes target organ
damage, atherosclerosis, renal failure, heart failure and stroke.
Common to both OSA and hypertension, elevated SNA is evident
before the development of hypertension.

To study the physiological effects of sleep apnoea in animals,
investigators use acute intermittent hypoxia (AIH; minutes to
hour of exposure), AIH with concurrent hypercapnia, or chronic
intermittent hypoxia (CIH; weeks of exposure) (Fletcher, 2001).
Despite the temporal pattern and magnitude of hypoxia varying
considerably between these models, they all result in persistent
sympathoexcitation (Kumar et al., 2006; Dick et al., 2007;
Coleman et al., 2010; Iturriaga et al., 2010; Xing and Pilowsky,
2010; Roy et al., 2018), which is important since OSA is a hugely
variable condition. The longer the period of sympathoexcitation
the more likely it will lead to hypertension (Dick et al., 2007; Xing
and Pilowsky, 2010). However, the mechanism of this persistent
sympathoexcitation is not understood.

As pituitary adenylate cyclase activating polypeptide
(PACAP) is essential for normal cardiorespiratory stress
responses including apneas in neonates (Cummings et al.,
2004; Ferguson et al., 2013; Barrett et al., 2017), we propose
that PACAP plays an important role in intermittent hypoxia
induced sympathoexcitation in adults. PACAP is an excitatory
neurotransmitter present in all parts of the sympathetic pathway
from sensors to efferents, including the carotid body, the
rostroventrolateral medulla (RVLM), sympathetic preganglionic
neurons (SPN), and the adrenal medulla (Lai et al., 1997;
Mazzocchi et al., 2002; Farnham et al., 2008, 2011, 2012; Inglott
et al., 2011; Roy et al., 2013). Intrathecal infusion of 1 mM
PACAP-38 causes large, long lasting sympathoexcitation without
any change in blood pressure (Farnham et al., 2008), similar to
that seen after AIH. PACAP acts at 3 receptors, PAC1, VPAC1,
and VPAC2, and can differentially regulate blood pressure
by activating either PAC1 or VPAC receptors in the spinal
cord (Inglott et al., 2012). PACAP is closely associated with
catecholaminergic regions and is rate-limiting for the release
of catecholamines from the adrenal medulla during prolonged
stress (Stroth et al., 2013). Neonatal PACAP knockout mice also
have reduced brainstem expression of tyrosine hydroxylase (TH)
(Arata et al., 2013), the rate limiting enzyme for catecholamine
synthesis. Thus, enhanced PACAP neurotransmission in
cardiorespiratory pathways may be the underlying cause of
the persistent sympathetic efferent activity seen following
periods of sleep-disordered breathing, involving intermittent
hypoxia, in sleep apnoea patients (Bradley and Floras, 2009). We
therefore hypothesized that much of the persistent increase in
sympathoexcitation seen following an episode of intermittent
hypoxia, is due to PACAP acting at the PAC1 receptor that exerts
long-term plastic effects on post-synaptic sympathetic neurons.

It should be noted, however, that the relative importance
of central immune cells such as microglia, in mediating
sympathoexcitation is unknown. Microglia in the
sympathetic nervous system possess receptors for virtually all
neurotransmitters, including PACAP (Kapoor et al., 2016), but
ascertaining their function is challenging. In conditions of CIH,
it is proposed that microglia may be activated by intermittent
hypoxia either directly or indirectly, or by a combination of
both mechanisms (Kiernan et al., 2016). Whether microglia
directly, or indirectly contribute to intermittent hypoxia-induced
sympathoexcitation, remains to be investigated.

Here we report that AIH causes persistent sympathoexcitation
and increased expression of phosphorylated TH (serine 40) in
PACAP-containing C1 cardiovascular neurons in the RVLM.
This sympathoexcitation can be blocked with intrathecal
administration of the PACAP antagonist, PACAP(6–38) and
does not occur in mice lacking the PAC1 receptor. Using
intermittent intrathecal application of PACAP or intermittent
glutamate stimulation of the RVLM, we show that PACAP
signaling within the spinal cord is an important cause of the long-
term facilitation of sympathetic activity. These PACAP effects
are mediated by the PACAP preferring receptor, PAC1, in a
cAMP-dependent manner.

MATERIALS AND METHODS

Animals
Procedures and protocols were approved by the Animal Care and
Ethics Committees of Macquarie University, Sydney Local Area
Health District, and the University of Calgary and conducted in
accordance with the Australian and Canadian codes of practice
for the care and use of animals for scientific purposes. Rats
are used as the experiments described involve an integrative
approach and no artificial models of these systems currently exist.
Mice are used as conventional models for investigating the effects
of knocking out genes of interest.

Experiments were conducted on adult male Sprague-Dawley
(SD) rats (350–500 g; Animal Resource Centre, Perth, Australia)
and adult male and female mice (20–70 g; C57BL/J6 background;
University of Calgary, Canada) that were PAC1R+/+, PAC1R+/−

PAC1R−/−, VPAC2R+/+ or VPAC2−/−. The PAC1 receptor
mouse colony (Jamen et al., 2000) was provided by Dr. L. Journot
(Hannibal et al., 2001). The VPAC2 receptor mouse colony
(Harmar et al., 2002) was provided by Dr. A. Harmar (deceased).

Surgical Preparation
Sprague Dawley (SD; male; n = 104) rats, and mice (male and
female; n = 6 PAC1+/+; 5 PAC1+/−; 3 PAC1−/−; 8 VPAC2+/+; 6
VPAC2−/−) were anaesthetized with urethane. For the Fos study
n = 8 SD rats were anaesthetized with sodium pentobarbitone.
Complete details of surgical preparation and data acquisition
methods are as described elsewhere (Farnham et al., 2008, 2015).

Briefly, the core temperature of all animals was maintained
at 37 ± 0.5◦C. The right carotid artery and jugular vein
were cannulated for measurement of arterial blood pressure
and administration of drugs and fluids, respectively. The
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trachea was cannulated to permit artificial ventilation. The left
greater splanchnic sympathetic nerve was isolated and activity
recorded. All animals were bilaterally vagotomized (cervical),
ventilated with oxygen-enriched room air and paralyzed (rats –
pancuronium bromide 0.8 mg/kg i.v., followed by an infusion
of 0.8 mg/kg/hr of pancuronium in 0.9% saline at a rate of
2 ml/h; Astra Zeneca, Australia; mice – rocuronium bromide
0.02 ml/h, i.p., 10 mg/ml; Sandoz, Melbourne). In rats, arterial
blood was withdrawn and respiratory blood gas (O2 and CO2)
and pH analysis (electrolyte and blood gas analyzer; IDEXX
Laboratories, United States) conducted 10 min before any
treatment, and during the recording periods. In some groups,
an occipital craniotomy was performed, a needle was inserted
into the RVLM with tip location confirmed with a rise in blood
pressure > 30 mmHg (Gaede and Pilowsky, 2013) in response
to a 50 nl injection of glutamate (100 mM; Sigma). For full
details of the in vivo mouse preparation see Farnham et al. (2015).
All recordings were maintained for 60 min following the final
stimulus. Blood gas sampling was not possible in mouse as the
volume required proved fatal.

Single Intrathecal Administration of
Drugs
For intrathecal administration of drugs (rats), a catheter was
inserted into the intrathecal space and advanced caudally from
the cisterna magna to the level of vertebra T5/T6. The drugs in
Table 1 were administered in a 10 µl infusion and washed in
with 6 µl phosphate buffered saline (PBS). Injections were made
over a 30–45 s period, as previously described (Farnham et al.,
2008). Responses were recorded for 10 min before performing
the AIH protocol.

Acute Intermittent Hypoxia
In the rat, the AIH protocol consisted of 10, 45 s, episodes
of 10% O2 in N2, each separated by a 5 min recovery period
(Xing and Pilowsky, 2010).

In mouse, the AIH protocol consisted of 10 episodes of
25–30 s of removal of O2 supplementation (i.e., ventilation
with room air alone), separated by 2.5 min recovery periods
(Farnham et al., 2015).

Intermittent, Intrathecal, and RVLM Drug
Administration
In rat, the intermittent intrathecal drug infusion protocol
consisted of 10 infusions of 10 µl, each conducted over 30–45 s,
separated by 5 min. The RVLM microinjections consisted of 10
microinjections of 50 nl, separated by 5 min. The drugs used in
this series of experiments are described in Table 2.

In vivo Data Acquisition and Analysis
Data were acquired using a CED 1401 ADC system and
Spike 2 acquisition and analysis software (v. 7.12; Cambridge,
United Kingdom). Recordings of splanchnic SNA (sSNA) were
filtered (10–1000 Hz) and amplified (×2000), then rectified,
smoothed (τ 1 s), and normalized by subtracting the residual
activity after death. The transformed sSNA was used to calculate
changes in sympathetic nerve activity following treatment by
obtaining the % change in sSNA from baseline (1 min average
of sSNA prior to intermittent stimulation). Mean arterial
pressure (MAP), heart rate (HR), and sSNA, were analyzed
from 1 min blocs taken 10 and 1 min prior to, and 60 min,
after intermittent stimuli. Statistical analysis was conducted with
GraphPad Prism software (v 7).

The responses at 60 min after AIH or intermittent drug
administrations between strains were compared using a one-way
ANOVA with post hoc t-tests, and Holm-Šidák correction, or
unpaired t-tests. Statistical tests are described in section Results.

Perfusion and Tissue Harvest
Rats that underwent an AIH or intermittent infusion protocol
and were to be used for the anatomical Fos, PACAP, TH,
and pSer40TH study, were perfused transcardially with ice-
cold, RNase-free PBS. Brains that were to be used for qPCR
were then extracted, the RVLM excised bilaterally from a
1 mm coronal section under sterile and RNase free conditions.
The procedure was carried out in cold conditions to avoid
thawing of the samples. The RVLM samples were combined and
transferred immediately after excision to 1.5 ml Eppendorf tube,
snap-frozen in dry-ice-ethanol slurry and stored immediately
at −80◦C. Animals used for combined in situ hybridization and
immunohistochemistry and were additionally perfused with 4%

TABLE 1 | Drug information for bolus intrathecal administration.

Drug Action Concentration Dose Company

Phosphate buffered 0.9% saline (PBS) Vehicle control 10 mM 100 nmol Sigma

PACAP-38 Agonist for PAC1, VPAC1 and VPAC2
receptors

300 µM 3 nmol Auspep Pty. Ltd., Australia

PACAP(6–38) PAC1 antagonist with some actions at
VPAC2

1 mM 10 nmol Auspep Pty. Ltd., Australia

Rp-Diastereomer of Adenosine
3′,5-Cyclic Monophosphorothioate
(Rp-cAMP)

PKA inhibitor 100 mM 1 µmol Sigma

Brefeldin A (BFA) EPAC inhibitor 1 mM 10 nmol Sigma

4-(N-Ethyl-N-phenylamino)-1,2
dimethyl-6-(methylamino)pyrimidium
chloride (ZD-7288)

HCN channel blocker 3 mM 30 nmol Sigma
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PFA, the brains removed and post-fixed for 24 h in 4% PFA.
Following post-fixation, brains were sectioned coronally at 40 µm
and cryoprotected until use.

Combined in situ Hybridization (ISH)
Fluorescence Immunohistochemistry
The combined protocol for free-floating
in situ hybridization (PACAP-ISH forward: 5′-
GGATCCATTTAGGTGACACTATAGAAGTTACGATCAGGA
CGGAAACC-3′; PACAP-ISH reverse: 5′-GAATTCTAATAC
GACTCACTATAGGGAGATGC-ACGCTTATGAATTGCTC-
3′) and immunohistochemistry was performed as previously
described (Li et al., 2005; Farnham et al., 2008). The PACAP
probe was used at a final concentration of 100 ng/ml and sections
were incubated shaking at 58◦C overnight. Digoxigenin-labeled
probe was detected using an alkaline phosphatase labeled
sheep anti-digoxigenin antibody (1:1000, Roche, Switzerland).
TH was detected using a mouse anti-TH (1:2000; Sigma–
Aldrich Cat# T1299) primary antibody and a Cy3-conjugated
donkey anti-mouse (1:500; Jackson ImmunoResearch Labs
Cat# 715-167-003 RRID:AB_2340818) secondary antibody. Fos
was detected with a rabbit anti-Fos (1:2000; Thermo Fisher
Cat#SCZSC-253) primary antibody and a DyLite488-conjugated
donkey anti-rabbit (1:500; Jackson ImmunoResearch Labs
Cat# 711-485-152 RRID:AB_2492289) secondary antibody.
A colorimetric reaction using nitroblue tetrazolium (NBT)
(Roche) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) salts
(Roche) in buffer (0.1 M NaCl, 0.1 M Tris.HCl, pH9.5, 0.1 M
MgCl2, 0.1% Tween-20, 2 mM levamisole) revealed digoxigenin-
labeled neurons as somata containing dark purple precipitants.
Immunohistochemistry for pSer40TH was performed as
previously described (Nedoboy et al., 2016).

Quantitative PCR (qPCR) for PACAP and
NMDA Receptors
RNA extractions were carried out using Direct-zol Miniprep
(Zymoresearch, R2050) kit according to recommendations.
Only RNA samples with an optical densiometry 260–280 nm
absorption ratio higher than 1.95 were used. Total RNA (50 ng)
was reverse transcribed into cDNA in a 40 µl reaction. The
resulting reverse transcription products were used in subsequent
real-time qPCR experiments for the quantification of mRNA
expression of PACAP and NMDA receptors. The reference gene
was hypoxanthine guanine phosphoribosyl transferase (HPRT)
which is reliably expressed under hypoxic conditions (Yao et al.,
2012). Primers for PAC1, vasoactive intestinal peptide receptor
types 1 and 2 (VPAC1, and VPAC2, respectively) were used
previously (Farnham et al., 2012). All primers were designed
using Primer 3 software based on published gene sequences.
The sequences and properties of each primer pair are shown
in Table 3.

Real-time qPCR. Each reaction for real-time qPCR
experiments contained 2 µl of reverse transcription product,
400 nM of each primer, and 12.5 µl of the 2× Platinum SYBR
Green qPCR Master Mix (Qiagen), made up to 26.5 µl with
sterile Milli-Q water. After a 95◦C denaturation for 10 min,

the reactions were cycled 40 times with a 95◦C denaturation
step for 30 s and 55◦C combined annealing and extension
step for 1 min with a single fluorescence measurement.
A dissociation curve cycle (95◦C -1 min, 55◦C -30 s, 95◦C -30 s)
was conducted after the final cycle to verify that only the specific
product was amplified.

All qPCR experiments were set up using the relative standard
curve method. Samples from six animals from each group were
run in duplicate. Results were obtained, normalized and analyzed
as described by us previously (Farnham et al., 2012).

Imaging and Analysis
Sections of the brainstem extending from the caudal pole of
the facial nucleus (Bregma -11.6 mm) to the caudal C1/A1
region were examined under both bright-field and fluorescence
conditions (AxioImager Z1, Zeiss, Germany). Cells were counted
within the RVLM bilaterally on five sections spaced 200 µm apart,
extending from Bregma -11.6 mm caudally to Bregma -12.7 mm
by operators blinded to the treatment conditions. The RVLM
was defined as a triangular area ventral to the nucleus ambiguus,
medial to the spinal trigeminal tract and lateral to the inferior
olive or the pyramidal tracts. Once all counts were completed
and verified, the conditions were unblinded, and the results were
plotted as the mean ± SEM at 200 µm intervals. Counts were
made for PACAP+, TH-ir, pSer40TH-ir, and Fos-ir neurons as
well as all double- and triple- labeling combinations.

TABLE 2 | Drug information for intermittent administration.

Drug Concentration Dose Site of
delivery

Company

Glutamate 100 mM 5 nmol RVLM Sigma

PBS 10 mM 100 nmol
500 pmol

Intrathecal
RVLM

Sigma

PACAP-
38

10 µM 100 pmol Intrathecal Auspep Pty. Ltd.,
Australia

Vasoactive
intestinal
polypeptide
(VIP)

10 µM 1 nmol Intrathecal Auspep Pty. Ltd.,
Australia

TABLE 3 | Sequences and properties of gene-specific real-time qPCR primers.

Gene Genebank
accession
no.

Sequence (5′–3′) Amplicon
size (bp)

HPRT 1 NM_012583 (+) GCTTTCCTTGGTCAAGCAGT
(-) TCCAACAAAGTCTGGCCTG

103

PAC1 NM_133511 (+)
TCTTGAATGGGGAGGTACAGG (-)
TCTTGCTCAGGATGGACAGC

150

VPAC1 NM_012685 (+) CAGCAAGATGTGGGACAACC
(-) TGCTGCTCATCCAGACTCG

216

VPAC2 NM_017238 (+)
CCGAGGATGAGAGTAAGATCACG
(-) AGATGGCTCTCAGCATGAAGG

183

NR1a NM_017010 (+) ACGGGAGTCCAAGGCAGAGA
(-) TCGCTTGCAGAAAGGATGAT

117
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Images were captured in grayscale with an Axiocam MR3
digital camera. Pseudocoloring was applied to the fluorescence
images. The images were adjusted individually for brightness
and contrast with Axiovision 4.5 software to best reflect the
appearance of the original images.

RESULTS

PACAP Acting at PAC1 Receptors at the
Level of the Spinal Cord Is Necessary for
the Sympathetic Response to AIH
To determine the physiological relevance of PACAP signaling
during AIH, a sub-threshold dose (3 nmol) of PACAP (Farnham
et al., 2011) 10 min prior to AIH was administered intrathecally.
PACAP pre-treatment nearly doubled the sympathetic response
60 min after the 10th hypoxic challenge (n = 13; 162.3 ± 7.2%;
ANOVA with Holm- Šidák correction P = 0.02; Figures 1A,B),
compared to AIH alone (137.2 ± 8.0%). PACAP was necessary
for the AIH-induced sympathoexcitation, since the PACAP
antagonist, PACAP(6–38) (10 nmol) completely abrogated this
response (13.2 ± 2.7%; ANOVA with Holm- Šidák correction
P = 0.003; Figures 1A,B). PACAP(6–38) acts primarily at PAC1,
does not act at VPAC1, but can have some antagonist effects at
VPAC2 receptors (Dickinson et al., 1997).

To further clarify which receptor was responsible for
mediating this response, the AIH protocol was conducted in
PAC1 and VPAC2 receptor knockout mice and their wildtype
littermate controls (Farnham et al., 2015). Strikingly, AIH did
not cause an elevation of sympathetic activity in PAC1−/− mice
(n = 3; 1-19.0 ± 12.9%; ANOVA with Holm-Šidák correction
P = 0.047 compared to wild-type; Figures 1C,D). A limitation
should be noted here that due to the difficulty in breeding
PAC1−/− mice only 3 mice were available for this study.
However, the sympathetic response to AIH of heterozygous
PAC1+/− mice (n = 5; 135.3 ± 9.3%; Figures 1C,D) was
indistinguishable from that of the wildtype mice (PAC1+/+: n = 6;
133.8 ± 13.3%; ANOVA with Holm- Šidák correction P = 0.93),
and the rat model described in Figures 1A,B. In contrast, deletion
of the VPAC2 receptor (VPAC2 −/−) did not affect AIH-induced
sympathoexcitation (n = 6; 148.3± 3.7%; Figure 1C), which was
comparable to the wildtype (VPAC2+/+: n = 8; 135.6 ± 10.6%;
ANOVA with Holm- Šidák correction P = 0.63; Figure 1C).
Taken together, these rat and mouse results suggest that the
sympathetic long term facilitation (LTF) response to AIH is
caused by activation of the PAC1 receptor.

Intermittent PACAP Acting at PAC1
Receptors in the Spinal Cord, Is
Sufficient to Cause LTF in the Absence of
AIH
Next, we determined if intermittent PACAP can elicit a
sympathetic response qualitatively similar to that seen following
AIH. First, determined if PACAP was sufficient to cause
sympathoexcitation by administering 10 intermittent doses
(100 pmol) of PACAP (to a total dose of 1 nmol that was well

below threshold for a sympathetic response when delivered as a
bolus (Farnham et al., 2011). Each 10 µl infusion was delivered at
a 5 min interval (n = 9). This protocol evoked sympathoexcitation
(135.8 ± 6.2%; Figures 1E,F) to a level that was similar to
that observed following AIH. The results demonstrate that
intermittent administration of PACAP alone, at a sub-threshold
dose at the level of the spinal cord, is sufficient to cause marked
sympathoexcitation. Importantly, pre-treatment with the PACAP
antagonist [10 nmol PACAP(6–38)] prior to intermittent PACAP
significantly reduced (n = 6; 114.9± 3.2%; ANOVA with Holm-
Šidák correction P = 0.04 Figures 1E,F) the sympathoexcitatory
response to intermittent PACAP. On the other hand, intermittent
application of VIP (1 nmol; a VPAC1/2 agonist) did not affect
sympathetic activity (n = 7; 11.3 ± 5.9%; Figures 1E,F) and was
equivalent to intermittent infusion of PBS (vehicle control; n = 8;
17.7 ± 2.2%; ANOVA with Holm- Šidák correction P = 0.90;
Figures 1E,F). These data demonstrate that PACAP, acting at the
PAC1 receptor, mediates the sympathoexcitatory response.

Fos, PACAP and NMDA1a Receptor
Expression, in Rat RVLM, Is Unaltered by
AIH, but pSer40TH Expression Is
Elevated
Previously we showed that the 80% of spinally projecting,
TH neurons contain PACAP mRNA (Farnham et al., 2008)
suggesting that the source of the AIH-induced PACAP in the
spinal cord is from the presympathetic RVLM neurons. To
determine which neurons in the RVLM are activated during
AIH, we subjected sodium pentobarbitone anaesthetized rats,
to the AIH protocol (n = 4). Sodium pentobarbitone was
used because urethane is well known to cause substantial Fos
expression in the absence of any challenge. Control rats (n = 4)
were prepared in the same way but did not undergo the AIH
protocol. After the experiment, rats were perfused, and the
brains removed. Sections were processed for PACAP mRNA
in situ hybridization, TH-immunoreactivity (ir) and Fos-ir.
Somewhat surprisingly, AIH did not cause an increase in the
numbers of neurons expressing Fos in the RVLM (304 ± 41
vs. 265 ± 24; Unpaired t-test P = 0.45) but this was also
reported by another group (Herr et al., 2013). There was
also no change in Fos expression within the TH population
(41 ± 10 vs. 43 ± 6; Unpaired t-test P = 085; Figure 2A) or
the PACAP population (81 ± 18 vs. 100 ± 6; Unpaired t-test
P = 0.36). There was also no change in PACAP receptor mRNA
or NMDA1a receptor mRNA collected from RVLM punches
of rats that had undergone AIH (n = 6), intrathecal PACAP
prior to AIH (n = 6), intrathecal PACAP antagonist prior to
AIH (n = 6), intrathecal intermittent PACAP (n = 6) and
intrathecal intermittent PBS (n = 6); quantitative real-time PCR
(qPCR), data not shown.

To approach the question of neuronal activation from
a different angle we used an antibody that we developed
against TH that was phosphorylated at Serine 40 and showed
a spatial expression pattern, different to TH, after 2 h of
hypotension (Nedoboy et al., 2016), suggesting that it may
be an alternative marker of activation of catecholaminergic
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FIGURE 1 | Acute intermittent hypoxia and PAC1 receptor activation causes persistent sympathoexcitation. (A) Grouped data (rat) showing the sympathetic
response 60 min following AIH treatments after either: intrathecal infusion of PBS (vehicle), 3 nmol PACAP or 10 nmol PACAP(6–38). PACAP (3 nmol) nearly doubles
the response to AIH, while the antagonist abolishes the response to AIH. (B) Integrated traces of splanchnic nerve recordings (rat) showing the effect of intrathecal
infusion of PBS (vehicle), 3 nmol PACAP or 10 nmol PACAP(6–38) and AIH on sympathetic nerve activity. Arrow indicates time of intrathecal infusion. (C) Grouped
data showing the sympathetic response 60 min following AIH treatment in PAC1 and VPAC2 mouse strains. The PAC1 knockout mouse does not have a
sympathetic response to AIH, whereas the PAC1 heterozygous and wild-type strains show a normal response to AIH, as do the VPAC2 strains. (D) Splanchnic nerve
recordings (mouse) showing the effect of AIH. (E) Grouped data (rat) showing the sympathetic response 60 min following intermittent treatments of PBS (vehicle),
1 nmol VIP, 100 pmol PACAP or 10 nmol PACAP(6–38) + intermittent 100 pmol PACAP. Intermittent PACAP, but not VIP, causes a persistent sympathetic response,
similar to that seen following AIH. The response to intermittent PACAP is significantly reduced by prior administration of the PACAP antagonist. (F) Integrated traces
of splanchnic nerve recordings (rat) showing the effect of intermittent intrathecal infusion of PBS (vehicle), 1 nmol VIP, 100 pmol PACAP or 10 nmol
PACAP(6–38) + intermittent 100 pmol PACAP on sympathetic nerve activity. In (B,D,F) the scale bar represents 30 min and arrows indicate time of intrathecal
infusion. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

neurons. Since expression of phosphorylated TH is unaffected
by urethane anaesthesia, and to match the anatomy with the
experimental condition used for the physiological results, we
performed the AIH protocol (n = 3) and compared it with
control (n = 3) on another set of urethane-anaesthetized rats
for immunoreactivity to TH and pSer40TH (Figure 2C). In
the control state we found that 28% of TH neurons in the
RVLM were phosphorylated (serine40) as described previously
(Nedoboy et al., 2016). AIH had no effect on the overall
number of TH or PACAP positive neurons but increased
the number of phosphorylated TH (pSer40TH) neurons (of

which 41% are PACAP expressing) by 93% (48 ± 9 vs.
92 ± 10 neurons; Unpaired t-test P = 0.005; Figure 2B).
When focused on the TH and pSer40TH populations we
found that 27% of TH neurons expressed pSer40TH in
the control condition and this doubled to 58% following
AIH (unpaired t-test P < 0.0001; Figure 2C). Likewise,
11% of TH neurons contained both pSer40TH and PACAP
mRNA under control conditions, which doubled to 22%
following AIH (Unpaired t-test P = 0.009; Figures 2C,D)
indicating that the PACAP neurons in the RVLM may be
being activated.
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FIGURE 2 | C1 neurons in rat RVLM are activated by AIH. (A) Mean ± SEM number of neurons in RVLM stained for Fos, TH and PACAP mRNA 60 min after control
(n = 4) or AIH (n = 4). There are no differences in Fos staining, in any population, between the two treatment groups. (B) Neurons in RVLM (mean ± SEM) stained for
pSer40TH, TH and PACAP mRNA 60 min after control (n = 3) or AIH (n = 3). Number of neurons expressing pSer40TH doubled in the AIH treated group compared
to control. (C) The data from (B) is expressed as proportion of TH or pSer40TH populations. AIH caused a doubling in the proportion of TH neurons that also
expressed pSer40TH (27 ± 5% vs. 58 ± 0.3%) and a doubling in the proportion of TH neurons that also contained pSer40TH and PACAP mRNA. (D) Micrographs
with 3 neurons, from an AIH treated rat, stained for TH, pSer40TH and PACAP mRNA, and a merged image. All 3 TH neurons are positive for PACAP mRNA but only
2 are pSer40TH positive. RVLM – rostral ventrolateral medulla. Scale bar represents 10 µm. ∗P < 0.05.

Intermittent Activation of RVLM Neurons
Is Sufficient to Cause
Sympathoexcitation in the Absence of
AIH and Is Dependent on PACAP Release
in the Spinal Cord
We next determined if neurons in the RVLM, including
C1 neurons that project to the spinal cord, are responsible
for the PACAP-mediated effects described above. Since TH
in C1 neurons was phosphorylated in response to AIH,
demonstrating an increase in activation, we aimed to determine
if the sympathetic response to AIH was due specifically to
the effects of hypoxia, or more generally due to intermittent
stimulation of sympathoexcitatory pathways. We found that
intermittent microinjection of glutamate (5 nmol) into the RVLM
caused persistent sympathoexcitation (n = 5; 164.1 ± 11.5%;
ANOVA with Holm- Šidák correction P = 0.005; Figure 3A),
compared to intermittent microinjection of PBS (n = 4;

1-3.0 ± 2.5%; Figure 3A) as described previously (Kakall
et al., 2018). This sympathetic response was qualitatively
similar to that induced by AIH. Significantly, the RVLM-
glutamate induced sympathoexcitation was abolished by prior
intrathecal infusion of the PACAP antagonist (10 nmol; n = 4;
17.7 ± 15.1%; ANOVA with Holm- Šidák correction P = 0.01;
Figure 3A). In summary, the findings suggest that the persistent
sympathoexcitation induced by AIH is due to intermittent
activation of PACAP-containing bulbospinal sympathoexcitatory
cardiovascular pathways and does not require direct effects of
hypoxia on sympathetic neurons.

Sympathoexcitation Following AIH Is
Mediated by cAMP
Finally, we determined if the sympathoexcitation following
AIH is mediated through cAMP signaling pathway as the
PAC1 receptor is primarily coupled to cAMP via Gαs
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FIGURE 3 | Intermittent activation of rat RVLM mimics AIH, mediated by PACAP in a cAMP-dependent manner. (A) Intermittent injections of 5 nmol glutamate in the
RVLM cause a persistent increase in sympathetic nerve activity, which does not occur after intermittent injection of the vehicle control, PBS. The sympathetic
response following intermittent glutamate injections is abolished by prior intrathecal infusion of the PACAP antagonist, 10 nmol PACAP(6–38). (B) An illustration of
the intracellular signaling pathway used by PACAP. When PACAP binds to the PAC1 G-protein coupled receptor, the α-subunit of the G-protein is phosphorylated
(“P”), adenylyl cyclase is then activated causing the conversion of ATP into cAMP. cAMP acts at 3 downstream effector proteins, Protein Kinase A (PKA), Exchange
Protein Activated by cAMP (EPAC) and hyperpolarization-activated cyclic nucleotide-gated (HCN) channels. The activity of cAMP can be blocked by using a cocktail
of 1µmol Rp-Diastereomer of Adenosine 3′,5-Cyclic Monophosphorothioate (Rp-cAMP), 10 nmol Brefeldin A (BFA) and 30 nmol 4-(N-Ethyl-N-phenylamino)-1,2
dimethyl-6-(methylamino)pyrimidium chloride (ZD-7288) to block the three downstream effector proteins. (C) When PKA alone is blocked using 1 µmol Rp-cAMP
(small box in B) there is no significant reduction in the response to AIH. When cAMP is blocked with 1 µmol Rp-cAMP, 10 nmol BFA and 30 nmol ZD-7288 (large
box in B), the sympathetic response to AIH is abolished. ∗∗P < 0.01, ∗∗∗P < 0.001.

(Vaudry et al., 2000). As there is no single pharmacological
blocker of cAMP we intrathecally administered a combination of
antagonists to the downstream effector proteins of cAMP – PKA,
EPAC, and HCN channels at previously described concentrations
(Tallapragada et al., 2016). Administration of the antagonists had
no effect on resting sympathetic tone prior to AIH and had no
effect on the responses to each hypoxic bout. We found that
blocking the cAMP pathway (1 µmol Rp-cAMP + 10 nmol
BFA + 30 nmol ZD-7288; Table 1 and Figure 3B) abolished the
sympathetic response to AIH (n = 5; 1-15.6 ± 9.0%; ANOVA
with Holm- Šidák correction P = 0.0003; Figure 3C) compared
to AIH alone. As PKA is the primary effector of cAMP we also
administered the PKA blocker (1 µmol Rp-cAMP) on its own
prior to AIH (n = 6), but did not find any significant change in
the sympathetic response to AIH (124.0 ± 6.6%; ANOVA with
Holm- Šidák correction P = 0.14; Figure 3C), suggesting that

although the response requires cAMP, it is not solely dependent
on the PKA pathway.

All Increases in Sympathetic Activity
Following Intermittent Stimulation of
Cardiovascular Areas Occur in the
Absence of Any Changes in Blood
Pressure, pH or PaCO2
A short duration of intermittent hypoxia (i.e., AIH) is known to
cause increased sympathetic activity without any change in mean
arterial pressure (Dick et al., 2007; Xing and Pilowsky, 2010)
a result confirmed here (Table 4). Changes in pH and PaCO2
can also affect sympathetic nerve activity and confound the
results. Blood gases were monitored throughout the experiments
(except for the mice, as the blood volume is too small) to
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ensure that the increases in sympathetic nerve activity observed
following AIH were not due to the stimulatory effects of
CO2. Table 4 shows that PaCO2 and pH were within the
physiological range at the end of the recording period for all
treatment groups.

DISCUSSION

We report here for the first time that the sympathoexcitation
caused by AIH is likely mediated, at least in part, by central
neuroplasticity involving PACAP acting on PAC1 receptors in the
spinal cord. Our results support that of Xing and Pilowsky (2010),
with the increase in SNA occurring without any significant
change in MAP, PaCO2, or pH. Mimicking the response seen
after AIH, sub-threshold intermittent intrathecal PACAP alone
is sufficient to generate a prolonged sympathetic response,
as is intermittent activation of the RVLM with glutamate
(Kakall et al., 2018). Using pharmacological agents and PACAP
receptor knockout mice, we demonstrate that the sympathetic
response to AIH is mediated via spinal PAC1 receptors and
dependent on cAMP.

Sustained hypertension is a serious disorder with devastating
individual and community consequences that include: vascular
disease, heart failure and stroke. Hypertension is usually
associated with elevated sympathetic nerve activity (SNA) and
increased activity of presympathetic neurons in the RVLM (Chan
et al., 1991; Minson et al., 1996). An outstanding question in this
field is, how do sympathetic pathways and their neurotransmitter

systems cause this persistent change? One hypothesis lies in the
pattern of neurotransmitter signaling.

Intermittent activation of neuronal pathways is more potent in
enhancing neuronal activity and having long term consequences
than continuous activation (Fuller et al., 2003; Kumar et al.,
2006; Peng et al., 2009; Roy et al., 2018); phenomena that
are the basis for memory formation and are well-known at
the behavioral (gambling) and cellular (long-term potentiation)
levels, but relatively uncharacterized in cardiovascular control.
Yet, repetitive, intermittent hypoxic events are the hallmark of
OSA which is characterized by persistent sympathoexcitation and
now regarded as the leading cause of secondary hypertension
(Pedrosa et al., 2011).

While the pathophysiology of sympathoexcitation and
hypertension in OSA are not completely understood, current
evidence suggests there are multiple sites contributing to
the persistent effects of intermittent hypoxia. For example,
intermittent hypoxia with concurrent hypercapnia acts at the
carotid body to cause robust increases in afferent activity to
the brain which is also reflected in the long-lasting sympathetic
output (Roy et al., 2018). This activity is dependent on TRPV1
and P2X receptors. Other long term effects of intermittent
hypoxia appear to involve reactive oxygen species (Prabhakar
et al., 2012), angiotensin (Kim et al., 2018), and serotonin
(Ling et al., 2001) to name a few. Intermittent stimulation
of the RVLM also causes a persistent sympathoexcitation
(Kakall et al., 2018), but what has remained elusive is the
identity of the final central output driving the increase in
sympathetic activity.

TABLE 4 | MAP and metabolic parameters were unchanged 60 min after intermittent stimulation.

Treatment group N (animals) Baseline MAP
(mean ± SEM)

Change in MAP
(mean ± SEM) @

60 min

pH @ 60 min PaCO2 @ 60 min

RAT SPINAL CORD STUDIES

PBS + AIH 13 88 ± 5 6 ± 2 7.42 ± 0.01 39 ± 2

3 nmol PACAP + AIH 13 95 ± 4 3 ± 3 7.42 ± 0.01 40 ± 1

PACAP(6–38) + AIH 12 97 ± 4 −5 ± 5 7.41 ± 0.01 40 ± 1

10 × PBS 8 95 ± 3 −2 ± 3 7.41 ± 0.01 40 ± 2

10 × PACAP 9 95 ± 6 0 ± 4 7.40 ± 0.01 40 ± 2

10 × VIP 7 98 ± 3 −4 ± 4 7.41 ± 0.01 41 ± 2

PACAP(6–38) + 10 × PACAP 6 104 ± 2 −5 ± 3 7.45 ± 0.03 37 ± 2

RAT RVLM STUDY

10 × PBS 4 118 ± 8 −18 ± 6 7.41 ± 0.01 43 ± 1

10 × glutamate 4 101 ± 4 −3 ± 3 7.44 ± 0.002 41 ± 1

PACAP(6–38)+10 × glutamate 4 106 ± 9 −11 ± 5 7.44 ± 0.01 42 ± 2

RAT CAMP STUDY

PBS + AIH 6 101 ± 4 0 ± 8 7.41 ± 0.01 42 ± 1

cAMP block + AIH 5 103 ± 6 0 ± 5 7.45 ± 0.01 38 ± 2

PKA block + AIH 6 110 ± 8 2 ± 5 7.42 ± 0.04 40 ± 1

MOUSE STUDY

PAC1 +/+ 5 58 ± 5 −2 ± 3 – –

PAC1 l’ 5 61 ± 5 −11 ± 4 – –

PAC1 -/- 3 45 ± 5 −5 ± 3 – –

VPAC2 +/+ 7 70 ± 6 −15 ± 4 – –

VPAC2 -/- 5 57 ± 2 −7 ± 4 – –

Frontiers in Neuroscience | www.frontiersin.org 9 August 2019 | Volume 13 | Article 88150

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00881 August 19, 2019 Time: 18:14 # 10

Farnham et al. PACAP, Acute Intermittent Hypoxia, and Sympathoexcitation

PACAP is found almost unchanged in every vertebrate species
examined (Hannibal, 2002; Vaudry et al., 2009) and is generally
excitatory. PACAP binds to three G-protein coupled receptors,
PAC1, VPAC1, and VPAC2 (all of which have many splice
variants). The PACAP receptors are primarily coupled to either
Gαs or Gαq and activate the cAMP pathway to exert short-
and long- term changes in neuronal activity and gene expression
(Farnham and Pilowsky, 2010; Harmar et al., 2012). The presence
of PACAP and its receptors throughout the cardiorespiratory
sympathetic circuit, from the carotid body (Roy et al., 2013)
and RVLM, to sympathetic post-ganglionic neurons and the
adrenal medulla in the periphery, indicates that this peptide
plays an important role in blood pressure regulation (Farnham
and Pilowsky, 2010). Consistent with a role in blood pressure
regulation, activation of PACAP receptors regulate catecholamine
gene expression (Hong et al., 1998; Choi et al., 1999; Park et al.,
1999; Borba et al., 2005), TH activity which is rate limiting for
noradrenaline (and adrenaline) synthesis (Tonshoff et al., 1997;
Hamelink et al., 2002; Bobrovskaya et al., 2007), and release of
acetylcholine at neuronal nicotinic synapses (Pugh et al., 2010).
Our finding that AIH increased the number of phosphorylated
TH neurons in the RVLM is consistent with this literature
and may explain why antagonism of RVLM PACAP receptors
blocked the intermittent glutamate-induced sympathoexcitation
(Kakall et al., 2018). Interestingly, while AIH increased the
number of phosphorylated TH neurons in the RVLM within
60 min, the number of Fos positive neurons over the same time
window was unchanged. This indicates that pSer40TH may be a
more precocious, sensitive and/or persistent marker of neuronal
activation in the C1 population than Fos.

Notwithstanding a role for PACAP signaling in the RVLM,
the results herein suggest that the sympathoexcitation observed
following AIH is due, at least in part, to PACAP triggering
additional plastic changes via spinal PAC1 receptors. Specifically,
our data demonstrate that persistent sympathoexcitation can be
induced by AIH and intermittent stimulation of the RVLM in the
absence of hypoxic events; and in both cases, sympathoexcitation
is dependent upon activation of PAC1 receptors in the spinal
cord. Moreover, the similarity of the time-course of action of
PACAP on SNA when administered intermittently into the spinal
cord with the time-course of the response to AIH, and the finding
that blocking spinal PACAP receptors abolishes this response,
highlights the likely importance of spinal PACAP signaling
in this physiological condition. Accordingly, PACAP-mediated
plasticity in the spinal cord might further exacerbate and prolong
neuronal excitability caused by plasticity in the carotid body
and RVLM, giving rise to long term sympathoexcitation which,
in turn, may contribute significantly to the hypertension that
accompanies OSA.

Indeed, PACAP may be an important mediator of the
hypertensive response observed in OSA. Whereas AIH causes
sympathoexcitation without any change in blood pressure,
experimental CIH – a well-established model for sleep apnoea –
causes hypertension which is accompanied by increased
noradrenaline release from the adrenal medulla (Kumar et al.,
2006). In this respect, we note that a high dose of intrathecal
PACAP can elevate blood pressure directly by activating PAC1

receptors on SPN innervating noradrenaline-secreting adrenal
medulla chromaffin cells (Inglott et al., 2012) and that PACAP
knockout mice, a proposed model of Sudden Infant Death
Syndrome (SIDS) with blunted cardiorespiratory responses
to hypoxia (Cummings et al., 2004), also have reduced TH
expression (Arata et al., 2013).

Neurons or Glia?
PACAP receptors are present on blood vessels, microglia,
astrocytes, and neurons, and therefore the question arises, which
of these cell types mediates the reported effects? The cerebral
and pial vasculature primarily expresses VPAC1 receptors
(Fahrenkrug et al., 2000) which are unaffected by PACAP(6–38),
and are therefore unlikely to contribute to the PACAP-mediated
sympathetic responses to AIH. Microglia are also unlikely to
contribute for several reasons: (1) Activation of microglial
VPAC1 and PAC1 receptors reduce the severe cardiovascular
consequences of acute kainic acid-induced seizure (Delgado et al.,
2002; Bhandare et al., 2015; Bhandare et al., 2016). This contrasts
with PACAP-mediated prolongation of the milder cardiovascular
consequences of AIH. (2) Only a fraction of microglia (1–
20%) respond to neuropeptides, even when in an activated
state (Pannell et al., 2014). (3) Even in chronic conditions
of intermittent hypoxia the activation state and function of
microglia is unclear (Kiernan et al., 2016). Therefore, the effects
we see in our AIH model following activation or blockade of
PAC1 receptors are unlikely due to activation of microglia.

Astrocytes may have a role in PACAP-mediated sympathetic
responses to AIH because they are important for maintaining
long lasting PACAP-induced dorsal horn-mediated neuropathic
pain (Yokai et al., 2016). However, only a few astrocytes express
PAC1 receptors (Yokai et al., 2016). Thus, while astrocytes
may have an indirect role, PACAP receptors on neurons
remain the most likely mediators of long-term sympathetic
responses to AIH.

Technical Considerations
Our electrophysiological data are drawn from an anesthetized
and vagotomized preparation used widely to study sympathetic
activity. Indeed, there were good reasons for each of these
conditions. Urethane was used to ensure the preparation stability
required to maintain long term (>2 h) splanchnic nerve
recordings; vagotomy prevented sensory information from lung
stretch receptors caused by mechanical ventilation; and we cut
the splanchnic nerve distal to the recording electrode to ensure
only efferent (sympathetic) activity was monitored. Nonetheless,
each of these maneuvers may have caused unforeseen effects
on sympathetic activity, such as accentuating the short or long-
term effects of hypoxia. The effects of the surgical preparation
may also have affected Fos expression, thereby masking any
AIH-induced changes.

Another important caveat is that infusion of solutions into the
intrathecal space creates the risk of diffusion of the solution back
up the spinal cord, to the RVLM. To minimize this risk, we used
small injection volumes, positioned the animals with their heads
elevated in relation to the thoracic spinal cord and, in previous
studies, used dye and spinal cord transections to confirm that
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diffusion to the brainstem does not occur (Inglott et al.,
2011). In addition, as PACAP is rapidly broken down by
dipeptidyl peptidase IV (DPP-IV) with a half-life ∼ 2 min
(Zhu et al., 2003) and DPP-IV is expressed in the CSF
(Kato et al., 1979), we judge the possibility of intrathecal
PACAP diffusing to, and activating, the RVLM as being
highly unlikely.

CONCLUSION

The PACAP signaling system may be a useful therapeutic target,
not only for sleep apnoea sufferers, but in other conditions
of repetitive insults, as persistent sympathoexcitation was
generated in the absence of intermittent hypoxia. Little is
known about neuroplasticity in the cardiovascular system
and further information is vital if we are to understand
disorders such as sleep apnoea, that cause hypertension
leading to target organ damage, heart failure, vascular disease,
renal failure and stroke. A better understanding of how
different neurotransmitters operate in central cardiorespiratory
pathways will lead to precision-targeted and effective treatments
for many autonomic disorders including sleep-apnoea-
induced hypertension.
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The mammalian nervous system is comprised of a seemingly infinitely complex
network of specialized synaptic connections that coordinate the flow of information
through it. The field of connectomics seeks to map the structure that underlies
brain function at resolutions that range from the ultrastructural, which examines the
organization of individual synapses that impinge upon a neuron, to the macroscopic,
which examines gross connectivity between large brain regions. At the mesoscopic
level, distant and local connections between neuronal populations are identified,
providing insights into circuit-level architecture. Although neural tract tracing techniques
have been available to experimental neuroscientists for many decades, considerable
methodological advances have been made in the last 20 years due to synergies between
the fields of molecular biology, virology, microscopy, computer science and genetics. As
a consequence, investigators now enjoy an unprecedented toolbox of reagents that
can be directed against selected subpopulations of neurons to identify their efferent and
afferent connectomes. Unfortunately, the intersectional nature of this progress presents
newcomers to the field with a daunting array of technologies that have emerged from
disciplines they may not be familiar with. This review outlines the current state of
mesoscale connectomic approaches, from data collection to analysis, written for the
novice to this field. A brief history of neuroanatomy is followed by an assessment of the
techniques used by contemporary neuroscientists to resolve mesoscale organization,
such as conventional and viral tracers, and methods of selecting for sub-populations
of neurons. We consider some weaknesses and bottlenecks of the most widely
used approaches for the analysis and dissemination of tracing data and explore the
trajectories that rapidly developing neuroanatomy technologies are likely to take.

Keywords: neuroanatomy, viral tracers, anterograde tracer, retrograde tracers, synaptic contacts, connectome
analysis

INTRODUCTION

The relationship between structure and function is a central theme in the field of biology. In the
same way that deciphering the crystal structure of DNA propelled research toward the mechanics
of inheritance in the 20th century (Watson and Crick, 1953), it is widely believed that elucidation
of the structural architecture of the brain will fundamentally alter neuroscience in the 21st
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(Rubinov and Bullmore, 2013; Lerner et al., 2016; Mikula,
2016). Here, we review the approaches used by contemporary
neuroscientists to identify connectivity patterns between
components of neural circuits, the trajectories that rapidly
developing neuroanatomy technologies are likely to take, and
some bottlenecks that may hinder this mission.

It is unknown at what point in history the brain
was first recognized as the control center for the body.
Although sometimes attributed to Hippocrates and Galen
around 2,000 years ago, the association between traumatic
brain injury and distinct functional deficits was clearly
understood by Egyptian physicians 30 centuries before that
(Stiefel et al., 2006), and archeological evidence indicates
widespread neurosurgical practice in diverse cultures since
time immemorial (Andrushko and Verano, 2008, reviewed
by Kshettry et al., 2007; Moghaddam et al., 2015). What
is clear is that the association between brain structure and
function is a relatively recent realization: this consensus
was only reached in the late 1800s after nearly 100 years
of disagreement between those who, like influential French
physiologist and child prodigy Marie-Jean-Pierre Flourens,
believed that the brain, like the mind, was indivisible (Pearce,
2009), and those like Frantz Joseph Gall who proposed that
the brain is composed of distinct functional compartments,
and that the relative contribution of each is to some
extent independent from the others [see Ferrier (1884) for
contemporaneous review].1

At the same time that Broca and others were cementing the
idea of cerebral localization at a macroscopic scale, the first
histologists were using the microscope to discover the delicate
structure of neural tissue and developing theories about the
cellular basis of brain function. The “neuron theory” developed
by Ramon y Cajal, Waldeyer-Hartz and others argued that
a particular cell type, the neuron, was the functional unit
of the nervous system, from which axons grew and relied
upon for nutrition; that neurons were discontinuous and
formed physical contacts at which communication occurred;
and that information flowed across neurons in one direction,
from the dendrite toward the axonal terminals (reviewed by
Fishman, 1994; Llinas, 2003; Guillery, 2005; Lopez-Munoz et al.,
2006). These central tenets are now universally accepted, with
caveats (Guillery, 2005), but spawned an acrimonious and
dogmatic battle between “reticularists” and “neuronists” that
persisted from the late 1870s until the invention of the electron
microscope and subsequent visualization of mammalian synapses
in the 1950s.2

1Ironically, despite having already been discredited as a serious science by then,
phrenology contributed to the general acceptance of this view by fostering the
notion that individual variation in discrete brain functions are reflected by skull
topography (summarized by Gross, 2009).
2Opponents to the neuronist school have been characterized as subscribing to
a chaotic and somewhat absurd view of the brain. Guillery (2005) makes a
compelling case for reassessment of this historical debate, highlighting discoveries
that were made after the description of the physical structure of the synapse (e.g.,
gap junctions, axo-axonic contacts) that fundamentally undermine some tenets of
the neuron theory. Guillery argues that both models were ultimately wrong, and
that a less dogmatic post-neuronist view is more appropriate.

THE FIELD OF CONNECTOMICS

Since then, generations of neuroscientists have used progressively
more selective labeling techniques and more powerful
microscopes to reveal the patterns of synaptic connectivity
that are thought to underlie the functional properties of neural
circuits. This effort has given rise to the field of “connectomics,”
a now standalone sub-discipline of neuroscience with the stated
aim of understanding the “structural architecture of nervous
system connectivity in all animals at all resolutions” (reviewed by
Hagmann, 2005; Sporns et al., 2005; Swanson and Bota, 2010;
Catani et al., 2013). Connectomics generates simplified circuit
diagrams at macroscopic (brain-wide), mesoscopic (circuit
level) or nanoscopic (synapse level) resolutions that classify
neurons in terms of their connectivity to each other (Figure 1:
discussed by Branco and Staras, 2009). However, these efforts
have been hampered by both the technical complexity involved
in accurately identifying synaptic connections and the sheer
magnitude of the task: full connectomic reconstruction of the
human brain would require the mapping of approximately 86
billion neurons (Azevedo et al., 2009; Herculano-Houzel, 2009)
and the identification of the thousands of inputs and outputs that
connect each one (Nimchinsky et al., 2002).

As a result of this complexity, the only entire connectomes
thus far cataloged belong to tiny animals: the first (nearly)
complete map of the entire nervous system of an individual
species was made by White et al. (1986) from reconstructed serial
electron micrographs of the roundworm Caenorhabditis elegans
(later completed by Varshney et al., 2011), and more recently
larval and adult Drosophila melanogaster (Ohyama et al., 2015;
Zheng et al., 2018) and the larval sea-squirt Ciona intestinalis
(Ryan et al., 2016). The “nanoscale” approach used to map these
connectomes offers comprehensive knowledge of every neuronal
connection, and is well-suited to components of relatively small
local circuits such as in the retina, in which the inputs and outputs
are understood (Briggman et al., 2011; Denk et al., 2012).

However, ultrastructural strategies are poorly suited to the
interrogation of large or dispersed circuits because of the
enormous investments of time and infrastructure required to
acquire and handle the data (Lichtman and Denk, 2011; Wanner
et al., 2015). These technical limitations seem unlikely to be
resolved in the foreseeable future; despite recent innovations such
as the development of serial block-face and Focused Ion Beam
electron microscopy, which have reduced the acquisition time
for a cubic millimeter of tissue from ∼18 to ∼1.5 years (Wanner
et al., 2015; Xu et al., 2017), obstacles to the analysis and even the
storage of high resolution microscopy data remain. For example,
the raw dataset for a single human brain would require ∼175
exabytes of storage space, costing 2–8 billion Euros (Mikula,
2016). By comparison, the entire storage capacity of the planet
in 2011 was∼295 exabytes (Hilbert and Lopez, 2011).

These limitations have provided a stimulus for the
development of genetically modified viral tracers that can
be used to identify components of a given neuronal circuit
without requiring direct visualization of synaptic contacts. The
major advantages of this approach are its compatibility with light
microscopy, greatly reducing the imaging, analysis and storage
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FIGURE 1 | Macro-, meso-, and microscale connectomics. Schematic diagram illustrating connectome analysis at macroscale (top), mesoscale (purple inset), and
nanoscale resolutions (blue inset). Macroscale approaches (top) examine communication between regions of the brain on a global level, using approaches such as
diffusion-weighted magnetic resonance imaging. Mesoscale connectomics interrogates neural circuitry at the cellular level, employing light microscopy to map the
distribution of synaptically linked neurons, in this case monosynaptic inputs to putative sympathetic premotor neurons (see Menuet et al., 2017, modified with
permission). Nanoscale connectomics assesses individual synaptic contacts using electron microscopy. Nanoscale image shows electron micrograph of synapses
and polysialyic acid immunoreactivity: see Bokiniec et al. (2017).

burden inherent to ultrastructural analysis, and its applicability
to mapping networks that are dispersed throughout the brain.

ANTEROGRADE AND RETROGRADE
TRACERS

Early tracing approaches involved the physical or electrical lesion
of a region of interest, which rendered the degenerating axons
differentially susceptible to impregnation with metallic silver
(Hoff, 1932). Although crude, this approach was eventually
refined to the point where terminal boutons could be resolved
(Glees, 1946; Nauta, 1952; Fink and Heimer, 1967). Visualization
of Wallerian degeneration was replaced by approaches that
did not require destructive lesions, relying instead on the
axonal transport of injected/applied materials from the site
of injection to either the cell body (retrograde tracers) or
axonal processes (anterograde tracers; Figure 2). The earliest
of these tracers were radiolabeled amino acids such as tritiated
leucine and proline that were injected into neural tissue then

incorporated into polypeptides in the soma and transported
to axons and terminal processes where they were identified
by autoradiography (Grafstein, 1967; Cowan et al., 1972).
These tracers were soon surpassed by materials that could be
detected with conventional light microscopy via histological or
immunohistochemical (IHC) processing, intrinsic fluorescence,
or conjugation with a fluorophore or enzymatically active probe.
This variety of tracer constitutes what are now referred to
as “conventional tracers” (in contrast to viral tracers). The
variety and utility of conventional tracing techniques are broad
and have been extensively reviewed elsewhere (Köbbert et al.,
2000; Vercelli et al., 2000; Lanciego and Wouterlood, 2011):
here, we provide a simple overview of some of the most
popular conventional tracers for comparison with the viral tracers
discussed in upcoming sections.

Conventional (Mainly) Retrograde
Tracers
The glycoprotein and enzyme horse radish peroxidase (HRP)
was found in the early 1970s to be an effective retrograde tracer,
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FIGURE 2 | Anterograde and retrograde labeling with static and trans-synaptic tracers. Tracers are categorized as anterograde or retrograde based on their direction
of travel within neurons. Anterograde tracers (green) are taken up by neuronal cell bodies at the injection site and travel down the axon to terminal processes.
Retrograde tracers (blue) are taken up by terminals and travel back to the cell body. Static tracers remain within the first neurons they enter, while other tracers can
spread trans-synaptically and may or may not be monosynaptically restricted. CTb: cholera toxin B subunit; H1291TK: tyrosine kinase-deleted H129 herpes;
PHA-L: Phaseolus vulgaris-leucoagglutinin; PRV: pseudorabies virus; SAD1G(EnvA): glycoprotein-deleted EnvA-pseudotyped rabies.

having been taken up into neurons non-selectively by passive
endocytosis (Kristensson and Olsson, 1971; LaVail and LaVail,
1972; Köbbert et al., 2000; Vercelli et al., 2000). HRP is visualized
as it catalyzes, together with hydrogen peroxide, the oxidation
of chromogenic substrates such as 3,3′-diaminobenzidine and
tetramethylbenzidine. The resultant staining is limited to the
cell soma and primary dendrites (Köbbert et al., 2000) and,
on its own, HRP demonstrates a relatively low sensitivity due
to inefficient uptake by neurons at the injection site. However,
conjugation of HRP to the plant lectin wheat germ agglutinin
(WGA), itself a neuronal tracer, significantly improved both
uptake and transport within neurons (Staines et al., 1980;
Köbbert et al., 2000). WGA binds to N-acetylglucosamine and the
plasma membrane-bound sugar sialic acid, and is rapidly actively
transported in both the anterograde and retrograde directions,
providing more extensive (but not complete) labeling of the
neuron compared to HRP (Schwab et al., 1978; Dumas et al.,
1979; Levy et al., 2017). WGA-HRP conjugates are also capable
of limited trans-synaptic travel (Goshgarian and Buttry, 2014;
Sillitoe, 2016), introducing some ambiguity to the interpretation
of data. WGA is now available in a fluorophore-conjugated
preparation, eliminating the need for immunohistochemical
processing for visualization.

Cholera toxin subunit B (CTb) was introduced as a retrograde
tracer in 1977 (Stoeckel et al., 1977; Vercelli et al., 2000).
Trojanowski et al. (1981, 1982) then sought to improve the
sensitivity of HRP using CTb-HRP conjugates, and found
that when the number and detail of labeled neurons was
compared, CTb-HRP significantly out-performed free HRP.
They attributed this to the GM1 ganglioside (sugar) mediated
uptake of CTb in comparison to the non-specific endocytosis
of HRP (Trojanowski et al., 1981; Trojanowski et al., 1982;
Lanciego and Wouterlood, 2011). Unconjugated CTb can be
detected via immunohistochemistry, however, the development
of CTb-conjugated fluorophores (Conte et al., 2009a,b) or even
magnetically opaque labels visible to MRI (Wu et al., 2011) has
extended the scope of CTb. The signal strength of fluorescently
conjugated CTb, its rapid transport (2–7 days), low toxicity, and
ease of use also makes it suitable for identification of neurons
for subsequent electrophysiological recordings in vitro (Korim
et al., 2014; Bou Farah et al., 2016) or in vivo (Yamashita and
Petersen, 2016), and has elevated fluorescently conjugated CTb
variants as a go-to retrograde tracer for many researchers (Parker

et al., 2015; Zhao et al., 2017), although it should be noted
that, like most conventional tracers, CTb transport is to some
extent bidirectional (Noseda et al., 2010). In our experience,
CTb-conjugated fluorophores can suffer quenching when used
in conjunction with in situ hybridization, and as the fluorophore
prevents binding of anti-CTb antibodies, quenched signal cannot
be boosted with anti-CTb IHC, so for dual labeling of mRNA and
CTb the unconjugated form is preferable.

A number of inorganic tracers are also widely used.
Hydroxystilbamidine (FluoroGoldTM) is a fluorescent inorganic
compound directly visible with fluorescence microscopy.
Following uptake into nerve terminals by fluid phase endocytosis,
FluoroGoldTM is transported retrogradely to cell bodies in
vesicles and accumulates in the cytoplasm, where it remains
detectable for months (Köbbert et al., 2000; Lanciego and
Wouterlood, 2011). The intense, bleach-resistant labeling
achieved using FluoroGoldTM, and the availability of anti-
FluoroGoldTM antibodies for further amplification, has resulted
in it becoming the “gold-standard” tracer in rodents, against
which newly developed tracers are compared (Lanciego and
Wouterlood, 2011; Tervo et al., 2016).

Other noteworthy inorganic fluorescent tracers are Fast Blue,
Diamidino Yellow, True Blue and the carbocyanines DiI and
DiO (Bentivoglio et al., 1980; Bonhoeffer and Huf, 1980; Kuypers
et al., 1980; Puigdellivol-Sanchez et al., 1998; Schofield, 2008;
Yu et al., 2015). Although no longer widely used for tracing
projections in the central nervous system, they (along with
organic tracers such as CTb, WGA, etc.) remain popular choices
for the identification of autonomic, motor or sensory innervation
of peripheral targets, into which they can be injected in relatively
large volumes (Furukawa et al., 2008; Zele et al., 2010; Yu et al.,
2015; Pidsudko et al., 2019; Rytel et al., 2019). Interestingly,
because they are not dependent on active transport, inorganic
dyes may also be used for identification of projections in fixed
tissue post mortem. Typically applied as crystals to the surface of
formalin-fixed tissue blocks, highly lipophilic dyes such as DiI
(red) and DiO (green) move evenly throughout cells in both
anterograde and retrograde directions via the lipid portion of
neuronal membranes, resulting in complete labeling of the soma
and dendritic tree (Thanos et al., 1991, 1992; Köbbert et al.,
2000; Boon et al., 2019; Trivino-Paredes et al., 2019). However,
the lipophilic nature of carbocyanine dyes makes them difficult
to use in conjunction with standard IHC protocols that use
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lipid-solubilizing detergents to facilitate antibody penetration
(Elberger and Honig, 1990; Matsubayashi et al., 2008).

Fluorescent latex microspheres 30–90 nm in diameter
(RetrobeadsTM) were recognized as retrograde tracers in the
mid-1980s (Katz et al., 1984; Katz and Iarovici, 1990) and, like
FluoroGoldTM, are highly resistant to fading and offer long-
term labeling. Although somewhat difficult to use, based on their
tendency to clump in the injection pipette, latex beads offer
stable fluorescence with minimal diffusion from the injection site,
exclusive retrograde travel with minimal entry to undamaged
fibers of passage, and are non-toxic to neurons so can be used
in long duration experiments (Köbbert et al., 2000; Vercelli et al.,
2000; Lanciego and Wouterlood, 2011). Their distinctive bright
punctate appearance makes them easy to distinguish, meaning
they can be mixed with an anterograde tracer of the same
color [e.g., to simultaneously identify retro- and anterograde
projections from a single brain region (Turner et al., 2013)].

Conventional (Mainly) Anterograde
Tracers
Phaseolus vulgaris-leucoagglutinin (PHA-L) is one of the
earliest and most widely used anterograde tracers (Gerfen and
Sawchenko, 1984; Köbbert et al., 2000) and, like WGA, PHA-
L binds to membrane bound carbohydrates to gain cell entry
(in this case N-acetyl D-glucosamine and mannose). PHA-
L is detected using IHC, revealing detailed cell morphology,
including axon terminal branches to the level of terminal boutons
(Lanciego and Wouterlood, 2011; Wouterlood et al., 2014).
PHA-L requires longer post-injection survival times to achieve
transport compared other conventional tracers, typically 10 to
20 days (Vercelli et al., 2000).

Emerging in the mid-1980s, dextran-amines (DAs) were
rapidly adopted and remain widely used as conventional axonal
tracers (Gimlich and Braun, 1985; Glover et al., 1986; Brandt and
Apkarian, 1992; Veenman et al., 1992; Wouterlood et al., 2014).
DAs enter injured neurons at the injection site and spread evenly
throughout the entire neuron via diffusion, resulting in a Golgi-
like level of staining detail (Glover et al., 1986; Fritzsch, 1993;
Glover, 1995; Köbbert et al., 2000; Lanciego and Wouterlood,
2011; Wouterlood et al., 2014).

Despite the common perception that DAs are preferential
anterograde tracers, many studies indicate bidirectional travel
(Schmued et al., 1990; Fritzsch, 1993; Glover, 1995; Zhang et al.,
2017), including the original description of their axonal transport
by Glover et al. (1986). Their retrograde capabilities have been
exploited both for conventional tracing (Sivertsen et al., 2014,
2016; Lunde et al., 2019) and for delivery of calcium-sensitive
indicators for optical recording of neurons selected by axonal
trajectory (O’Donovan et al., 1993; McPherson et al., 1997).

There is a perception that the molecular weight of DA-
conjugates contributes to their directional selectivity, with
smaller molecules exhibiting superior performance as a
retrograde tracer (Reiner et al., 2000; Lanciego and Wouterlood,
2011). However, the influence, if any, of molecular weight on
directional specificity is probably overstated, and may instead
reflect differences in speed of transport, which is distinctly

faster for smaller compounds (Fritzsch, 1993), combined with
differences in volume of synaptic terminals compared to cell
bodies (Glover, personal communication).

Like CTb, fluorophore-labeled dextran amine variants are now
widely used instead of or in addition to biotinylated versions
that require histological processing for visualization, and we
and others have used tetramethylrhodamine-conjugated dextran
for juxtacellular labeling during electrophysiological recordings
(Noseda et al., 2010; Dempsey et al., 2015).

Limitations of Conventional Tracers
Despite their ongoing popularity, the major limitations of
conventional tracers are worthy of consideration:

(1) Conventional tracers can be taken up by fibers of passage
(Dado et al., 1990; Chen and Aston-Jones, 1995; Conte
et al., 2009a), which can lead to incorrect identification of
projections. [Notably, canine adenovirus (CAV) can also be
taken up by fibers of passage (Schwarz et al., 2015)].

(2) The spread of many conventional tracers around the
injection site results in intense and diffuse labeling that
may reflect deposition in the extracellular matrix or take-
up by neurons or glia. Such non-specific labeling makes
it difficult to reliably identify labeled neurons within
∼1 mm of the injection site. Thus the historical use
of conventional tracers has probably overemphasized the
relative significance of distant inputs/outputs compared to
those originating from local interneurons; contemporary
connectomic studies indicate that long-distance projections
are relatively rare compared to short-distance connections
(Oh et al., 2014; Henriksen et al., 2016; van den Heuvel et al.,
2016; Dempsey et al., 2017).

(3) Tracer uptake relies predominantly on sugars that are
located on the glycocalyx of most, if not all neurons,
or on common mechanisms such as endocytosis.
Consequently, restricted uptake by functionally or
neurochemically/genetically homogeneous neuronal
populations is not possible.

(4) The direction of axonal transport is rarely exclusive, which
complicates circuit analysis; the archetypal retrograde
and anterograde tracers, CTb and BDA respectively,
both label axons traveling in the “wrong” direction
(Luppi et al., 1987; Schmued et al., 1990; Fritzsch, 1993;
Glover, 1995; Angelucci et al., 1996; Noseda et al., 2010;
Zhang et al., 2017).

VIRAL TRACERS

Recombinant viral vectors that drive the expression of fluorescent
“reporter” proteins in transduced neurons have been widely
adopted by neuroscientists because of their directional specificity,
the high (in most cases permanent) levels of reporter expression
obtained, and the absence of transduction of fibers of passage
(comprehensively reviewed by Callaway, 2005; Luo et al., 2008;
Betley and Sternson, 2011; Nassi et al., 2015). Here, we will
examine some widely used variants and consider the extent to
which they address the limitations of conventional tracers.
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Viral tracers may be divided into two distinct classes: static
vectors that remain locked within the targeted cell population
and essentially function like conventional tracers, which are
usually replication-deficient, and vectors that spread through
linked circuits via trans-synaptic travel, which are almost always
replication-competent. Each class contains vectors that can be
used to label selectively in an antero- or retrograde direction.

Static Viral Tracers
Recombinant vectors derived from human immunodeficiency
virus (HIV), herpes simplex virus type 1 (HSV-1), human
and canine adenoviridae (Ad), adeno-associated virus (AAV),
semliki forest virus, sindbis virus (SIN), and rabies have all
been developed as alternatives to conventional chemical tracers
(Chamberlin et al., 1998; Furuta et al., 2001; Wickersham et al.,
2007a; Junyent and Kremer, 2015; Lerner et al., 2016; Jia et al.,
2017; Farmer et al., 2019). A detailed review of the biology of
each is beyond the scope of the current article; the following
resources provide useful overviews of the most commonly used
replication deficient viral vectors (Ad: Akli et al., 1993, AAV: Kuo
et al., 1995; Drouin and Agbandje-McKenna, 2013; Junyent and
Kremer, 2015, HIV: Lundberg et al., 2008; Murlidharan et al.,
2014, HSV-1: Neve, 2012). HIV, HSV, Ad, SIN, and AAV vectors
differ in their maximum genetic payload, whether transgenes are
integrated into the host genome, and the onset and duration
of gene expression, but share common features: the wild-type
virus is modified to remove genes required for viral replication
and replaced with a genetic sequence that encodes a reporter
protein under the control of a ubiquitous (e.g., cytomegalovirus,
CaMKII), pan-neuronal (e.g., neuron-specific enolase, synapsin)
or cell-type specific (e.g., PRSx8, GAD1) promoter or, if used in
transgenic animals (reviewed by Wang et al., 2011), genetically
restricted expression systems such as Cre-LoxP or FLP-FRT
(Blomer et al., 1997; Hwang et al., 2001; Jakobsson et al., 2003;
Schnutgen et al., 2003; Gofflot et al., 2011; Liu et al., 2013; Fenno
et al., 2014; Luo et al., 2018). In contrast, glycoprotein-deleted
rabies is a static retrograde vector that retains its capacity for
replication, but has been modified so that it can no longer spread
trans-synaptically (Larsen et al., 2007; Wickersham et al., 2007a).
This has the advantage of self-amplification, resulting in very high
levels of reporter expression, but results in cytotoxicity within
a few weeks of infection and, as transcription is not promoter-
dependent, cannot be targeted to particular cell types without
further genomic alterations (discussed below). Furthermore,
as the rabies genome is RNA based, strategies for selective
recombination within subpopulations of infected neurons (e.g.,
Cre-LoxP) are not possible.

The mode of use of static viral tracers is similar to
conventional tracers; vectors are injected in small volumes
into the region or organ of interest under anesthesia, and
experimental animals are allowed to recover with appropriate
post-operative care. Following a period sufficient for transgene
translation, the animal is euthanized and perfused with fixative,
and the CNS removed for histological processing, which may
include IHC amplification of reporter signal, followed by
imaging. The major differences compared to conventional tracers
lie in the duration of recovery (although reporter expression

is visible within 12 h of HSV or rabies injections, protein
transcription is typically optimal 10–20 days after transduction
by AAV and lentiviral vectors), the volume of injectate, which
is typically larger for conventional tracers (300–1000 nl vs. 20–
100 nl for CNS injections, 1–5 µl for peripheral injections into
target organs), and the level of biological containment required.
When injected into the periphery, a further consideration is the
age of the animal; in our experience peripheral injections of rabies
and HSV-1 vectors do not result in detectable neuronal labeling
when administered to mice older than post-natal day 7, perhaps
reflecting the immaturity of the innate and adaptive immune
responses in the early post-natal period.

Like conventional tracers, cell entry is mediated via
interactions between glycans or proteins expressed on the
cell membrane and components of the viral vector (Lykken et al.,
2018). The tendency of a given vector to label in an anterograde
or retrograde direction therefore reflects the cellular distribution
of cognate receptors to its particular surface proteins; binding
with receptors expressed on the soma results in anterograde
labeling (e.g., AAV serotype 2, 5, 7, 8, and rh.10, human
adenovirus), whereas binding with receptors preferentially
expressed at the axon terminal results in retrograde labeling
(e.g., HSV-1, rabies and canine adenovirus) (Frampton et al.,
2005; Berges et al., 2007; Salinas et al., 2009; Penrod et al.,
2015; Castle et al., 2016; Hirschberg et al., 2017; Sathiyamoorthy
et al., 2017; Farmer et al., 2019). Note that viral titer may
also play a role in the direction of travel; human adenovirus
becomes a retrograde tracer at high titers as the recruited
immune response limits their efficacy (Howorth et al., 2009).
Perhaps unsurprisingly, variation of viral surface proteins
by natural selection or human manipulation can alter their
affinity for cellular binding partners, changing the tropism
for different cell types (e.g., neuronal versus non-neuronal)
or different neuronal compartments (e.g., pre-synaptic versus
post-synaptic) (Kanaan et al., 2017; Lykken et al., 2018). The
diverse capsid sequences found in the dozen or so naturally
occurring primate AAVs that have been developed as vectors for
gene transfer exhibit dramatically different tropisms for different
cell types (reviewed by Drouin and Agbandje-McKenna, 2013;
Castle et al., 2016) and hosts (Watakabe et al., 2015). When
injected into the rodent central nervous system, most result in
anterograde labeling, but the AAV1, 5 and 9 serotypes exhibit
both anterograde and retrograde transport, with the degree of
retrograde tropism varying according to the region studied and
construct used (Rothermel et al., 2013; Castle et al., 2016). Altered
directional tropism can also be conferred by pseudotyping viral
vectors with chimeric envelope proteins from other viruses;
this approach has been used with success to switch between
anterograde and retrograde tropism in HIV-1 and vesicular
stomatitis virus vectors, and to generate rabies variants that can
gain cellular access at the soma instead of the axon terminal
(Blomer et al., 1997; Wickersham et al., 2007b; Kato et al., 2011;
Beier et al., 2011, 2013).

Many different viruses have been developed as potential
vehicles for gene delivery, but in recent years AAV vectors have
emerged as front-runners (Kanaan et al., 2017). Although the
maximum size of the AAV payload is limited compared to
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lentiviral, adenoviral and HSV vectors, they are easy to work
with, have low toxicity and immunogenicity, and result in rapid
(∼14 days) and permanent transgene expression in post-mitotic
cells such as neurons (reviewed by Chamberlin et al., 1998; Betley
and Sternson, 2011; Sun and Schaffer, 2018). These properties
have made AAV vectors attractive candidates in gene therapy
for cancer, metabolic, and neurological diseases (Weinberg et al.,
2013; O’Connor and Boulis, 2015; Santiago-Ortiz and Schaffer,
2016; Grimm and Buning, 2017), stimulating investment in
AAV production and targeting technologies that are likely to
further accelerate their development. AAV capsids have been
manipulated to improve their transduction ability for both gene
therapy and neuroanatomical applications (Tervo et al., 2016;
Chan et al., 2017). Of particular relevance to the neuroscientist
is the recent development of a synthetic AAV capsid that drives
retrograde transduction with particularly high efficiency and
selectivity (Tervo et al., 2016). This capsid, known as AAV-retro,
results in transduction profiles that closely resemble conventional
retrograde tracers such as FluoroGoldTM (Tervo et al., 2016), is
compatible with small injection volumes, and is not associated
with significant toxicity (Sun et al., 2019). These features, and
the fact that it can be made in any viral production facility that
produces conventional AAV vectors, indicate that the popularity
of AAVs will continue to increase.

The AAV-retro variant, and other synthetic AAV capsids,
were made using in vivo directed evolution, a process in which
error-prone PCR is used to introduce mutations to the cap gene
(Drouin and Agbandje-McKenna, 2013). Mutant viral particles
are then injected into organoids or animal models and the
tissue of interest is harvested, from which AAV variants are
isolated and sequenced to identify mutations with the desired
tropism (Kotterman and Schaffer, 2014; Sun and Schaffer,
2018). In producing AAV-retro, AAV variants with different cap
mutations were injected into either the substantia nigra or the
cerebellar cortex and harvested from the striatum or inferior
olive, respectively, revealing candidate capsid sequences with
high selectivity for retrograde transport (Tervo et al., 2016).
Given the many dozens of unstudied capsid subtypes that lie
within the 13 major groups of primate AAV (Gao et al., 2004),
the many thousands of potential capsids that lie within putative
ancestral primate AAV libraries (Santiago-Ortiz et al., 2015), and
the perhaps millions of capsid variants yet to be isolated and
characterized from non-primate AAVs (Smith et al., 2016), it
seems likely that AAV capsids with useful tropisms will continue
to be discovered and developed for neuroscience applications.
This may even lead to development of capsid variants with
selectivity for particular neuronal cell types, bypassing the need
for recombinase-driving transgenic animals or cell-type specific
promoters, the Achilles’ heel of AAV due to its small payload
size (although the selectivity of synthetic AAV promoters is also
rapidly improving: see Jüttner et al., 2019), with obvious benefits
to both research and gene therapy applications.

Identification of Synaptic Contacts
Irrespective of whether anterograde labeling is achieved by
conventional tracers or vector-mediated reporter expression, the
identification of terminal appositions under light microscopy

remains a challenge because of their small size (Burette
et al., 2015). The development of vectors that selectively
label presynaptic terminals (e.g., synaptophysin-GFP or
synaptophysin-mRuby) makes disambiguation of terminals from
axons and fibers easier (Li et al., 2010; Oh et al., 2014; Beier
et al., 2015; Lerner et al., 2015), but the fact remains that <50%
of “close appositions” constitute functional synapses (Pilowsky
et al., 1992; Descarries and Mechawar, 2000; da Costa and
Martin, 2011), and so their presence needs to be interpreted with
caution. In recent years a number of elegant approaches have
been developed to circumvent this limitation, the ultimate of
which is GRASP (GFP Reconstitution Across Synaptic Partners),
a dual vector system where each vector drives the expression of
one half of a GFP-derived dimer that only becomes fluorescent
when both halves bind. When presynaptic neurons are targeted
with one and post-synaptic neurons with the other, the only
place at which the two components can become physically close
enough to bind is the synaptic cleft, and so GFP fluorescence
denotes synaptic contact (Feinberg et al., 2008; Kim et al., 2011).
The interested reader is directed to recent reviews that considers
alternative methods for synaptic complementation (Wickersham
and Feinberg, 2012; Luo et al., 2018).

TRANS-SYNAPTIC CIRCUIT TRACING

Replication-deficient viral vectors that drive reporter expression
are ideal anterograde tracers, because they can target genetically
restricted cells in circumscribed brain regions and result in
unambiguous labeling of the entire neuron and/or its synaptic
terminals. However, for the reasons outlined above, such fine
detail is not easy to extract across whole brains and, moreover,
anterograde labeling experiments are generally conducted in
an effort to determine the post-synaptic targets of a given
population of neurons, not to map the distribution or number
of synaptic contacts arising from them. For the purposes of
identifying post-synaptic targets, a better solution would be a
tracer that labels the entire post-synaptic cell, which can be
unambiguously and rapidly detected using light microscopy
under relatively low magnification instead of the high-resolution
methods required to reliably detect individual synapses. One
approach that can achieve this exploits the trans-synaptic
trafficking of Cre recombinase that occurs when expressed at
high levels by replication-deficient viral vectors. Zingg et al.
(2017) found that AAV-mediated Cre recombinase expressed
in presynaptic neurons could drive Cre-dependent transgene
expression in post-synaptic neurons, and that the degree of
post-synaptic transgene expression, which presumably reflects
the degree of Cre recombinase trafficking, varies depending on
AAV serotype. This provides a useful tool for identification and
manipulation of post-synaptic neurons, although the approach
is somewhat confounded by the partial retrograde tropism of
the AAV1 and AAV9 serotypes (Rothermel et al., 2013; Castle
et al., 2016), which coincidentally produced the highest Cre
recombinase trafficking (Zingg et al., 2017), leading to ambiguity
over whether tagged neurons represent post- or pre-synaptic
network components.
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Another strategy that avoids having to identify individual
synapses is to infect target populations with a replication-
competent neurotrophic virus and to trace circuit components via
the trans-synaptic infection of viral progeny (comprehensively
reviewed by Nassi et al., 2015). This approach, initially developed
using wild-type viruses that exhibit selectively retrograde (rabies,
pseudorabies) or anterograde tropism (HSV-1 strain H129)
(Strack et al., 1989b; Zemanick et al., 1991; Card and Enquist,
1995; Ugolini, 1995; Aston-Jones and Card, 2000; Kelly and
Strick, 2000), represents a significant advance over static tracers
in the sense that labeling can be safely interpreted as indicating
synaptic contact. However, tracing using intact replication-
competent viruses suffers two major drawbacks: first, it is
never clear whether connections are mono- or polysynaptic,
because the replicating virus continues to propagate along
the synaptic hierarchy. Second, wild-type replication-competent
viruses cannot be used to selectively target groups of neurons
embedded in the CNS; direct injection of these vectors gives
rise to non-selective infection, and so their use is best restricted
to circuits that begin (i.e., sensory) or end (i.e., motor)
in the periphery.

Anterograde Trans-Synaptic Tracing via
HSV-1 Strain H129
Investigators have attempted to sidestep the drawbacks listed
above by modifying viral constructs to alter their tropisms (so
that target populations of neurons can be selectively infected
following central injection), by comparing the results of viral
and conventional tracing studies (to gain insight into which
projections are likely to represent monosynaptic connections),
and by performing detailed time-course studies to map the
likely hierarchy of neuronal connections. All of these approaches
have been performed with H129, a strain of HSV-1 that
was originally isolated from a patient who died from acute
necrotizing encephalitis (Dix et al., 1983) and is notable for
its predominantly anterograde direction of trans-synaptic travel
(Archin and Atherton, 2002; Wojaczynski et al., 2015). H129
has been used for the mapping of neural circuits for over
20 years (Sun et al., 1996; Garner and LaVail, 1999; Labetoulle
et al., 2000); it exhibits rapid replication and spread, with
reporter-driving variants producing detectable fluorescence at
the site of primary infection within 24 h of innoculation. In our
hands, H129 produces detectable trans-synaptic labeling of visual
pathways within 48 h of intraocular injection, and the progression
of labeling suggests another synapse is “jumped” every 48 h
thereafter, although signal strength is variable and benefits from
IHC amplification.

As infection progresses, H129 causes cytopathic changes in cell
morphology and, if left unchecked, eventual death of the animal,
imposing ethical and practical constraints on the duration of
experiments (Lo and Anderson, 2011; McGovern et al., 2012b,
Wojaczynski et al., 2015). Inoculated rodents begin to show signs
of neurological disease that may include hemiparesis, ataxia and
drastic weight loss, which varies in its onset time, severity, and
prevalence depending on the site of initial infection (Archin
and Atherton, 2002; Rinaman and Schwartz, 2004; McGovern

et al., 2012a). Interestingly, a significant proportion of rodents
inoculated with H129 never develop any detectable infection:
in our hands intraocular infection fails to “take” in almost half
of cases, similar to the 36% failure rate reported by Lo and
Anderson (2011), who also found a surprisingly high failure rate
following direct brain injection (18%). The transient nature of
the primary viral infection and host defense mechanisms may
contribute to variability in uptake and differences in reported
strength of labeling.

The specificity of H129 for tracing subpopulations of neurons
has been improved by modification of the viral genome: Lo
and Anderson (2011) produced a H129 strain dependent on
Cre recombinase for replication and transcription of a red
reporter. This was achieved by the insertion of a floxed STOP
cassette upstream of the tdTomato and TK genes (the TK gene
being necessary for replication). Infection of Cre-containing
neurons therefore results in permanent removal of the STOP
cassette, restoration of viral replication and transcription of the
reporter gene, whereas initial infection is unable to take hold
in neurons that do not synthesize Cre recombinase. Reporter
expression therefore indicates that a neuron either contains Cre
recombinase or lies downstream from a Cre-containing neuron,
allowing the identification of post-synaptic circuit components.
A similar strategy was devised by McGovern et al. (2015b), in
which the H129 genome was modified to encode a floxed GFP
lying upstream of a red reporter gene (H129-HCMV-loxP-EGFP-
HCMVpA-loxP-tdTomato-SV40pA, Figure 3). In this case the
GFP gene is expressed in naïve neurons but is excised by
Cre, resulting in a switch in reporter color in Cre-synthesizing
neurons and their (polysynaptic) downstream partners. These
modifications allow H129 to be targeted to subpopulations of
central neurons, allowing identification of connected circuits,
but these variants are still compromised by ambiguity regarding
the number of synapses that link labeled neurons to the
originally targeted population and the systemic illness that results
from unrestricted central infection. These limitations have been
recently overcome by deletion of a gene required for viral
replication, tyrosine kinase (TK), which arrests the spread of
H129. When supplied by a helper vector in trans, TK transiently
restores the ability of H129 to replicate and to spread into
monosynaptically connected neurons. As these do not contain
TK, the H129 becomes trapped and so viral reporter expression
can be safely interpreted as denoting monosynaptic spread (Zeng
et al., 2017; Li et al., 2018).

Retrograde Poly-Synaptic Viral Tracers
Rabies and pseudorabies virus (PRV, a member of the alphaherpes
virus family) were developed as retrograde trans-synaptic tracers
in the latter decades of the 20th century (Strack et al., 1989a;
Ugolini, 1995). PRV, HSV-1 and other alphaherpes viridae rely
on interactions between the viral envelope glycoprotein complex
and cell surface receptors to gain intracellular access (reviewed
by Frampton et al., 2005; Sathiyamoorthy et al., 2017); in
neuronal tissue, nectin-1, a synaptic adhesion molecule that
is predominantly expressed on the presynaptic membrane and
colocalizes well with synaptophysin, is the primary mediator of
cell entry and infection, without which little neuronal infection
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FIGURE 3 | H129 tracing of a polysynaptic pathway. Demonstration of H129 infection of a polysynaptic pathway from the retina, through the deep superior colliculus
(dSC), to the locus coeruleus (LC). (A) Intravitreal injections of H129-HCMV-loxP-EGFP-HCMVpA-loxP-tdTomato-SV40pA initially infected retinal ganglion cells,
driving EGFP expression in retinorecipient nuclei and downstream neurons. When AAV-Cre was injected into the dSC prior to H129 infection (yellow boundary in B)
the genomes of H129 virions passing through the dSC were cleaved, resulting in tdTomato expression in post-synaptic neurons. Red neurons in downstream
regions, such as LC (Low power micrograph in C, magnified view in D’), can therefore be interpreted as being part of a pathway passing through the dSC.
Co-expression of tdTomato and EGFP was common (see merged image, D”) and may indicate incomplete H129 cleavage or multiple pathways converging on the
same region. LGN: lateral geniculate nucleus; sSC: superficial layer of the superior colliculus.

occurs (Geraghty et al., 1998; Campadelli-Fiume et al., 2000;
Mizoguchi et al., 2002; Takai et al., 2008). In addition to the
nectin-1- pathway, it is understood that direct cell-to-cell transfer
can occur via non-synaptic mechanisms, and that direction of
transport may be bi-directional, particularly in wild-type PRV
strains, although this confound is reduced in the PRV-Bartha
laboratory strain (Card et al., 1998, 1990, 1991, 1999; Pickard

et al., 2002; Ugolini, 2011). As a result, PRV experiments are often
limited to short incubations and low viral doses in an attempt to
reduce the incidence of non-synaptic release of viral particles via
cytotoxic cell death.

PRV spreads rapidly, causing observable transgene expression
within 6 h in vitro, 1 day in vivo, and demonstrating trans-
synaptic travel within 2 days in vivo (Card et al., 1990;
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Kobiler et al., 2010). The speed and directional selectivity
of PRV has made it the historical tracer of choice for both
peripheral and central tracing studies (Martin and Dolivo, 1983;
Strack et al., 1989a; Jansen et al., 1995; Smith et al., 1998; DeFalco
et al., 2001) although, due to its polysynaptic nature, PRV poses
the same challenge as H129 – the differentiation of mono- and
polysynaptic connections. As with H129, time-course analyses
have sought to address this issue, as well as co-injection of PRV
with conventional tracers to identify regions sequentially labeled
along polysynaptic pathways (Card et al., 1990; Smith et al., 1998;
Kim et al., 1999; Aston-Jones and Card, 2000; DeFalco et al., 2001;
Card and Enquist, 2014). Replicating PRV viruses cause neuronal
damage and ultimately death of the animal within 5 to 6 days
following peripheral injections and 4 days following intracerebral
injections (Ugolini et al., 1987; Card et al., 1990, 1992; Card and
Enquist, 2014; Oyibo et al., 2014). A less virulent strain has been
developed in which the only immediate early gene of PRV, IE80,
has been deleted (“IE80-null PRV,” Oyibo et al., 2014). Neurons
infected with IE80-null PRV have been reported to maintain
physiological properties similar to non-infected neurons up to
6 months post infection, with injected mice surviving the same
period of time, demonstrating a promising reduction in toxicity.

As with H129 (McGovern et al., 2015a), strains of PRV
encoding different transgenes have been used in dual-tracing
experiments in which the aim is to assess whether two
populations of neurons receive input from a common, third
region (Jansen et al., 1995; Banfield et al., 2003). For example,
Jansen et al. (1995) used two strains of PRV-Bartha encoding
different viral antigens, one encoding the viral glycoprotein gC,
and the other encoding β-galactosidase. One strain was injected
into the stellate ganglion, while the second was injected into
the adrenal gland and IHC used to identify single- and double-
labeled neurons. While dual tracing studies appear deceptively
simple, a number of important factors must be taken into
consideration when selecting the viral vectors to use. The core
issue is “superinfection inhibition”; the limited capacity of a
single neuron to be infected by more than one virus (Kobiler
et al., 2010; Card and Enquist, 2014). Alterations to the viral
genome, including the transgene expressed and the location of
its insertion, influence the virulence and efficiency of expression,
which may place a vector at a disadvantage compared to a “fitter”
strain (Kobiler et al., 2010; Card and Enquist, 2014), and so
isogenic strains of viruses should be used to minimize these
differences (Smith et al., 2000; Banfield et al., 2003). The speed of
travel and therefore time of arrival of a virus to the population
of interest is also critical; Banfield et al. (2003) compared the
dual-infection of rat dorsal root ganglion neurons in vitro by
PRV152 and PRV614 introduced asynchronously. They found
that when the vectors were added simultaneously, almost all
neurons were double-labeled, but that a delay of 2 h between
injections reduced double-labeling by ∼70%, and that a 4-h
delay resulted in almost none. Furthermore, there is a limit
to the number of copies of a transgene that a neuron can
produce: Kobiler et al. (2010) injected three isogenic strains of
PRV that expressed the “Brainbow” cassette and, based on the
combinations of fluorophores expressed, estimated that no more
than seven genomes could be expressed in each cell. Therefore,

vectors should be chosen that are as closely matched as possible
for genomic sequence, virulence, speed of transduction and
transgene expression, and should arrive at the common region
of interest at as close a timepoint as possible.

Retrograde Trans-Synaptic Tracing via
Glycoprotein-Deleted Rabies
The evolution of the TK-deleted H129 virus parallels the
development of glycoprotein-deleted rabies, the first virus to
be developed as a genetically restricted monosynaptic tracer
(reviewed by Luo et al., 2008, 2018; Callaway and Luo, 2015). It
was developed from the Street Alabama, Dufferin B19 (SADB19)
strain of rabies, a virus isolated from a symptomatic dog in
the 1930s and maintained on cultured rodent tissue for decades
thereafter, over which time it became rodent-specific, attenuated,
and incapable of horizontal or vertical transmission (Vos et al.,
1999; Beckert et al., 2009). These features make recombinant
SADB19 not only a safer option as a research tool, but also led to
its development as a live oral vaccine for wild foxes across central
Europe, with over 50 million doses airdropped since the 1980s
(Geue et al., 2008).

Genetically modified SADB19 has provided a new generation
of tracing tools that avoid the shortcomings of classic replication-
competent neurotrophic viruses. At the heart of this technology
is the key role the rabies glycoprotein plays in the infection
and exclusively retrograde trans-synaptic spread of rabies, which
occurs through still-undefined mechanisms (Lentz et al., 1982;
Mebatsion et al., 1996; Etessami et al., 2000; Schnell et al.,
2010; Ugolini, 2010). Deletion of the glycoprotein gene renders
the virus, so-called SAD1G, incapable of spreading from one
neuron to another but does not affect its capacity for replication
(Mebatsion et al., 1996; Etessami et al., 2000; Wickersham et al.,
2007a), meaning that SAD1G variants becomes trapped inside
infected neurons.

The key insight made by Wickersham et al. (2007b) is that
SAD1G’s ability to trans-synaptically migrate can be transiently
restored by expression of the rabies glycoprotein in infected
neurons in trans (Marshel et al., 2010). For example, when
motoneurons are induced to express rabies glycoprotein using
an AAV vector, subsequent infection of those neurons by
intramuscular injection of SAD1G results in retrograde infection
of monosynaptic input neurons in the spinal cord and brainstem
(Esposito et al., 2014).

This approach was further refined by restricting initial access
of SAD1G to targeted populations of neurons by pseudotyping
glycoprotein-deleted rabies with the envelope protein of a virus
that is unable to infect naïve mammalian neurons, avian sarcoma
and leukosis virus (EnvA). Infection by pseudotyped SAD1G,
notated as SAD1G(EnvA), can be controlled by selective
expression of its cognate receptor, TVA, on target neurons
(Wickersham et al., 2007b; Marshel et al., 2010). The starting
point for monosynaptic retrograde tracing strategies that use
SAD1G(EnvA) can be defined by co-expression of the genes that
encode TVA and the rabies glycoprotein in target neurons, often
referred to as “seed” or “starter” neurons. Direct CNS injection of
SAD1G(EnvA) selectively infects seed neurons at the injection
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FIGURE 4 | Monosynaptically restricted retrograde tracing using glycoprotein-deleted rabies. (A) Experimental strategy: the starting point is co-expression of genes
that encode TVA and the rabies glycoprotein in target neurons, in this case delivered by a lentiviral vector that targets putative sympathetic premotor neurons in the
ventrolateral medulla (Lv-PRSx8-YFP-TVA-G). Subsequent infection of TVA/G-expressing neurons by SAD1G(EnvA) microinjection leads to trans-synaptic infection
of pre-synaptic (“input”) neurons. Panel (B) shows low power micrograph with infected neurons concentrated in the ventrolateral medulla (boxed region, enlarged in
C) “Seed” neurons may be distinguished from “input” neurons by co-expression of the reporters contained in the lentiviral (C’) and rabies constructs (C”), which
appear white in the merged image (C”’, denoted by blue arrowheads). Modified with permission from Menuet et al. (2017).
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site, wherein virions replicate, incorporate the glycoprotein, and
spread to monosynaptically connected pre-synaptic (“input”)
neurons. To distinguish input neurons from seed neurons, a
reporter that differs in color from that contained in the SAD1G
genome is by convention included within the TVA/glycoprotein
cassette (Figure 4).

In theory, this approach could be used to identify
monosynaptic inputs to any population in which it is possible to
selectively drive TVA and the rabies glycoprotein. Investigators
from diverse branches of neuroscience have used innovative
approaches to limit seeding to their populations of interest,
using transgenic mice (Takatoh et al., 2013), lentiviral, AAV
or HSV-1 viral vectors (Brennand et al., 2011; Liu et al., 2013;
Yonehara et al., 2013; Dempsey et al., 2017; Menuet et al.,
2017), and even in vivo transfection of single functionally
identified neurons (Rancz et al., 2011; Velez-Fort et al., 2014;
Wertz et al., 2015).

SAD1G(EnvA) represents a current state-of-the-art
technique for interrogation of circuit structure; its promise
is reflected by its rapid adoption by diverse branches of
neuroscience, high citation rates of studies that use it, and
the continued investment in its refinement. However, it is not
without its limitations: first, the proportion of monosynaptic
input neurons labeled by SAD1G(EnvA) is low and subject to
variability, with the ratio of input neurons per starter neuron
ranging from less than 10 to several hundred (Rancz et al., 2011;
Velez-Fort et al., 2014; Stornetta et al., 2016). Although some
of this variability reflects actual differences in the numbers of
afferent neurons that converge upon different cell types (Velez-
Fort et al., 2014), as discussed at length by Callaway and Luo
(2015), the strength of glycoprotein/TVA expression on the target
neuron, the titer of SAD1G(EnvA) (and therefore initial number
of replicating virions within starter cells), and the duration of the
experiment also interact to determine labeling efficiency. Efforts
to improve labeling efficiency have focussed on modification of
the rabies glycoprotein, resulting in a codon-optimized chimera
of the SADB19 and Pasteur G glycoproteins known as “oG” (Kim
et al., 2016), or generation of glycoprotein-deleted variants of
other rabies strains (Reardon et al., 2016), both of which have
improved the efficiency of the original system.

A second caveat to the use of glycoprotein-deleted rabies
variants lies in uncertainty regarding potential biases in its
tropism. Although validation of trans-synaptic infection of
excitatory and inhibitory neurons was included in the initial
description of this system (Wickersham et al., 2007b), the
potential for differential selectivity according to proximity
or phenotype has been raised by a number of investigators
(Callaway and Luo, 2015; Reardon et al., 2016). Recent work
by Sun et al. (2019) has confirmed these concerns, showing
differential labeling of neurons by AAV-retro, SAD1G and
conventional tracers, as well as by polysynaptic strains of
rabies and pseudorabies, which they speculate reflects variable
expression of cognate receptors to viral proteins in different
neuronal populations.

A third weakness of the SAD1G system is its neurotoxicity,
which is low compared to H129 but nonetheless results in
microglial infiltration, gene dysregulation, and cell death within

a few weeks of infection (Wickersham et al., 2007a; Sun et al.,
2019), and is a major barrier to its integration with functional
tools. Again, the development of glycoprotein-deleted versions of
other rabies strains has been reported to reduce toxicity (Reardon
et al., 2016), and much has been made of a self-inactivating form
that clears infected neurons of histotoxic elements shortly after
infection (Ciabatti et al., 2017), although a recent early report by
Wickersham et al. throws the validity of this approach into doubt
(preprint by Matsuyama et al., 2019). Perhaps more promising
is the development of so-called “double-deletion rabies” variants
(SAD1GL), in which the “L” gene responsible for transcription
and replication of the viral genome is deleted in addition to
that of the glycoprotein, resulting in a virus with negligible
gene transcription and toxicity but which can nonetheless drive
expression of recombinase proteins at levels sufficient to drive
site-specific recombination in transgenic animals (Chatterjee
et al., 2018). Although the recent work by Chatterjee et al.
(2018) supports the suitability of SAD1GL as an alternative to
AAV-retro, the applicability of this system as a monosynaptically
restricted tracer is still unknown.

Finally, in contrast to PRV and H129, the cellular mechanisms
responsible for the transmission of rabies are yet to be
comprehensively delineated, resulting in some skepticism
regarding its supposed retrograde trans-synaptic exclusivity
(eloquently summarized in a recent blog by Svoboda, 2019). The
strongest evidence in favor of the exclusivity of this mechanism
is broad coherence between the results of rabies tracing,
ultrastructural, and electrophysiology studies (considered
extensively by Ugolini, 2011), and in particular the absence
of rabies virions from the extracellular space (which would
indicate non-synaptic transmission). However, as pointed out
by Svoboda, without a complete understanding of the rabies
life cycle it remains difficult to account for discrepancies in
connectivity schemes suggested by the results of viral tracing
and electrophysiological mapping studies, and so some caution
should be exercised in the interpretation of these data.

IMAGING, ANALYSIS AND
PRESENTATION OF CONNECTOMIC
DATA

The repurposing of viral vectors as instruments for scientific
research has transformed the field of neuroanatomy in less than
20 years. The mass production of viral vectors by commercial
“vector cores” has lowered economic barriers to their adoption
by researchers, while the development of technologies that permit
high-throughput manipulation of viral genomes and selection of
useful traits, such as directed evolution and genetic barcoding,
has made it easier than ever for vector biologists to prototype
new viral tools. These factors, coupled with the scientific merit
of the approach, will drive innovation in this space for the
foreseeable future.

It is therefore surprising that the technologies used by
researchers to capture, analyze and present anatomical data have
changed so little over the same period: with few exceptions,
researchers continue to present their data in terms of the numbers
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of labeled neurons that lie within each region of the brain,
averaged across replicates and estimated by comparing images
of histological sections to plates from a 2-D reference atlas. As
we have argued before (Dempsey et al., 2017), expressing rich
datasets in such crude terms precludes their independent analysis
by other researchers, while potential future reclassification of
brain taxonomy threatens the shelf-life of the data. Moreover,
it is a laborious and error-prone process, because accuracy is
contingent on cutting histological sections in perfect alignment
with the reference atlas while maintaining correct ordering and
orientation. This task sounds straightforward but is hard to
achieve in reality – it took George Paxinos over 50 attempts to
get a perfect example for the original Paxinos and Watson rat
brain atlas (G. Paxinos, personal communication) – and small
deviations from the orthogonal make correct alignment with the
reference atlas impossible; for example, if a section through the
widest part of the rat brain is cut at 5◦ mediolateral from true
coronal alignment, the lateral border of the cortex on one side of
the brain will lie 1.4 mm rostral to the other.

How should this problem be addressed? In our view, it will
not be resolved by improving imaging technologies per se – if
one’s objective is to simply map populations of labeled neurons,
then improvements in optical resolution are unlikely to help
much (although the lowered cost, improved speed and spectral
sensitivity of modern microscopes present benefits of their own).
Nor are recently developed tissue processing techniques that
permit continuous imaging of thick volumes of brain likely to
provide a simple solution (Chung et al., 2013; Renier et al., 2014;
Tomer et al., 2014): although useful for imaging small volumes of
brain, they are slow, labor- and resource-intensive, and inherently
difficult to align to a reference atlas. Instead, a new generation of
tools is required that can automate and standardize the analysis
of tracing data by automatically registering histological tissue
into 3-d volumetric brain atlases, extracting the locations of
labeled neurons and expressing them in Cartesian co-ordinates
as well as identifying the regions in which they reside. This
development would simplify analysis, reduce variability, and
permit the sharing and independent analysis of connectivity
data. Although a number of investigators have highlighted the
importance of this mission (Osten and Margrie, 2013; Renier
et al., 2016; Furth et al., 2018; Puchades et al., 2019), to date the
tools available are hard to use and far from intuitive.

CONCLUSION

Connectomic data will not, by itself, explain how brains work:
connectivity is but one parameter in an overlapping spectrum
of classifications used by neuroscientists to bracket neurons.
However, when combined with electrophysiological properties,
synaptic strength, neurotransmitter content, receptor expression

and developmental lineage, connectivity data may provide clues
to the processes that underlie the function of specific brain
circuits and provide insights into the general rules that underlie
brain circuit formation, growth and plasticity (Rockland, 2015).

Nevertheless, controversy about the utility of extensive
connectomic data remains unresolved (Carandini, 2012; Denk
et al., 2012; Rockland, 2015; Jonas and Kording, 2017)
(interested readers are also encouraged to watch the debates
between Anthony Movshon and Sebastian Seung hosted by
Neuwrite at Columbia University in 20123 and between
Anthony Movshon and Moritz Helmstaedter, held as part of
the Cognitive Neuroscience Society annual meeting in 20164).
Similar skepticism characterized the early years of the Human
Genome Project: the scientific value of sequencing the whole
human genome, the exploratory nature of the Project, the
seemingly insurmountable technical challenges and high cost
projections were a cause for concern for scientists, politicians
and tax-payers alike (reviewed by Gannett, 2016). However, the
completion of the Human Genome Project not only dramatically
advanced sequencing techniques (e.g., personal genealogical
genotyping is now commercially viable), but also accelerated the
incorporation of genetic technologies to biology at large and
spawned gene therapy (Lander, 2011). Whether the discoveries
that emerge from the contemporary neuroscience equivalents of
the Human Genome Project will lead to analogous translational
technologies remains to be seen, but the connectomic movement
has already transformed neuroscience.
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A Corrigendum on

A Student’s Guide to Neural Circuit Tracing

by Saleeba, C., Dempsey, B., Le, S., Goodchild, A., and McMullan, S. (2019). Front. Neurosci. 13:897.
doi: 10.3389/fnins.2019.00897

In the original article, there was an error: one section of our review considers reagents traditionally
considered to be anterograde tracers (i.e., fluorescent or antigenic substances that are taken up
by neuronal cell bodies at the site of application and transported to the synaptic terminals). The
original text read:

Emerging in the mid-1980s, dextran-based tracers, particularly biotinylated dextran amine
(BDA), were rapidly adopted and remain one of the most widely used conventional anterograde
tracers (Glover et al., 1986; Brandt and Apkarian, 1992; Veenman et al., 1992; Wouterlood et al.,
2014). BDA enters injured neurons at the injection site, undergoes rapid anterograde transport
and spreads evenly throughout the entire neuron, resulting in a Golgi-like level of staining detail
(Köbbert et al., 2000; Lanciego andWouterlood, 2011;Wouterlood et al., 2014). Interestingly, while
10 kDa BDA travels mostly anterogradely, the 3 kDa form is a retrograde tracer (Reiner et al., 2000;
Lanciego and Wouterlood, 2011). Like CTb, fluorophore-labeled dextran amine variants are now
widely used instead of biotinylated versions that require histological processing for visualization,
and a number of authors have used tetramethylrhodamine-conjugated dextran for juxtacellular
labeling during electrophysiological recordings (Noseda et al., 2010; Dempsey et al., 2015).

Limitations of Conventional Tracers

Despite their ongoing popularity, the major limitations of conventional tracers are worthy
of consideration:

(1) Conventional tracers are taken up by fibers of passage (Dado et al., 1990; Chen and Aston-
Jones, 1995; Conte et al., 2009), which can lead to incorrect identification of projections.
[Notably, canine adenovirus (CAV) can also be taken up by fibers of passage (Schwarz et al.,
2015)].

(2) The spread of many conventional tracers around the injection site results in intense and
diffuse labeling that may reflect deposition in the extracellular matrix or take-up by neurons
or glia. Such non-specific labeling makes it difficult to reliably identify labeled neurons
within ∼1mm of the injection site. Thus the historical use of conventional tracers has
probably overemphasized the relative significance of distant inputs/outputs compared to those
originating from local interneurons; contemporary connectomic studies indicate that long-
distance projections are relatively rare compared to short-distance connections (Oh et al., 2014;
Henriksen et al., 2016; van den Heuvel et al., 2016; Dempsey et al., 2017).
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(3) Tracer uptake relies predominantly on sugars that are located
on the glycocalyx of most, if not all neurons, or on common
mechanisms such as endocytosis. Consequently, restricted
uptake by functionally or neurochemically/genetically
homogeneous neuronal populations is not possible.

(4) The direction of axonal transport is often not exclusive,
which complicates circuit analysis; for example, CTb,
perhaps the mostly widely used “retrograde” tracer, is also
an efficient anterograde tracer (Luppi et al., 1987; Angelucci
et al., 1996; Noseda et al., 2010).

The authors were contacted by Professor Joel Glover, who first
described the use of dextran amines as neuronal tracers in
the 1980s and expressed concern that we had inadvertently
perpetuated a myth regarding the directional sensitivity of
these tracers.

The amendment to the article clarifies the bidirectional nature
of dextran amine transport.

A correction has been made to the Anterograde and
Retrograde Tracers section, subsection Conventional (Mainly)
Anterograde Tracers;

“Emerging in the mid-1980s, dextran-amines (DAs) were
rapidly adopted and remain widely used as conventional
axonal tracers (Gimlich and Braun, 1985; Glover et al., 1986;
Brandt and Apkarian, 1992; Veenman et al., 1992; Wouterlood
et al., 2014). DAs enter injured neurons at the injection
site and spread evenly throughout the entire neuron via
diffusion, resulting in a Golgi-like level of staining detail
(Glover et al., 1986; Fritzsch, 1993; Glover, 1995; Köbbert
et al., 2000; Lanciego and Wouterlood, 2011; Wouterlood et al.,
2014).

Despite the common perception that DAs are preferential
anterograde tracers, many studies indicate bidirectional travel
(Schmued et al., 1990; Fritzsch, 1993; Glover, 1995; Zhang et al.,
2017), including the original description of their axonal transport
by Glover et al. (1986). Their retrograde capabilities have been
exploited both for conventional tracing (Sivertsen et al., 2014,
2016; Lunde et al., 2019) and for delivery of calcium-sensitive
indicators for optical recording of neurons selected by axonal
trajectory (O’Donovan et al., 1993; McPherson et al., 1997).

There is a perception that the molecular weight of DA-
conjugates contributes to their directional selectivity, with
smaller molecules exhibiting superior performance as a
retrograde tracer (Reiner et al., 2000; Lanciego and Wouterlood,
2011). However, the influence, if any, of molecular weight on
directional specificity is probably overstated, and may instead
reflect differences in speed of transport, which is distinctly

faster for smaller compounds (Fritzsch, 1993), combined with
differences in volume of synaptic terminals compared to cell
bodies (Joel C Glover, personal communication).

Like CTb, fluorophore-labeled dextran amine variants are now
widely used instead of or in addition to biotinylated versions
that require histological processing for visualization, and we
and others have used tetramethylrhodamine-conjugated dextran
for juxtacellular labeling during electrophysiological recordings
(Noseda et al., 2010; Dempsey et al., 2015).

Limitations of Conventional Tracers

Despite their ongoing popularity, the major limitations of
conventional tracers are worthy of consideration:

1. Conventional tracers can be taken up by fibers of passage
(Dado et al., 1990; Chen and Aston-Jones, 1995; Conte
et al., 2009), which can lead to incorrect identification of
projections. [Notably, canine adenovirus (CAV) can also be
taken up by fibers of passage (Schwarz et al., 2015)].

2. The spread of many conventional tracers around the
injection site results in intense and diffuse labeling that
may reflect deposition in the extracellular matrix or take-
up by neurons or glia. Such non-specific labeling makes it
difficult to reliably identify labeled neurons within ∼1mm
of the injection site. Thus the historical use of conventional
tracers has probably overemphasized the relative significance
of distant inputs/outputs compared to those originating
from local interneurons; contemporary connectomic studies
indicate that long-distance projections are relatively rare
compared to short-distance connections (Oh et al., 2014;
Henriksen et al., 2016; van den Heuvel et al., 2016;
Dempsey et al., 2017).

3. Tracer uptake relies predominantly on sugars that are located
on the glycocalyx of most, if not all neurons, or on common
mechanisms such as endocytosis. Consequently, restricted
uptake by functionally or neurochemically/genetically
homogeneous neuronal populations is not possible.

4. The direction of axonal transport is rarely exclusive, which
complicates circuit analysis; the archetypal retrograde and
anterograde tracers, CTb and BDA respectively, both label
axons traveling in the “wrong” direction (Luppi et al., 1987;
Schmued et al., 1990; Fritzsch, 1993; Glover, 1995; Angelucci
et al., 1996; Noseda et al., 2010; Zhang et al., 2017).”

The authors apologize for this error and state that this does not
change the scientific conclusions of the article in any way. The
original article has been updated.
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Vagal Afferent Processing by the 
Paratrigeminal Nucleus
Alexandria K. Driessen*

School of Biomedical Science, Department of Anatomy and Neuroscience, University of Melbourne, Parkville, VIC, Australia

The paratrigeminal nucleus is an obscure region in the dorsal lateral medulla, which has 
been best characterized as a collection of interstitial cells located in the dorsal tip of the 
spinal trigeminal tract. The paratrigeminal nucleus receives afferent input from the vagus, 
trigeminal, spinal, and glossopharyngeal nerves, which contribute to its long-known roles 
in the baroreceptor reflex and nociceptive processing. More recently, studies have shown 
that this region is also involved in the processing of airway-derived sensory information. 
Notably, these studies highlight an underappreciated complexity in the neuronal content 
and circuit connectivity of the paratrigeminal nucleus. However, much remains to 
be understood about how paratrigeminal processing of vagal afferents is altered in disease. 
The aim of the present review is to provide an update of the current understanding of 
vagal afferent processing in the paratrigeminal nucleus and to explore how dysregulation 
at this site may contribute to vagal sensory neural dysfunction during disease.

Keywords: respiratory, nociception, jugular ganglia, paratrigeminal connectome, cough

INTRODUCTION

Vagal afferents innervating visceral tissues are well described to terminate in the medullary 
nucleus of the solitary tract (Cajal, 1909; Donoghue et  al., 1982; Kubin et  al., 1985; Mutoh 
et  al., 2000; McGovern et  al., 2012). However, it has also long been known that there are 
additional brainstem termination sites for vagal afferent fibers in the dorsal lateral medulla, 
including a region known as the paratrigeminal nucleus (Cajal, 1909; Altschuler et  al., 1989; 
McGovern et  al., 2012). Recent studies using viral circuit tracing of the airway sensory nervous 
system demonstrated that only a specific subset of vagal afferents project to the paratrigeminal 
nucleus (McGovern et  al., 2015a) and since this observation there has been significant progress 
made toward understanding the role of the paratrigeminal nucleus in airway defense (Driessen 
et al., 2015, 2018). This brief review aims to bring together anatomical and functional investigations 
of the paratrigeminal nucleus to present a case for why this nucleus should be  acknowledged 
as a second key processing site for vagal afferent inputs to the central nervous system.

NEUROANATOMICAL STUDIES OF THE PARATRIGEMINAL 
NUCLEUS AND ITS CONNECTOME

Anatomically Defining the Paratrigeminal Nucleus
The paratrigeminal nucleus is an obscure medullary region that was first characterized in the 
1960s by Albert Rhoton. He  defined this nucleus, in the monkey, as a collection of interstitial 
neurons located within the dorsal segment of the spinal trigeminal tract that is located in 
the lateral aspect of the medulla (Rhoton et  al., 1966). Neurons in this region receive a 
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diverse range of sensory inputs arising from trigeminal, 
glossopharyngeal, vagal sensory, and upper cervical dorsal root 
sensory ganglia (Ciriello et  al., 1981; Panneton and Burton, 
1981; Nomura and Mizuno, 1984; Altschuler et  al., 1989; 
McGovern et al., 2012; Mahadi et al., 2019). Subsequent studies 
have identified comparable interstitial cells in the rat, guinea 
pig, cat, and human (Chan-Palay, 1978; Nasution and Shigenaga, 
1987; Phelan and Falls, 1989; Pinto et al., 2006; Driessen et al., 
2015; McGovern et  al., 2015a). Phelan and Falls (1989) were 
the first to investigate the rostro-caudal extent of the 
paratrigeminal nucleus in the rat, showing that presumptive 
paratrigeminal neurons extend rostrally for approximately 
1.5–2  mm from caudal to obex. Similarly, in the guinea pig, 
the paratrigeminal nucleus spreads 1.5  mm with the highest 
density of neurons located in the caudal (−0.4  mm to obex) 
and central (at the level of obex) aspects of this nucleus 
(Driessen et  al., 2018).

Investigations of the cellular composition of the paratrigeminal 
nucleus have shown it to contain morphologically distinct 
subpopulations of neurons, as well as pronounced numbers 
of glia and astrocytes in its most superficial layers (Chan-Palay, 
1978; Phelan and Falls, 1989; Saxon and Hopkins, 2006). The 
paratrigeminal nucleus is also enriched with a peptidergic 
neuropil, predominately expressing the neuropeptides calcitonin 
gene-related peptide and substance P that presumably represent 
the central terminal processes of the sensory neural inputs 
(Saxon and Hopkins, 2006; Caous et  al., 2012; Driessen et  al., 
2015). Recent immunohistochemical characterization of the 
paratrigeminal nucleus in the guinea pig has demonstrated at 
least two distinct paratrigeminal neuron subtypes based on 
their immunoreactivity for either calbindin or the neurokinin 
1 receptor (Driessen et  al., 2018), analogous with the dorsal 
horn nociceptive system that contains phenotypically comparable 
neurons in receipt of nociceptive inputs (Li et  al., 1999). 
However, this is unlikely a complete representation of the 
neuron subtypes that exist in the paratrigeminal nucleus and 
further neuronal heterogeneity may exist, like that in the dorsal 
horn (Hu et  al., 2016; Li et  al., 2016; Jurcakova et  al., 2018). 
It seems reasonable to speculate that this under-appreciated 
complexity of the paratrigeminal nucleus likely confers functional 
significance with respect to the integration and processing 
capabilities of this nucleus.

Vagal Afferent Terminations in the 
Paratrigeminal Nucleus
Vagal afferents have their cell bodies located in either the 
jugular (superior) or nodose (inferior) vagal ganglia (Canning 
et  al., 2004; Undem et  al., 2004; McGovern et  al., 2012). These 
two ganglia are derived from different embryological origins 
(D’Autréaux et  al., 2011; Nomaksteinsky et  al., 2013) and this 
confers significant differences in the physiology, pharmacology, 
and neuroanatomy of the neurons originating in each (Kwong 
et  al., 2008; Chang et  al., 2015; McGovern et  al., 2015a,b; 
Nonomura et  al., 2017; Kupari et  al., 2019). Studies of airway 
projecting vagal sensory neurons in the mouse and guinea 
pig indicate that the visceral placodal nodose-derived neurons 

are characteristically non-peptidergic consisting of myelinated 
Aδ- or Aβ- fibers and unmyelinated C-fibers (Riccio et  al., 
1996; Undem et  al., 2004; Mazzone and Undem, 2016) that 
can be selectively activated by serotonin 5-HT3 receptor agonists 
and adenosine 5′-triphosphate (ATP) as they uniquely express 
the purinergic receptors P2X2 and P2X3 (Kwong et  al., 2008; 
Potenzieri et  al., 2012). On the other hand, airway somatic 
neural crest-derived jugular neurons are classically characterized 
as non-peptidergic Aδ-fibers or peptidergic C-fibers unresponsive 
to both 5-HT and ATP due to lack of expression of 5HT3 
and P2X2 receptors (Riccio et  al., 1996; Canning et  al., 2004; 
Undem et  al., 2004; Potenzieri et  al., 2012). Recent single-cell 
RNA sequencing of unidentified nodose and jugular afferent 
neurons in the mouse reveal comparable phenotypic differences, 
with jugular neurons demonstrating more similarities to neurons 
of the dorsal root ganglia, which is underpinned by their 
developmental origin (Kupari et  al., 2019).

In the guinea pig, viral tract tracing using an adeno-associated 
virus encoding green fluorescent protein (AAV2/8-eGFP) 
microinjected into the vagal sensory ganglia revealed that vagal 
afferents predictably project to the nucleus of the solitary tract, 
and additionally to the caudal and central regions of the 
paratrigeminal nucleus, which are the medullary levels that 
align with the highest density of postsynaptic neurons (Driessen 
et  al., 2018). Similarly, tracing in the rat of vagally innervated 
viscera, the pharynx and larynx show bilateral afferent projections 
to both the nucleus of the solitary tract and the paratrigeminal 
nucleus (Saxon and Hopkins, 2006). Furthermore, direct electrical 
stimulation of the vagus nerve (Rutherfurd et  al., 1992) or 
larynx (Wang et  al., 2015) results in neuronal activation of 
paratrigeminal neurons. These data raise the question of whether 
paratrigeminal projecting vagal afferents represent a distinct 
population of neurons from the nodose or jugular vagal ganglia. 
McGovern et  al. (2015b) addressed this by performing tracing 
studies of the afferents innervating different levels of the 
respiratory tree. In doing so, they showed that the lungs are 
predominately innervated by afferents from the nodose ganglia, 
while the upper airways (larynx, trachea, and mainstem bronchi) 
are innervated by the neurons derived from the jugular ganglia 
(McGovern et  al., 2015b). Subsequent dual retrograde neural 
tracing studies in rats and guinea pigs confirmed the existence 
of differential vagal inputs to brainstem processing sites 
demonstrating that nodose vagal afferents project exclusively 
to the nucleus of the solitary tract, while the jugular vagal 
ganglia afferents project almost entirely to the paratrigeminal 
nucleus (Figure 1A; Driessen et  al., 2015; McGovern et  al., 
2015a). These studies suggest that two parallel vagal sensory 
circuits exist, broadly classified as either a nodose-nucleus of 
the solitary tract processing pathway or jugular-paratrigeminal 
processing pathway.

Paratrigeminal Nucleus Output 
Connectivity
Neuronal tracing studies in both rat and guinea pig have 
shown output projections from paratrigeminal neurons to 
bulbar nuclei integral to autonomic and nociceptive processing, 

79

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Driessen Paratrigeminal Processing of Vagal Afferents

Frontiers in Physiology | www.frontiersin.org 3 August 2019 | Volume 10 | Article 1110

including the nucleus of the solitary tract, spinal trigeminal 
nuclei, rostral ventrolateral medulla, nucleus ambiguus, reticular 
nuclei, parabrachial nuclei, Kölliker-Fuse nucleus, and principal 
sensory trigeminal nucleus (Feil and Herbert, 1995; Saxon 
and Hopkins, 1998; Caous et  al., 2001; de Sousa Buck et  al., 
2001; Pinto et  al., 2006; McGovern et  al., 2015b; Driessen 
et al., 2018). While no monosynaptic projections were observed 
above the level of the pons in the guinea pig (Driessen 
et  al., 2018), ascending projections directly to the 
somatosensory thalamus (ventroposterior medial thalamus) 
have been observed in rats (Saxon and Hopkins, 1998; Pinto 
et  al., 2006; McGovern et  al., 2015a). Interestingly, dual 
cholera-toxin retrograde tracing studies have shown different 
projection patterns of subpopulations of paratrigeminal neurons 
(Saxon and Hopkins, 1998; Pinto et  al., 2006; Driessen et  al., 
2018). For example, Pinto et  al. (2006) showed topography 
of pontine projections could be  mapped across the rostro-
caudal extent of the paratrigeminal nucleus, indicative of 
selective pontomedullary connectivity. Additionally, in the 
rat, separate paratrigeminal neurons project to the parabrachial 
nuclei compared to the ventroposterior medial thalamus 
(Saxon and Hopkins, 1998), while in the guinea pig there 
are distinct neurons that project to the parabrachial nuclei 
compared to the ventrolateral medulla (Figure 1A; Driessen 
et  al., 2018). Given that at least two populations of 
phenotypically different paratrigeminal neurons exist 
(expressing neurokinin 1 receptors or calbindin; Driessen 
et  al., 2018), it will be  important to investigate whether 
these populations preserve a level of connectivity specificity.

THE PHYSIOLOGICAL ROLE OF THE 
PARATRIGEMINAL NUCLEUS IN VAGAL 
AFFERENT REGULATION OF 
CARDIORESPIRATORY CONTROL

Vagal afferent inputs from aortic baroreceptors to the brainstem 
play an essential role in the regulation of blood pressure via 
circuits involving the ventrolateral medulla (Bonham and Jeske, 
1989; Ruggiero et  al., 1996; Choong et  al., 2013; Koganezawa 
and Paton, 2014; Tallapragada et al., 2016; Ghali, 2017). Although 
many baroreceptive afferents terminate centrally in the nucleus 
of the solitary tract, neurons in the paratrigeminal nucleus also 
demonstrate baroreceptor-related activity (Caous et  al., 2001; 
de Sousa Buck et al., 2001). In the rat, up to 72% of paratrigeminal 
neurons are barosensitive and of these almost all show rhythmic 
activity with the cardiac cycle (Balan Júnior et  al., 2004; Sousa 
and Lindsey, 2009). Importantly, baroreceptor reflex evoked 
changes in cardiovascular activity is modulated by altering 
synaptic processing in the paratrigeminal nucleus. Thus, 
microinjection of bradykinin into the paratrigeminal nucleus 
results in increased arterial pressure, while lesioning this nucleus 
increases resting arterial pressure and heart rate and impairs 
baroreceptor reflex sensitivity (Lindsey et  al., 1997; Sousa and 
Lindsey, 2009). Although not proven, these effects are presumably 
mediated by paratrigeminal neuronal connectivity with the 
ventrolateral medulla. However, some entrainment of barosensitive 
neural activity in the paratrigeminal nucleus and the nucleus 
of the solitary tract suggests functional interconnectivity between 
these vagal sensory processing sites (Balan Júnior et  al., 2004).

A B

FIGURE 1 | Schematic representation of the anatomical and functional specificity of the paratrigeminal nucleus (Pa5). (A) Illustration of jugular vagal afferents (red) 
specifically terminating in the Pa5, located in the dorsal-lateral medulla. Conversely, the nodose vagal afferents (green) exclusively project to the nucleus of the solitary 
tract (nTS). Jugular vagal afferent inputs are first synaptically integrated with Pa5 neurons, which differentially project to additional bulbar nuclei involved in 
cardiorespiratory control. Depicted are a subset of Pa5 neurons projecting to the ventrolateral medulla (VLM), and a separate population ascending to the pontine nuclei 
that collectively include the Kölliker Fuse (KF) nucleus and lateral (LPB) and medial (MPB) parabrachial nuclei. (B) Stylized diagram depicting a hypothesis for how the 
neuroanatomical organization of the Pa5 underpins functional specificity at this site based on studies of laryngeal-evoked reflexes in guinea pigs (Driessen et al., 2018). 
Non-peptidergic jugular A-fibers expressing the transient receptor potential vanilloid 1 (TRPV1) appear to mediate the abrupt cessation in breathing (apnea) observed 
when the larynx is electrically or chemically stimulated. Synaptically, this response is dependent on fast ionotropic glutamatergic neurotransmission in the Pa5, and it is 
hypothesized that calbindin expressing Pa5 neurons projecting to cardiorespiratory cells of the ventrolateral medulla are principally involved. Peptidergic (e.g., 
substance P containing fibers) inputs to the Pa5 are likely responsible for increased respiratory drive (i.e., tachypnea). Physiological or pathophysiological conditions that 
allow for neuropeptide release will activate NK1 receptor expressing Pa5 neurons, which possibly ascend the neuraxis and terminate diffusely in the pons. This pathway 
may contribute to respiratory and autonomic processing via these pontine circuits or excite bulbar-circuits involved in sensory discrimination.
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Vagal afferents are essential for maintaining appropriate 
airway patency and adequate respiration. In anesthetized animals, 
nodose vagal stimulation results in apnea via slowly adapting 
lung stretch receptors (Knowlton and Larrabee, 1946; Backman 
et  al., 1984; Kubin et  al., 1985; Widdicombe, 2001; Nonomura 
et  al., 2017), tachypnea via rapidly adapting mechanoreceptors 
or C-fibers (Chou et  al., 2008), or cough via the activation 
of the specialized mechanically sensitive nodose Aδ-fibers (the 
cough receptor) in the upper airways (Canning et  al., 2004, 
2006; Mazzone et  al., 2009). A full description of nodose-
evoked responses is beyond the scope of this review.

Conversely, only a few studies have specifically investigated 
the effects of jugular vagal stimulation on respiration. In guinea 
pigs, jugular vagal afferents evoke an apnea in anesthetized 
animals when stimulated and mediate coughing in response to 
inhaled noxious chemicals in conscious animals (Chou et  al., 
2008, 2018; Driessen et  al., 2015, 2018). The apneic response, 
readily induced from the guinea pig larynx (Driessen et  al., 
2015, 2018), is perhaps consistent with the reported role of 
the paratrigeminal nucleus in the diving reflex whereby stimulation 
of trigeminal afferents in the nose promotes breath holding 
(Panneton et  al., 2000; McCulloch et  al., 2018). Indeed, the 
jugular vagal innervation to the larynx is particularly dense an 
either electrical stimulation or topically applied capsaicin evokes 
a profound withdrawal of respiratory drive. This reflex response 
to laryngeal stimulation is abolished by generalized inhibition 
of the paratrigeminal nucleus, but not the nucleus of the solitary 
tract, using microinjections of the GABA receptor antagonist 
muscimol (Driessen et al., 2015). Furthermore, laryngeal-evoked 
reductions in breathing are predominately dependent upon 
glutamatergic neurotransmission in the paratrigeminal nucleus, 
while neuropeptides appear to play a neuromodulatory role 
(Figure 1B; Driessen et  al., 2018). Consistent with this, apneas 
can also be induced by activation of neurons in the paratrigeminal 
nucleus by direct microinjection of glutamate (Driessen et  al., 
2018). Together, these functional data support the role of jugular 
vagal afferents in suppressing respiratory drive.

Intriguingly, when the central terminals of afferents in the 
paratrigeminal nucleus are activated using microinjection of 
capsaicin, a slowly developing but long-lasting tachypnea is 
observed, distinctly opposite to the abrupt apneas described 
above. This tachypneic response is unaffected by glutamate 
antagonism but abolished in the presence of substance P receptor 
antagonists (Driessen et al., 2018). Whether this effect is mediated 
by vagal afferent nerve fibers is not known. However, these data 
suggest that at least two distinct neural circuits arise from the 
paratrigeminal nucleus and display opposing effects on respiration.

The potential role of the paratrigeminal nucleus in cough 
has not been investigated but is predicted based on the known 
role of jugular vagal afferents in evoking coughing (Hewitt 
et  al., 2016; Chou et  al., 2018). In conscious guinea pigs, 
inhaled chemical stimuli that activate both nodose and jugular 
nociceptors (e.g., capsaicin, bradykinin, citric acid) reliably 
evoke cough, whereas selective stimuli of nodose nociceptors 
(ATP, adenosine and 5HT) do not evoke coughing (Chou et al., 
2018). Furthermore, nicotine selective for jugular afferents (Gu 
et  al., 2008; Tao et  al., 2019) readily induces cough (Forsberg 

et  al., 1988; Lee et  al., 2007), as does Arnold’s reflex involving 
stimulation of the auricular branch of the vagus nerve (Ryan 
et  al., 2014; Dicpinigaitis et  al., 2019) whose fibers are derived 
from the jugular vagal ganglia (DuBois and Folley, 1937). A 
hypersensitive Arnold’s reflex has now been shown to be  a 
biomarker that defines chronic cough (Dicpinigaitis et al., 2019) 
and in turn could be  a promising therapeutic target given 
that transcutaneous vagal stimulation at this site has been 
shown to be important for a variety of cardiovascular conditions 
(Murrary et al., 2016). How jugular afferent inputs are integrated 
in the paratrigeminal nucleus to coordinate cough and other 
changes to respiration has not been studied.

THE PARATRIGEMINAL NUCLEUS  
AND CONSCIOUS PERCEPTION OF 
VAGAL AFFERENTS

The ascending circuits from the paratrigeminal nucleus largely 
involve somatosensory processing regions of the thalamus and 
cortex (Ralston, 2005; McGovern et  al., 2015a) and this may 
implicate the jugular-paratrigeminal pathway in the conscious 
perception of jugular vagal inputs to the brain. Indeed, the 
paratrigeminal nucleus has been shown to be  involved in 
processing pain (Ma et  al., 2005; Koepp et  al., 2006). With 
respect to the vagal system, this has been best studied for 
airway jugular nociceptors. In guinea pigs and rats, jugular 
vagal afferents are most concentrated in the large proximal 
airways (McGovern et  al., 2015b; Driessen et  al., 2018), which 
are the structures most commonly associated with perceivable 
sensations (Ando et  al., 2014; Hilton et  al., 2015). In this 
regard, it is interesting that previous studies have shown that 
jugular vagal afferents are important for the induction of 
coughing evoked by noxious chemical stimuli in conscious but 
not anesthetized animals (Mazzone et al., 2005), where conscious 
perception is presumably absent. In humans, stimulation of 
upper airway structures innervated by jugular afferents evokes 
a sensory experience known as the urge-to-cough (Mazzone 
et  al., 2011) that while in healthy individuals is relieved by 
coughing; in disease, these irritations persist contributing to 
chronic cough and increased morbidity associated with respiratory 
disease (Chung, 2011; Morice, 2013). A hypothesis is that the 
urge-to-cough and associated cough is dependent upon jugular 
C-fibers synapsing with neurokinin 1 receptor expressing 
paratrigeminal neurons. In the medullary dorsal horn, neurokinin 
1 receptor expressing neurons are excitatory and project to 
higher order circuits that are important for discriminative and 
emotive processing associated with orofacial pain (Cameron 
et al., 2015; Li et al., 2017). Furthermore, with respect to cough, 
neurokinin 1 receptor antagonists have shown to be antitussive 
in both animal and human studies (Amadesi et  al., 2001; 
Chapman et  al., 2004; El-Hashim et  al., 2004; Grobman and 
Reinero, 2016). Therefore, future studies aiming to define the 
organization of the jugular-neurokinin 1 receptor paratrigeminal 
circuitry in cough will improve our understanding of the airway 
sensory nervous system and in turn generate new and improved 
treatment options for sufferers of respiratory disease.
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CONCLUSION: SIGNIFICANCE AND 
FUTURE DIRECTIONS

The paratrigeminal nucleus has an undeniable role in the 
processing of vagal afferent inputs. It has roles in both autonomic 
and nociceptive processing acting akin to the nucleus of the 
solitary tract and dorsal horn respectively in a context specific 
manner. However, the extent of this involvement has largely 
remained unstudied, perhaps reflecting the technical difficulties 
associated with studying jugular vagal afferents and this small 
region of the brainstem. Consequently, many questions remain 
about the mechanistic processing of different sensory modalities 
and their integration in the paratrigeminal nucleus. To this 
end, it will be interesting to determine the relative contributions 
of jugular A- and C-fiber sensory neural inputs into different 
paratrigeminal circuits (Figure 1B) and to define the physiological 
circumstance under which neuropeptides are released. Indeed 
recent advancements in molecular phenotyping of vagal sensory 
neurons (Kupari et  al., 2019), the development of new viral 
vector systems and advances in imaging technologies may lead 
to novel approaches for investigating this neuronal circuitry.

However, it is also important to recognize that our current 
understanding of this topic is derived predominately from studies 
in healthy animals. Therefore, we likely have an under-appreciation 
of the importance of this nucleus in aberrant vagal afferent 
processing, which is well known to accompany the symptoms 
of disease. As such, it will be intriguing to investigate the potential 
plasticity in afferent processing that occurs in the paratrigeminal 
nucleus in a disease context, as this may provide new insights 
into the manifestation of heightened sensitivity and exaggerated 

reflexes that are characteristic of many visceral conditions. The 
trigeminal system (including the paratrigeminal area) has been 
implicated as a key region in chronic pain arising from the face 
(Imbe and Ren, 1999; Yamazaki et al., 2008). Under these conditions, 
the neurons of the trigeminal sensory nuclei have increased 
excitability that is likely underpinned by increased neuropeptide 
production and altered neuron-glial cross talk (Devesa et  al., 
2014; Romero-Reyes et  al., 2015; Yang et  al., 2016; Chen et  al., 
2017). In addition, changes in higher order circuitry have been 
described (Hayes et  al., 2017). Similar sensory plasticity in the 
paratrigeminal nucleus may occur in visceral diseases and this 
could be especially relevant in conditions of vagal hypersensitivities, 
in which altered neurochemistry of jugular-paratrigeminal afferent 
processing may be an underlying feature of the associated sensory 
disturbances. This should be  a matter of interest because sensory 
hypersensitivities accompanying visceral disease have proven 
difficult to treat and the paratrigeminal nucleus may represent 
a novel alternate target for therapeutic intervention.
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Sympathetic nervous system dysregulation and vascular impairment in neuronal tissue
beds are hallmarks of prominent cardiorespiratory diseases. However, an accurate
and convenient method of assessing SNA and local vascular regulation is lacking,
hindering routine clinical and research assessments. To address this, we investigated
whether spectral domain optical coherence tomography (OCT), that allows investigation
of retina and choroid vascular responsiveness, reflects sympathetic activity in order
to develop a quick, easy and non-invasive sympathetic index. Here, we compare
choroid and retina vascular perfusion density (VPD) acquired with OCT and heart rate
variability (HRV) to microneurography. We recruited 6 healthy males (26 ± 3 years) and
5 healthy females (23 ± 1 year) and instrumented them for respiratory parameters,
ECG, blood pressure and muscle sympathetic nerve microneurography. Choroid VPD
decreases with the cold pressor test, inhaled hypoxia and breath-hold, and increases
with hyperoxia and hyperpnea suggesting that sympathetic activity dominates choroid
responses. In contrast, retina VPD was unaffected by the cold pressor test, increased
with hypoxia and breath hold and decreases with hyperoxia and hyperpnea, suggesting
metabolic vascular regulation dominates the retina. With regards to integrated muscle
sympathetic nerve activity, HRV had low predictive power whereas choroid VPD
was strongly (inversely) correlated with integrated muscle sympathetic nerve activity
(R = −0.76; p < 0.0001). These data suggest that Functional-OCT may provide a
novel approach to assess sympathetic activity and intrinsic vascular responsiveness
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(i.e., autoregulation). Given that sympathetic nervous system activity is the main
determinant of autonomic function, sympathetic excitation is associated with severe
cardiovascular/cardiorespiratory diseases and autoregulation is critical for brain health,
we suggest that the use of our new Functional-OCT technique will be of broad interest
to clinicians and researchers.

Keywords: sympathetic nervous system, autoregulation, microvascular, vascular, choroid

INTRODUCTION

Abnormal sympathetic nervous system activity damages local
vascular regulation, including the ability of the microvasculature
to resist associated changes in blood pressure (i.e., myogenic
autoregulation) and respond appropriately to local metabolic
demands. Concurrently, impaired local microvascular regulation
reduces tissue perfusion within vital organs, causing tissue
damage and organ dysfunction, triggering sympathetic
excitation. Consequently, abnormal sympathetic nervous
system activity and impoverished microvascular regulation are
associated with, and causal to a host of common cardiovascular,
cardiorespiratory and metabolic diseases including sleep apnea,
hypertension, metabolic diseases, stroke, heart failure and
dementia (Mancia et al., 1999; Barretto et al., 2009; Grassi et al.,
2009; Agemy et al., 2015; Gutterman et al., 2016; Doustar et al.,
2017; Nelis et al., 2018).

Available methods to measure sympathetic responses suffer
from poor time resolution (i.e., norepinephrine spillover),
multiple neuronal inputs (i.e., skin temperature, heart rate
variability), are invasive (i.e., microneurography) and/or
do not completely reflect sympathetic activity (i.e., heart
rate variability) (Mancia et al., 1998; Notarius et al., 1999;
Jänig and Häbler, 2003; Baumert et al., 2009; Martelli et al.,
2014). Methods to measure microvascular responses –
especially in relation to cerebral vascular beds – are limited
to techniques which suffer from poor cost effectiveness (i.e.,
MRI), spatial resolution (i.e., trans-cranial doppler) and/or
temporal resolution (i.e., MRI/CT), or require some degree
of invasiveness (i.e., dye tracer techniques) (Provenzale et al.,
2008; Willie et al., 2014; Blair et al., 2016). Our inability to
measure these properties efficiently and non-invasively limits
early diagnosis, treatment and research of cardiovascular
and cardiorespiratory diseases (Mancia et al., 1999; Grassi
et al., 2009; Padilla et al., 2014; Gutterman et al., 2016).
To solve this issue, we have developed a new approach to
measure blood vessel physiology in humans using spectral
domain optical coherence tomography (OCT) imaging of
ophthalmic vascular beds.

The posterior segment of the eye is an extension of the
brain, but with two distinct vascular beds. The vascular
beds of the retina and choroid differ in their local vascular
responses and sympathetic innervation (Delaey and Van
De Voorde, 2000; Nickla and Wallman, 2010). Specifically,
blood vessels of the retina appear to be controlled almost
exclusively by myogenic and metabolic mechanisms triggered
in response to their local environment (Delaey and Van
De Voorde, 2000; Nickla and Wallman, 2010); thus, they

behave similarly to blood vessels in the brain (Willie et al.,
2012, 2014). In contrast, blood vessels of the choroid express
an abundance of α-adrenergic receptors and constrict in
response to global sympathetic activation (Bill and Sperber,
1990; Delaey and Van De Voorde, 2000; McDougal and
Gamlin, 2015). Accordingly, the vascular compartments of
the retina and choroid respond differently to conditions
which change global sympathetic activity or reflect local
metabolic demands (Delaey and Van De Voorde, 2000; Nickla
and Wallman, 2010) and therefore reflect differences in
vascular regulation.

Modern OCT devices can easily image both the retina and
choroid (Fujimoto et al., 2000; Poddar et al., 2014). Optical
coherence tomography is a non-invasive, fast, high-resolution
and relatively affordable ophthalmic imaging technology
used routinely to detect anatomical abnormalities associated
with retinopathies in ophthalmic clinics. Near-infrared lasers
and sophisticated image reconstruction algorithms allow
visualization deep within the tissue with a spatial resolution
of ∼4 µm, 3–4 orders of magnitude greater than magnetic
resonance imaging (Fujimoto et al., 2000; Poddar et al.,
2014). Ophthalmic OCT imaging of the retina has been used
to identify late-stage microvascular anatomic markers for
several vascular diseases including diabetes and dementia
(Agemy et al., 2015; Doustar et al., 2017; Nelis et al., 2018).
However, optimization of diagnostic criteria should include
microvascular physiology as changes in functional responses
likely occur before anatomic abnormalities are detectable. Given
the capabilities of OCT to measure the microvasculature and
the differential vascular regulation of the retina and choroid,
we hypothesized that Functional-OCT imaging of the eye can
be used to assess sympathetic and neurovascular reactivity to
physiological perturbations.

To test our hypothesis, we used OCT to compare the
microvascular responses of the choroid and retina to different
conditions (inspiratory challenges and cold pressor test)
designed to disentangle sympathetic and local metabolic
vascular control mechanisms. The inspiratory challenges
were chosen to stimulate the central and peripheral
chemoreflexes reflective of reflex stimulation and mimic
sympathetic activation encountered with cardiorespiratory
diseases; the cold pressor causes sympathetic activation
independent of changes to blood gases. Experiments were
performed in 11 healthy human participants while recording
ventilation, blood pressure, heart rate and direct measures
of sympathetic nerve activity using microneurography,
the only method to record from the sympathetic nervous
system in directly.
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MATERIALS AND METHODS

Participants
The study was approved by the Conjoint Health Research Ethics
Board at the University of Calgary and University of Alberta
and conformed to institutional guidelines and the standards set
by the latest revision of the Declaration of Helsinki. Seventeen
healthy volunteers (11 male) 18–36 years of age were recruited
from the University of Calgary community. All participants
were normotensive, non-smokers and free of respiratory,
cardiovascular, neurological diseases, and provided written
informed consent prior to study. Data from 11 participants (6
male, 5 female) were analyzed; 6 (5 male, 1 female) participants
did not complete the protocol because of difficulty locating and
maintaining stable sympathetic recordings and/or, the onset of
vasovagal reflexes (n = 2) associated with microneurography
in the seated position as assessed by cardiovascular indices of
pre-syncope (Meah et al., 2019).

Optical Coherence Tomography
Left eyes were scanned with a Cirrus HD 4000 spectral
domain optical coherence tomography system (OCT, Zeiss optics,
Toronto, ON, Canada). The Cirrus HD 4000 uses near-infrared
laser interferometry, enabling an optical reconstruction of a
6 mm3 cube of the eye. All OCT scans were acquired by the same
operator (RH) with the Cirrus OCT device (software version
6.5.0772). Image acquisition of the Cirrus OCT system, averages
1024 scans within ∼3 s using active eye-tracking features and
centred around the fovea, thus standardizing each image to the
anatomical characteristics of each individual eye, to produce a
single image set. For each participant, the baseline scan was used
to establish a slice which encased the large vessels of the choroid
as identified by visual inspection. Once anatomical parameters
for the slice were established from the baseline scan, the same
parameters were maintained for scans from all subsequent
perturbations for that subject. The average slice thickness across
subjects was 86 ± 3 µm (the inner and outer surfaces of the
slice were located 85 ± 6 µm and 171 ± 9 µm, respectively,
from the outer portion of the hyper-reflective line corresponding
to the retina pigment epithelium). The retina circulation was
measured from images obtained from the 3D visualization
mode by capturing the aggregate of the retina vessels on a
2D “flattened” image. Retina thickness was measured using the
automatic segmentation values of the Cirrus HD OCT software.
Two images were collected during each stimulus. A single image
chosen from paired scans was selected for each intervention
from each participant. Image selection and image analysis were
performed independently by different team members (RH, RW,
and, NJ, respectively).

Instrumentation
Peripheral muscle SNA (MSNA) was assessed using
microneurography. Briefly, a tungsten recording electrode
with an uninsulated 1–5 µm diameter tip was inserted
transcutaneously into the peroneal nerve at or distal to the fibular
head. A reference electrode was inserted subcutaneously 1–3 cm

from the recording site. The recording electrode was manipulated
into position within a sympathetic nerve fascicle, which produced
pulse-synchronous bursts of activity characteristic of sympathetic
vasoconstrictor neurons innervating skeletal muscle. The
sympathetic signal was verified by an increase in firing frequency
during voluntary apnoea and lack of responsiveness during
arousal to a loud noise. The raw sympathetic signal was amplified
by a preamplifier (1000×) and secondary isolated amplifier
(gain: 10 K; model 662C-3; Iowa University Bioengineering,
IA), band-pass–filtered (700–2000 Hz), rectified and integrated
(time constant: 0.1 s) as per standardized methods (Hart
et al., 2017). All recordings were performed by a trained
microneurographer (CS).

Heart rate was measured using a 3-lead ECG. Respiratory flow
was monitored by a pneumotachometer (ParvoMedics/Hans
Rudolph, UT, United States) and end-tidal gas concentrations
were measured via an oxygen and carbon dioxide analyzer
(Powerlab, AD Instruments, CO, United States). Blood pressure
was measured continuously using finger photoplethysmography
(Finometer; Finapres Medical Systems, Amsterdam,
Netherlands) and calibrated to baseline blood pressure values
obtained using manual sphygmomanometry. Manual blood
pressures were assessed at the brachial artery just proximal to the
elbow (arm straight or in mild elbow flexion) using a mercury
sphygmomanometer and a medium-sized blood pressure cuff
performed by a clinician (RH). Calibrated pressure waveforms
were analyzed to determine beat-by-beat MAP and systolic
and diastolic blood pressures. Blood oxygen saturation was
measured with a pulse oximeter (Nellcor N-395 Medtronic,
Brampton, ON, Canada).

Protocol
Participants were instructed to refrain from caffeine (12 h),
exercise (24 h), and alcohol (24 h), and ingest their last meal at
least 3 h prior to the laboratory visit. All female participants were
tested during the midluteal phase (21 ± 2 days) of their menstrual
cycle where minimal effects of the menstrual cycle on sympathetic
activity have been demonstrated (Usselman et al., 2015); 4/5 were
prescribed oral contraceptives.

After arriving at the laboratory, the study protocol was
reviewed with the participants, who were then allowed to
acclimatize to the environment prior to being instrumented
for the study. Once instrumentation was complete, participants
rested for 10 min in a seated position during instrumentation and
remained seated throughout the entire protocol. Familiarization
to the OCT device entailed 2–4 practice scans which were
followed by baseline hemodynamic and neurographic recordings
for >15 min. Subsequently, respiratory gas challenges of hypoxia
(12% O2, balance N2, 3 min), hyperoxia (100% O2, 3 min),
hyperoxic-hypercapnia (5% CO2, balance O2, 3 min), hyperpnea
(participants were instructed to breathe “hard and fast”-not
paced, 3 min), voluntary end-expiratory sub maximal breath
hold (∼10 s) and cold pressor test (hand immersed up to the
wrist in ∼1◦C ice water, 3 min). The hypoxic challenge was
always performed last due to the long lasting hemodynamic and
sympathetic changes associated with hypoxia (Xie et al., 2001)
while all other interventions were administered in random order.
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Each challenge was interspersed with ≥10 min of rest to allow
baseline cardiovascular and neurographic values to return. The
cold pressor test was included to augment sympathetic activation
without marked blood gas changes to minimize changes in local
vascular regulation.

Data Analysis
Vascular perfusion density (VPD) defined as a static index of
perfusion within the image, was calculated for the choroid and
retina of each image for each participant within each condition.
The resulting images were analyzed offline using Image J software
(NIH, Bethesda, MD, United States). Choroid images were
obtained from the RPEFIT mode. All images were subject
to the same analysis involving the Iterative Self- Organizing
Data Analysis Technique Algorithm (ISODATA). This algorithm
provides unsupervised determination of a threshold to classify
background and objects (Ridler and Calvard, 1978). Images of
the retina were obtained from the 3D visualization mode and a
2D flattened image was selected in order to obtain the aggregate
vasculature of the retina circulation. All images were processed
the same way using a macro written in Image J (RW). The macro
filtered out artifacts and used the moment auto-thresholding
approach to obtain vessel density values, reflecting retina VPD.

All hemodynamic and neurographic data were stored for
offline data analysis (PowerLab/16SP with LabChart 8; AD
Instruments, Colorado Springs, CO, United States). Heart rate
variability was assessed by utilizing 3-min bins (time of each
perturbation) and analyzed with built-in heart rate variability
software (LabChart8; AD Instruments, Colorado Springs, CO,
United States). Hemodynamic and neurographic responses to gas
challenges and cold pressor test were averaged over 2 min (Notay
et al., 2016) while the OCT scan occurred during the middle
portion of the 2 min segment. Sympathetic activity was analyzed
by a custom written semi-automated peak detection software
written in VEE (RW) and confirmed by a trained observer (NJ).
Burst amplitude and total activity were analyzed after removal
of extraneous noise from the recordings based on statistical
parameters derived from the signal itself. The software assigns
a threshold cut-off for the noise (four standard deviations from
the mean) and calculates the area under all spikes above the cut-
off; it then derives total neural activity using all spikes within
the field of interest. In this way, the amplitude and total activity
is normalized within each participant. For all hemodynamic
and sympathetic outcomes, relative responses to sympathetic
provocations were normalized to baseline. These methods align
with established criteria (Hart et al., 2017) and, importantly,
remove observer bias.

Statistics
Differences between sexes were tested with independent t-test.
Differences between sympathetic provocations were tested with
the Friedman’s non-parametric one-way repeated measures
ANOVA using raw values (data are presented as percent change
from baseline). When significant F-ratios were found, Student
Newman Keuls post hoc test was used to discern differences
from the baseline condition. Relationships between indices
were assessed with Pearson product correlation; and select

relationships were analyzed with partial correlation in order to
account for gender. Multiple regression analysis was performed
when more than one index was used to relate to sympathetic
nervous activity. Assessment of inter-measurement agreement
was completed using Bland-Altman analysis. A p-value < 0.05
was considered statistically significant. All data are expressed
as mean ± SEM.

RESULTS

Figure 1 shows OCT images of the retina and choroid, with
associated processed images and muscle sympathetic nerve
activity (MSNA), from one participant during baseline and the
six conditions designed to disentangle sympathetic from local
metabolic and myogenic mechanisms of vascular regulation.
Once the participant was appropriately instrumented and seated,
each OCT scan took ∼3 s acquiring 1024 scans of 5 µm
resolution from a 6 mm3 block of tissue. As blood absorbs
near-infrared light, blood appears dark in OCT images; to assist
in comparisons, the raw images are false colored such that
tissues which have high vascular perfusion appear blue whereas
tissues with low vasculature perfusion appear red. In the choroid,
conditions that result in low sympathetic activity (baseline,
hyperoxia and voluntary hyperpnea) tend to increase vascular
perfusion (appearing bluer), whereas conditions expected to
activate the sympathetic nervous system (voluntary breath hold,
hypoxia, hypercapnia and cold pressor test) reduce vascular
perfusion (appearing greener). Note that the choroid has
far greater vascular perfusion (blue-green) than the retina
(yellow-red). Although the effects of the different conditions
on the retina are subtler, hypoxia resulted in higher vascular
perfusion compared to hyperoxia (during which less perfusion
is anticipated). As expected this effect was predominantly
demonstrated in distal portions of arteriolar branches (i.e., distal
segments dilate or constrict according to the condition).

To use OCT for quantitative assessment of changes in
microvascular perfusion, we adopted a measure of vascular
perfusion density (VPD) based on pixel intensities in the
processed images (Agemy et al., 2015), applied to both the retina
and choroid vascular beds. Baseline choroid VPD was identical
between sexes; however, baseline retina VPD was greater in
females (Table 1). No other sex differences in cardiovascular,
ophthalmic or MSNA indices were found within our dataset and,
given that burst frequency and total MSNA were similar between
males and females during the midluteal phase of the ovarian cycle
as previously demonstrated (Usselman et al., 2015), data from
males and females were pooled for analysis.

Retina VPD, choroid VPD, MSNA and cardiorespiratory
parameter responses to the six test conditions in 11 participants
are illustrated in Figure 2. Hyperpnea increased MSNA mildly
(Figure 2H) but had no decisive effect on retina (Figure 2B) or
choroid VPD (Figure 2C). The cold pressor test, which caused
a substantial increase in MSNA (Figure 2H) without changing
blood gases (Figures 2J,K), decreased choroid VPD (Figure 2C).
Choroid VPD also decreased with the two respiratory conditions
(Figure 2C) which increased MSNA the most (hypoxia and
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FIGURE 1 | Ophthalmic coherence tomography images demonstrating retina and choroid vascular perfusion and accompanying sympathetic nerve activity from one
participant. Raw and processed images from a single participant of the retina (left two columns) and choroid (center two columns) during baseline and various
cardiorespiratory challenges. Vascular perfusion is false colored in the raw images; blue and red represents high and low vascular perfusion, respectively. Retina and
choroid VPD is demarcated by black pixels in the processed black and white images. Sympathetic activity was recorded from the peroneal nerve using
microneurography and is rectified and integrated (right column). When sympathetic activity is low, perfusion in the choroid is high (A); when sympathetic activity is
high, perfusion in the choroid is low (B). Note that the retina VPD remains relatively constant in comparison to the choroid.

voluntary breath hold). Hypercapnia increased MSNA only
mildly (Figure 2H); at best, it caused a slight decrease in choroid
VPD (p = 0.083, Figure 2C). In contrast, hyperoxia which
reduced MSNA (Figure 2H), significantly increased choroid VPD
(Figure 2C). Together, these data suggest that choroid VPD
is inversely related to SNA: as sympathetic activity increases,
vascular perfusion of the choroid decreases and vice versa.

With regards to the retina, hypoxia significantly increased
retina VPD compared to baseline (Figure 2B); despite the
concurrent increase in sympathetic activation (Figure 2H),
blood vessels in the retina vasodilate in response to hypoxia

(Eperon et al., 1975; Peeters et al., 1980; Milley et al., 1984; Roff
et al., 1999; Ahmed et al., 2001; Wang et al., 2008). Conversely,
despite the reduction in sympathetic activity (Figure 2H),
hyperoxia reduced retina VPD (Figure 2B) consistent with
previous investigations (Eperon et al., 1975; Milley et al., 1984;
Nair et al., 2011; Pechauer et al., 2015). Importantly, the cold
pressor test which increased sympathetic activity substantially
(Figure 2H) without changing blood gases (Figures 2J,K) did
not affect retina VPD (Figure 2B). These data confirm that
the blood vessels within the retina have dearth sympathetic
innervation, are governed primarily by local mechanisms
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TABLE 1 | Baseline ophthalmic indices, hemodynamics and sympathetic
nerve activity.

Parameter Male (n = 6) Female (n = 5)

Age (years) 26 ± 3 23 ± 1

Height (cm) 177 ± 3 168 ± 6

Mass (kg) 77 ± 4 69 ± 3

HR (beats · min−1) 73 ± 9 72 ± 5

SBP (mmHg) 126 ± 5 120 ± 5

DBP (mmHg) 72 ± 4 69 ± 4

MAP (mmHg) 89 ± 3 82 ± 4

SaO2 (%) 98 ± 1 99 ± 1

End-Tidal O2 (mmHg) 100 ± 2 102 ± 5

End-Tidal CO2 (mmHg) 35 ± 1 33 ± 1

VE (L · min−1) 7.9 ± 0.4 6.5 ± 0.9

RMSSD (ms) 85.70 ± 25.37 47.81 ± 11.26

LF (Hz) 2655.92 ± 1266.57 1503.36 ± 975.34

LF/HF (a.u.) 1.30 ± 0.33 0.44 ± 0.48

SD1 (ms) 55.84 ± 18.33 34.00 ± 7.97

SD2 (ms) 105.28 ± 26.70 43.66 ± 17.26

SNA Burst Frequency
(burst · min−1)

20.8 ± 2.9 23.5 ± 3.8

SNA Burst Incidence
(burst · 100 heart beat−1)

34.5 ± 4.4 34.4 ± 5.2

SNA (Amplitude, a.u.) 12 ± 2 17 ± 3

SNA (Bursts, a.u.) 108 ± 8 123 ± 17

Retina thickness (µm) 294 ± 7 289 ± 9

Retina VPD (a.u.) 4.0 ± 0.19 5.2 ± 0.45∗

Choroid VPD (a.u.) 34.69 ± 3.81 38.08 ± 2.95

Heart rate variability parameters include: RMSSD, root mean square of successive
R–R interval differences (represents parasympathetic mediated changes in heart
rate). LF, relative power of the low frequency band of R–R interval Fourier analysis
(putative index of sympathetic activity). LF/HF, low frequency to high frequency
ratio of Fourier power analysis the R–R interval (putative index of sympathetic:
parasympathetic balance). SD1, Poincare plot standard deviation perpendicular
line of identity (putative sympathetic index). SD2, Poincare plot standard deviation
along the line of identity (putative sympathetic index) (Shaffer and Ginsberg, 2017).
∗demonstrates a significant difference between males and females (p = 0.013).

(Nickla and Wallman, 2010; McDougal and Gamlin, 2015) and,
suggest that retina vessels reflect cerebral vascular responsiveness
(Willie et al., 2012, 2014).

Images were also used to measure the retina thickness; no
differences between sexes were identified at baseline (Table 1).
Retina thickness changed minimally (<2%) in response to the
six conditions; retina thickness was reduced significantly during
hyperoxia (consistent with a decrease in retina perfusion volume)
and increased with hypoxia (consistent with an increase in retina
perfusion volume Figure 2A).

To further examine the linear correlation between changes
in VPD and sympathetic activity, we plotted choroid VPD and
retina VPD against MSNA for individual and mean data across
all conditions (Figure 3). As shown in Figure 3A with individual
data across all conditions, sympathetic activity and choroid VPD
had a significant inverse relationship (R = −0.76, p < 0.0001).
Even when accounting for gender with a partial correlation,
the relationship between choroid VPD and MSNA remains
unchanged (R = −0.76, p < 0.0001). This relationship was even

stronger when mean data for each condition was used (Figure 3B;
R = −0.92, p = 0.003). The predictive capability of choroid
VPD is further exemplified by a tight agreement with Bland-
Altman analysis for both absolute (Figure 4A) and percentage
change values (Figure 4B). For comparison, the relationship
between sympathetic activity and MAP in our nominally healthy
participants, across all conditions, were R = 0.54 (p < 0.00001)
for all individual and R = 0.93 (p = 0.007) for mean data. Thus,
for individuals, choroid VPD is a better predictor of MSNA than
blood pressure. This is further supported by the fact that, though
choroid VPD has an inverse relationship with both MSNA
and MAP, the relationship between choroid VPD and MSNA
is stronger for both individual (Figures 3A vs. 3C) and mean
data (Figures 3B vs. 3D). Similarly, within each condition the
relationship between choroid VPD and MSNA was stronger than
that between choroid VPD and MAP (e.g., hypoxia: R = −0.90,
p = 0.0002 vs. R = 0.61, p = 0.06; hyperoxia: R = −0.65, p = 0.03
vs. R = 0.23, p = 0.53; cold pressor test: R = −0.66, p = 0.03 vs.
R = 0.18, p = 0.63; voluntary breath hold: R = −0.66, p = 0.03 vs.
R = 0.28, p = 0.44). Notwithstanding that choroid VPD is a better
predictor of MSNA than MAP, combining MAP and choroid
VPD responses in a multiple regression analysis improved the
power to predict sympathetic responses, compared with using
choroid VPD responses alone (individual: R = 0.81, p < 0.001;
mean: R = 0.98, p < 0.001).

In contrast, the relationships between retina VPD and MSNA
or MAP, were weaker when individual data from all six conditions
were pooled. This was because across all participants, retina
VPD was not responsive to voluntary hyperpnea, hypercapnia,
breath hold or the cold pressor test (Figures 3E,G; red stats);
controlling for gender with partial correlation, did not alter this
relationship (R = 0.13, p = 0.28). When the cold pressor data
were removed (predominant sympathetic stimulus, no metabolic
component), a weak positive relationship between retina VPD
and MSNA was indicated (Figure 3E, R = 0.25, p = 0.06 and was
not improved with a partial correlation controlling for gender
R = 0.26, p = 0.05); this relationship was improved, but not
significantly so, when mean data were used (Figure 3F; excluding
cold pressor test, R = 0.80, p = 0.11). Use of mean data did not
reveal a correlation between retina VPD and MAP (Figure 3H).
These data suggest that retina VPD is a measure of metabolically
driven vascular regulation – primarily vasodilation caused by
hypoxia and/or hyperoxia – but not sympathetic activation.

The divergent vascular regulation between the choroid and
the retina in response to changes in inspired oxygen is also
demonstrated in Figure 5. Comparing between participants, we
found that the greater the increase in MSNA (with hypoxia),
the greater the reduction in choroid VPD; and the greater the
decrease in MSNA (with hyperoxia), the greater the increase
in choroid VPD. Overall, with data from only the hypoxic and
hyperoxic conditions, the inverse relationship between MSNA
and choroid VPD was extremely strong (Figure 5A, R = −0.93,
p < 0.0001). Generally, retina VPD increased with hypoxia and
decreased with hyperoxia, but the correlation to MSNA was lesser
(Figure 5B, R = 0.63, p = 0.002). As expected for two vascular
beds differentially controlled by sympathetic inputs and local
vascular control mechanisms, the VPD of the choroid and retina
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FIGURE 2 | The effect of sympatho-modulation on ophthalmic, cardiorespiratory and sympathetic parameters. Retina thickness (A), retina vascular perfusion density
(Retina VPD, B), choroid vascular perfusion density (Choroid VPD, C), heart rate (HR, D), systolic blood pressure (SBP, E), diastolic blood pressure (DBP, F), mean
arterial pressure (MAP, G), muscle sympathetic nervous activity (MSNA, H), minute ventilation (VE, I), end-tidal oxygen content (ETO2, J), end-tidal carbon dioxide
content (ETCO2, K) in response to hyperoxia (green), hypoxia (blue), hyperpnea (magenta), hypercapnia (gray), breath hold (cyan) or cold pressor test (red). All data
are presented as a percentage change from baseline. Absolute data were analyzed with Friedman’s non-parametric repeated measures ANOVA where (∗) denotes a
significant difference from baseline measures as assessed with Student Newman Keuls post hoc test; p-values are indicated within each bar.
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FIGURE 3 | Vascular perfusion density relationships with sympathetic nervous activity and mean arterial pressure for individual and mean data. The relationship of
choroid vascular perfusion density (Choroid VPD) to muscle sympathetic nervous activity (MSNA) for individual (A) and mean data (B) in response to sympathetic

(Continued)
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FIGURE 3 | Continued
provocations. The relationship of Choroid VPD to mean arterial pressure (MAP) for individual (C) and mean data (D) in response to sympathetic provocations. The
relationship of retina vascular perfusion density (Retina VPD) to muscle sympathetic nervous activity (MSNA) for individual (E) and mean data (F) in response to
sympathetic provocations. The relationship of retina VPD to mean arterial pressure (MAP) for individual (G) and mean data (H) in response to sympathetic
provocations. All data are expressed as a percentage change from the initial baseline condition in response to hyperoxia (green), hypoxia (blue), hyperpnea
(magenta), hypercapnia (gray), breath hold (cyan), or cold pressor test (red). Pearson R correlation coefficient with accompanying p-values are indicated within each
panel. For relationships involving the retina, values in red text are inclusive of cold pressor test, values in solid text exclude cold pressor test.

were inversely related when interrogated with inspired oxygen
(Figure 5C, R = −0.66, p = 0.001).

Finally, the relationship between choroid VPD and MSNA
was far stronger than common indices of HRV widely used as
non-invasive, though increasingly controversial (Notarius et al.,
1999; Baumert et al., 2009; Goldstein et al., 2011; Heathers, 2014;
Martelli et al., 2014), measures of SNA (Individual data- RMSSD:
R = −0.34, p = 0.005; LF: R = −0.01, p = 0.96; LF/HF: R = 0.08,
p = 0.51; SD1: R = −0.34, p = 0.005; SD2: R = −0.27, p = 0.03;
Mean data- RMSSD: R = −0.25, p = 0.63; LF: R = −0.37, p = 0.48;
LF/HF: R = 0.15, p = 0.77; SD1: R = −0.31, p = 0.55; SD2:
R = −0.09, p = 0.87).

DISCUSSION

This study confirms the divergent behavior of the choroid and
retina in response to sympathetic stimuli and strongly suggests
that ophthalmic Functional-OCT can be used to measure
the divergent effects of sympathetic and local regulation of
microvascular physiology within neuronal tissue in conscious
humans. Our data suggest that the relationship between MSNA
and OCT-derived choroid VPD far surpasses that between
MSNA and HRV. This illustrates the potential for Functional-
OCT as a novel non-invasive method to monitor sympathetic
responsiveness in clinical and research settings that are often ill-
suited for microneurography and suggests this technique as a new
method to assess overall microvascular health.

The data herein where obtained by combining MSNA
recording and ophthalmic OCT imaging which raised several
technical challenges. MSNA recording and OCT imaging
required participants to remain stationary in a seated position
while breathing gas mixtures through a mouth piece. The
seated position and mouth piece likely increased participant
discomfort and compounding the difficulty of making stable
MSNA recordings. However, that we found no evidence to
suggest that scanning with the OCT device caused additional
stress (see “Limitations”). In addition, while requiring MSNA
recording, two of our participants experienced vasovagal reflexes
that were rapidly resolved by placing in a horizontal position
(Meah et al., 2019); this ended the protocol as our participants
were required to remain seated. Consequently, we limited our
participant pool to n = 17, of which we were only able to obtain
stable recordings sufficient to complete the protocol in 6 females
and 5 males (65%).

The protocol produced alterations in SNA by employing
perturbations that primarily stimulate peripheral carotid
body chemoreceptor activity (hypoxia), central brainstem
chemoreceptor activity with carotid bodies inactivated

(hypercapnia with hyperoxic background), combined
chemoreceptor activity (voluntary breath hold, i.e., reduced
PaO2 and increased PaCO2; voluntary hyperpnea, i.e., increased
PaO2 and decreased PaCO2), or thermal afferent stimulation
(sympathetic stimulation independent of chemoreceptors).
MSNA responses to these perturbations were consistent between
males and females and with previous human studies measuring
MSNA with microneurography during similar sympathetic
stressors (Victor et al., 1987; Steinback et al., 2009). Thus,
we conclude that our sample size, while limited, is likely
sufficient to generalize sympathetic responses to a larger healthy
young population.

Across the majority of sympathetic perturbations, changes
in choroid VPD of individual participants that completed
the protocol were strongly (and inversely) associated with
their MSNA responses, consistent with robust choroid vascular

FIGURE 4 | Bland-Altman analysis of choroid VPD versus MSNA. The
agreement between absolute choroid vascular perfusion density (Choroid
VPD) and absolute muscle sympathetic nerve activity (MSNA, A), and
percentage change of choroid VPD and percentage change of MSNA (B).
Bland Altman analyses are expressed as the ratio of the two measures versus
the average of the two measures. Dotted lines represent the lower and upper
standard deviation. Absolute choroid VPD and MSNA Bias = 0.27, SD = 0.16;
Percentage change choroid VPD and MSNA Bias = −4.30, SD = 24.48.
Hyperoxia (green), hypoxia (blue), hyperpnea (magenta), hypercapnia (gray),
breath hold (cyan), cold pressor test (red), baseline (gray).
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FIGURE 5 | Vascular regulatory mechanisms of autoregulation and
sympathetic regulation are revealed by the retina and choroid. The
relationships of choroid vascular perfusion density (Choroid VPD, A), retina
vascular perfusion density (Retina VPD, B) to muscle sympathetic nervous
activity (MSNA) in response to hypoxia (green) and hyperoxia (blue). The
relationships of choroid VPD to retina VPD (C). Each data point represents
each participant’s response to hyperoxia (green) and hypoxia (blue) as a
percentage change from baseline. Pearson R correlation coefficient with
accompanying p-values are indicated within each panel.

sympathetic regulation. This is in accordance with human
(Matsuo and Cynader, 1992) and animal (Milley et al., 1984;
Riva et al., 1994; Kawarai and Koss, 1998; Steinle et al., 2000;
Wikberg-Matsson et al., 2000; Suzuki et al., 2002; Muir and
Duong, 2011) investigations demonstrating that the choroid
expresses α1- and α2-adrenergic receptors (Matsuo and Cynader,
1992; Kawarai and Koss, 1998; Steinle et al., 2000; Wikberg-
Matsson et al., 2000; Suzuki et al., 2002), and choroid perfusion
is reduced with hypoxia (Milley et al., 1984; Muir and Duong,
2011) and increased with hyperoxia (Milley et al., 1984; Riva et al.,
1994) in anesthetized animals. Indeed, we found that hyperoxia
and hypoxia caused an increase and decrease in choroid VPD,
respectively. Moreover, and confirming the utility of the choroid
VPD to gauge sympathetic activity, the cold pressor test had
little effect on respiratory parameters yet caused a robust MSNA
response which was met by an equally robust decrease in choroid
VPD. However, the authors note that sympathetic activity is
regionalized and further comparisons to other sympathetically
innervated tissues may provide further insight into the regulation
of global sympathetic activity.

Previous studies suggest that sympathetic outputs to muscle
(peroneal), heart and renal vascular beds are differentially
regulated (Park et al., 2007; Kuroki et al., 2012; Frithiof et al.,
2014). This regulation may be highly variable between different
organs and individuals and be a source of disease susceptibility
(Simms et al., 2007; Subramanian and Mueller, 2016). Choroid
VPD is highly correlated and predictive of MSNA as assessed by
linear correlation and Bland Altman analysis. However, unlike
microneurography, choroid VPD provides a measure – albeit a
surrogate – of sympathetic activity to a neuronal tissue within the
central nervous system, not muscle.

With regards to differential regulation between different
limbs of the sympathetic nervous system, we note that while
overall choroid VPD was inversely proportional to MSNA
and strongly correlated, some of our more complex challenges
caused disengagement between these variables. For example,
hypercapnia on a hyperoxic background (5% CO2, 95% O2)
and voluntary hyperpnea both increased MSNA, yet neither
had a significant effect on choroid VPD. Some previous studies
also reported no change (Wang et al., 2008; Nair et al., 2011)
or an increase (Milley et al., 1984; Geiser et al., 2000; Hétu
et al., 2013) in choroid perfusion with increased inspired CO2
whereas others reported both increases or decreases (Strang et al.,
1974). Previous studies have also reported no difference or a
slight decrease in choroid perfusion with hyperpnea/reduced
CO2 (Strang et al., 1974; Wang et al., 2008). These findings likely
reflect the complex systemic effects of these stimuli on central
(CO2; Wilson and Teppema, 2016), peripheral (O2; Wilson and
Teppema, 2016) and metabotropic chemoreceptors (ventilatory
work; St Croix et al., 2000), and their differential effects on
different limbs of the sympathetic system. In addition to the
sympathetic innervation from the superior cervical ganglion,
the choroid receives parasympathetic innervation predominantly
from the pterygopalatine ganglion (Nilsson, 2000; Steinle et al.,
2000; Nickla and Wallman, 2010), but also from the trigeminal
ganglion (Nakanome et al., 1995; Nickla and Wallman, 2010) and,
the ciliary ganglion (a mixed parasympathetic and sympathetic
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ganglion; Shih et al., 1999; Nickla and Wallman, 2010; McDougal
and Gamlin, 2015). Thus, parasympathetic innervation may
have been an additional source of variability in response to
the imposed ventilatory stimuli. However, the stimuli employed
produced significant increases in MSNA with no change in
HRV, some parameters of which are highly suggestive of
parasympathetic activity. Therefore, we suggest that the choroid
VPD is largely dominated by changes in sympathetic activity.

Comparing choroid VPD and MAP data, we found MSNA
responses of individuals to be more strongly associated with
changes in choroid VPD than changes in MAP. This suggest
that choroid vascular regulation and sympathetic activity is
partially uncoupled from systemic arterial pressure. Indeed,
partial uncoupling of sympathetic activity from systemic arterial
pressure is congruent with one of the primary roles of
sympathetic activity in healthy humans: adjusting peripheral
vascular resistance to maintain systemic blood pressure, and thus
ensuring a constant supply of blood to the brain and other vital
organs (Charkoudian et al., 2005).

In contrast to the choroid, retina VPD was not directly
correlated with MSNA in individuals, as evidenced by no change
in retina VPD with the cold pressor test. That retina VPD and
MSNA co-varied in response to some respiratory challenges
(hypoxia and hyperoxia) – but not the cold pressor test –
suggest that retina vessels are solely governed by local metabolic
control mechanisms. For example, during hypoxia the retina
blood vessels dilate in response to a metabolic stimulus to
increase the supply of oxygen to the surrounding tissue, whereas
the converse occurs when the metabolic stimulus is reduced
during hyperoxia (Delaey and Van De Voorde, 2000). The retina
microvascular responses reported here, mirror cerebrovascular
regulation as the large middle cerebral artery reduces blood
flow in response to hyperoxia and hypocapnia and increases
blood flow to hypoxia and hypercapnia (Willie et al., 2012,
2014). The lack of direct sympathetic regulation in the retina
and the poor association in individuals between retina VPD
with MAP suggest that Functional-OCT may be used to deliver
a quick and relatively low-cost method for assessing the local
microcirculatory control mechanisms in a neuronal vascular bed.
The response of the retina circulation to metabolic signals is
consistent with a recent OCT study in mice demonstrating that
retina vessels respond to stimulus−evoked neural activity (Son
et al., 2018). As OCT technologies improve so will the accuracy
and utility of these measurements.

OCT – Comparison to Other
Technologies
Choroid VPD provides distinct advantages and disadvantages
in comparison to other methods of assessing sympathetic
activity in humans such as galvanic skin responses, pupil
diameter, catecholamine measurements in blood, HRV or
microneurography (Mancia et al., 1998; Grassi and Esler, 1999;
Jänig and Häbler, 2003; Hart et al., 2017). Distinguishing
it from these other techniques and opening new avenues
for research, drug discovery and clinical use, choroid VPD
provides information about sympathetic control of a vascular

bed within the central nervous system. Having the ability to
measure from multiple branches of the sympathetic nervous
system in humans is likely to be important for research, given
animal studies demonstrating differential regulation of different
sympathetic outflows (Park et al., 2007; Kuroki et al., 2012;
Frithiof et al., 2014; Subramanian and Mueller, 2016). Moreover,
as regulation of cerebral blood flow plays a critical role in
chronic diseases such as sleep apnea, hypertension and cognitive
decline (Willie et al., 2014), having a method to measure
sympathetic (and local microvascular) control mechanisms of
cerebral vascular bed is likely to provide important indices
of cerebral microvascular function (Willie et al., 2012, 2014).
Another distinct advantage of OCT for sympathetic assessment
is that the retina, lacking sympathetic innervation, can provide a
convenient internal control.

On a practical level, unlike catecholamine measurements in
blood, OCT is non-invasive and provides a temporal resolution
better than or equal to fast blood sampling (∼3 s), but OCT does
not allow continuous sampling like microneurography and HRV.
Although microneurography provides a direct measurement of
SNA and is the only method to directly record sympathetic
activity directly and in real-time in humans, its invasive nature
and other operational limitations (e.g., inability to determine
electrode proximity to nerve fascicle and therefore calculate
accurate burst amplitude, and difficulty obtaining a stable signal)
minimize its use in research and clinical settings. Galvanic
skin responses and pupil diameter appear to be associated with
autonomic activity but may suffer from sensory, emotional
and higher cortical influences (Bradley et al., 2008; Smith and
Johnson, 2016). Heart rate variability, another non-invasive
technique available for inferring sympathetic activity is limited
by the inherent challenge of parsing out sympathetic from
competing parasympathetic signals, effects of respiration and,
intrinsic regulatory mechanisms that contribute to heart rate.
This diminishes the accuracy of HRV as a simple index of
sympathetic activity (Notarius et al., 1999; Baumert et al., 2009;
Goldstein et al., 2011; Heathers, 2014; Martelli et al., 2014), as
is exemplified in our comparison between measures of HRV
and MSNA. In summary, the use of multiple measurements of
sympathetic activity is necessary as no single method is likely to
reveal complete information regarding the status of autonomic
activity in humans.

Current methods to image/assess microcirculatory function
are insufficient to resolve microvascular morphometry and,
MRI and CT machines are too costly to use broadly (Neeman
and Dafni, 2003). Other methods which rely on near-infrared
light hemo-absorption do not accurately reflect differences
between vascular branches, and the amount and depth of
tissue penetration is unknown, compromising repeatability. The
image depth and resolution of OCT, as well as the ability to
differentiate sympathetic (choroid) and local/metabolic vascular
control (retina) mechanisms, allow for a largely independent
microcirculatory assessment.

Limitations
The use of the Functional-OCT provides many advantages over
other techniques as listed above. However, the technique has
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several potential limitations which require consideration. (1) This
technique requires the head to be fixed in relation to the OCT
machine. Modern OCT devices include eye tracking software
that allow movement of the rest of the body, which minimize
such distortions. (2) Although OCT is used clinically, the scan
itself may impose stress. To gain a bearing on this possibility,
we compared our MSNA data (a measure of stress response)
before and during OCT scans whilst breathing room air (normal
baseline condition). The change in MSNA between the scan vs.
no scan condition was −2.7 ± 4.6% and not different between
conditions (analyzed with paired two-sided t-test, p = 0.34). (3)
Another potential issue is that shadowing from large diameter
vessels in the retina may obscure the signal used to measure
choroid responses. In the current study, we circumvented this
issue by assessing each choroid image for shadow of retinal
vessels. In the few cases where this was a factor, we excluded
the regions affected from the choroid analysis. (4) Changes to
perfusion in one vascular bed may affect the perfusion in the
other vascular bed. Sympathetic activation of the choroid does
not affect retina VPD, as the cold pressor test had an independent
effect on the choroid. We cannot exclude the converse possibility
that changes in retina VPD affect choroid VPD. Nonetheless,
we note that responses of the choroid and retina to hypoxia
and hyperoxia are diametrically opposed, thus any effect on the
choroid of microcirculatory changes in the retina in response to
metabolic stimuli must be limited to magnitude.

CONCLUSION

The data herein demonstrate the ability of OCT to assess the
divergent behavior of ophthalmic vascular beds to provocations
designed to disentangle sympathetic from local vascular control
mechanisms. Thus, Functional-OCT may provide a novel,
fast, non-invasive and relatively affordable imaging solution
to assess sympathetic activity and microvascular function,
supplementing currently available autonomic measurements.
Given dysregulation of the sympathetic nervous system and

metabolic/myogenic vascular control are linked to, and often
precede clinical identification of serious cardiorespiratory disease
(Mancia et al., 1999; Triantafyllou et al., 2015), we suggest
Functional-OCT will be of broad interest to clinicians and
researchers alike.
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Adenosine Receptor A2a, but Not A1
in the rVLM Participates Along With
Opioids in Acupuncture-Mediated
Inhibition of Excitatory
Cardiovascular Reflexes
Shaista Malik* , Tracy Samaniego and Zhi-Ling Guo*

Department of Medicine, Susan Samueli Integrative Health Institute, University of California, Irvine, Irvine, CA, United States

Electroacupuncture (EA) can be used to lower high blood pressure (BP) in clinical
practice. However, precise mechanisms underlying its effects on elevated BP remain
unclear. Our previous studies have shown that EA at the P5-6 acupoints, overlying
the median nerve, attenuates elevated BP induced by gastric distension (GD) through
influence on rostral ventrolateral medulla (rVLM). Although adenosine is released during
neuronal activation in the rVLM, its role in acupuncture-cardiovascular regulation is
unknown. The purinergic system is involved in cardiovascular pressor and depressor
responses, including via selective activation of A1 and A2a rVLM receptors, respectively.
The action of A2a receptor stimulation in the central nervous system may be further
regulated through an endogenous opioid mechanism. However, it is uncertain whether
this putative action occurs in the rVLM. We hypothesized that adenosine in the rVLM
contributes to EA modulation of sympathoexcitatory reflexes through an A2a but not
an A1 adenosine receptor-opioid mechanism. EA or sham-EA was applied at the P5-6
acupoints in Sprague-Dawley male rats subjected to repeated GD under anesthesia. We
found that EA (n = 6) but not sham-EA (n = 5) at P5-6 significantly (P < 0.05) attenuated
GD-induced elevations in BP. EA modulation of sympathoexcitatory cardiovascular
reflexes was reversed significantly after rVLM microinjection (50 nl) of 8-SPT (10 mM;
non-selective adenosine receptor antagonist; n = 7) or SCH 58261 (1 mM; A2a receptor
antagonist; n = 8; both P < 0.05), but not by DPCPX (3 mM; A1 receptor antagonist;
n = 6) or the vehicle (5% dimethylsulfoxide; n = 6). Moreover, microinjection of an A2a

receptor agonist, CGS-21680 (0.4 mM; n = 8) into the rVLM attenuated GD-induced
pressor responses without EA, which mimicked EA’s inhibitory effects (P < 0.05). After
blockade of opioid receptors with naloxone (1 mM) in the rVLM, SCH 58261’s reversal of
EA’s effect on GD-induced pressor responses was blunted, and CGS-21680-mediated
inhibitory effect on pressor responses was not observed. Furthermore, neurons labeled
with adenosine A2a receptors were anatomically co-localized with neurons stained with
enkephalin in the rVLM. These data suggest that the involvement of rVLM adenosine A2a

receptors in EA modulation of GD-induced pressor reflexes is, at least in part, dependent
on the presence of endogenous opioids.
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INTRODUCTION

Acupuncture has been practiced for at least three millennia in
Asia, and it increasingly is accepted as a potential therapy for
many disorders in the Western world, including hypertension
(Andersson, 1993; Li and Longhurst, 2010; Li et al., 2015). In
this respect, acupuncture offers a non-pharmacological as well
as an adjunctive approach to reduce high BP with fewer adverse
effects compared to anti-hypertensive drugs. However, specific
mechanisms underlying the physiological effects of acupuncture
remain unclear, and the postulated actions of acupuncture have
not been examined by rigorous scientific studies.

There is clear evidence that the CNS plays a critical
role in the development and maintenance of hypertension.
Increase in the activity of the sympathetic nervous system
contributes to high BP. Our previous studies have shown
that EA attenuates reflex elevation in BP induced by visceral
stimulation, like GD (Li et al., 2002). The rVLM is a
brain nucleus that critically controls sympathetic outflow and
cardiovascular function (Dampney, 1994). Several modulatory
neurotransmitters, including endogenous opioids and GABA in
the rVLM, contribute to central processing of somatic afferent
nerve stimulation induced by EA, resulting in improvement of
elevated BP (Tjen-A-Looi et al., 2007; Zhou et al., 2007). However,
inhibiting the action of any single neurotransmitter in the rVLM
does not reverse EA’s hypotensive effect completely, implying
the involvement of other neuromodulators during EA. In this
regard, adenosine, which is released during neuronal activation
(Spyer et al., 1997; Ribeiro et al., 2002), is another potential
neuromodulator of EA’s effect on elevated BP. The purinergic
system primarily modulates neuronal function through P1
(subclassified into adenosine A1, A2a, A2b, and A3) receptors
(Ribeiro et al., 2002; Borea et al., 2018). Selective activation of
A1 or A2a receptors in the rVLM induces pressor or depressor
responses, respectively (Nassar and bdel-Rahman, 2008, 2009;
Jiang et al., 2011) and this is consistent with adenosine A1 and
A2a receptors generally having opposing actions at cellular and
neuronal levels (Ribeiro et al., 2002; Borea et al., 2018). It is
unknown if A2a or A1 receptors in the rVLM contribute to EA’s
modulation of sympathoexcitatory reflexes.

The action of A2a receptors in the CNS may be regulated,
at least in part, through an opioid mechanism (Ribeiro et al.,
2002; By et al., 2011). Our previous studies have shown that EA
lowers reflex elevations in BP through an opioid mechanism,
modulating rVLM activity (Tjen-A-Looi et al., 2007). It remains
unknown if opioid peptides are involved in adenosine regulation
of BP, especially during EA. In this study, we evaluated the
role of A1 or A2a receptors in the rVLM in modulating EA’s
action in lowering elevated BP as well as its potential relevance
to endogenous opioids. We hypothesized that A2a but not A1
adenosine receptors in the rVLM contributes to EA modulation
of sympathoexcitatory reflexes, and the action of A2a adenosine
receptors is associated with the presence of opioids in the rVLM.

Abbreviations: BP, blood pressure; CNS, central nervous system; DMSO, dimethyl
sulfoxide; EA, electroacupuncture; GD, gastric distension; MAP, mean arterial
blood pressure; rVLM, rostral ventrolateral medulla.

MATERIALS AND METHODS

Anesthesia and Surgical Preparations
Studies were performed on adult Sprague-Dawley male rats (450–
500 g) following an overnight fast. All experimental protocols and
preparations were reviewed and approved by the Animal Care
and Use Committee of the University of California at Irvine. Also,
the study conformed to the American Physiological Society’s
Guiding Principles for Research Involving Animals.

Anesthesia was induced with ketamine (100 mg/kg, im) and
maintained with α-chloralose (50–60 mg/kg, iv). Additional
doses of α-chloralose (25–30 mg/kg, iv) were given as necessary
to maintain an adequate depth of anesthesia by observing the
absence of conjunctival reflex response. The femoral vein was
cannulated for the administration of fluids, and the femoral
artery was cannulated and connected to a pressure transducer
(Statham P23 ID, Gould) to monitor systemic BP. Heart
rate was derived from the pulsatile pressure waveform signal.
The trachea was intubated and respiration was maintained
with a ventilator (model 661, Harvard Apparatus, Holliston,
MA, United States). Arterial blood gases and pH were
measured periodically with a blood-gas analyzer (model ABL5,
Radiometer, Copenhagen, Denmark) and were kept within
normal physiological limits (pH 7.35 – 7.43, PO2 > 100 mmHg
and PCO2 30–40 mmHg) by adjusting the ventilation rate or
volume, enriching the inspired oxygen supply and infusion of
a solution of 8% sodium bicarbonate at a rate of 0.1 ml/min.
Body temperature was monitored with a rectal thermometer
(model 44TD) and maintained between 36.0 and 37.5◦C with a
heating pad and lamp.

Induction of Pressor Reflexes
Consistent reflex increases in BP were induced by GD, as we
described in detail previously (Li et al., 2002; Zhou et al., 2005a;
Guo et al., 2018). Briefly, an unstressed 2-cm diameter latex
balloon (catalog no.: 391766)1 was attached to a polyurethane
tube (3-mm diameter) and inserted into the stomach through
the mouth and esophagus. Transmural pressure was determined
by measuring the pressure required to inflate the balloon with
various volumes of air before it was inserted into the stomach
(Li et al., 2002). The balloon was palpated manually from the
surface of the body during insertion, as it was passed through
the esophagus into the stomach to confirm the positioning of the
balloon inside the stomach. A syringe was attached to the cannula
to inflate and deflate the balloon with air, while a manometer
through a T-connection was used to monitor balloon pressure.
Distention pressures were selected to fall within the range that a
rat normally experiences during ingestion of food and fluids in a
single meal (Li et al., 2002; Guo et al., 2018). To induce increases
in BP, the balloon was inflated inside the stomach. Increases
in BP were observed within 30 s of inflation. The balloon was
deflated within 30 s after reaching the maximal rise in BP. We did
not include animals in the study when the balloon was verified
post mortem to be in the esophagus. This animal model has
been used in several previous studies to assess acupuncture’s

1www.Amscan.com
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sympatholytic action (Li et al., 2002, 2013; Crisostomo et al., 2005;
Guo et al., 2018).

Acupuncture Application
P5 and P6 acupoints are located on forelimbs correspondingly
2.5 and 4.0 mm above the flexor crease in the paw (Figure 1),
between the tendons of the palmaris longus and flexor
carpi radialis muscles overlying the median nerve (Hua,
1994). Acupuncture needles (40 gauge stainless steel; diameter,
0.16 mm) were inserted (through the skin) into P5-6 acupoints
bilaterally at a depth of ∼3 mm. Stimulation of these acupoints
has been shown to lower BP during sympathoexcitatory reflexes
(Li et al., 2002; Guo et al., 2018) and in chronic hypertension
(Li et al., 2015). The needles were connected to a photoelectric
stimulus isolation unit and the stimulator (model no. S88, Grass,
West Warwick, RI, United States). Each set of electrodes was
stimulated separately as a positive and negative pole, so that
current did not flow from one location to the contralateral
forelimb. Correct placement of the needles at the P5-P6 acupoints
was confirmed by observing slight repetitive paw twitches
at or near motor threshold during EA. The twitches were
important observations to confirm the stimulation of motor
fibers in the median nerve. Gallamine triethiodide (4 mg/kg)
was administered intravenously before application of 30 min EA
(2 Hz, 0.5 ms, 0.3–0.5 mA) to avoid muscle movement during
stimulation of the median nerve. We typically lowered current
during electrical stimulation to a level just below the motor
threshold. The frequency (2 Hz) for EA was used to modulate
reflex-induced elevations in BP as we have demonstrated
previously (Li et al., 2002, 2013; Guo et al., 2018). During
sham-EA, needles were inserted into the same acupoints without
subsequent electrical stimulation, which was an appropriate
control of the acupuncture study (Li et al., 2002, 2013; Tjen-A-
Looi et al., 2004; Guo et al., 2018).

Microinjection Into the rVLM
Animals were placed in a stereotaxic head frame to position
their heads with the floor of the fourth ventricle in a
horizontal position. A partial craniotomy was performed
to expose the medulla to allow access to the rVLM. We
performed microinjections using a modified CMA microdialysis
probe that was 14 mm long (tip diameter 0.24 mm; CMA
Microdialysis, Stockholm, Sweden) and lacked the microdialysis
membrane. After being positioned by a micromanipulator (Kopf
Instruments), the probe was inserted unilaterally (side chosen
randomly) into the medulla with visual approximation at a 90◦
angle relative to the dorsal surface of the medulla, 1.8 – 2.3 mm
lateral from the midline, 1.1 – 1.6 mm rostral to the obex, and
advanced 3.0 – 3.3 mm from dorsal toward the ventral surface.
These coordinates provide access to a region in the rVLM that
has been found to contain premotor sympathoexcitatory cells (Li
et al., 2002, 2013). Proper positioning of probes in the rVLM was
confirmed by noting a 5–10 mmHg elevation in BP following the
probe insertion as well as microinjection of glutamate (2 nmol in
50 nl) (Guo et al., 2009). The correct location of the rVLM was
confirmed further by histological examination of stain from 0.5%
pontamine sky blue, which was injected along with the chemicals

tested after each experiment (Guo et al., 2009). The probe was
connected to a microsyringe fastened to microdialysis pump
(CMA/102, North Chelmsford, MA, United States) through a
fluorinated ethylene propylene tubing (0.12-mm inner diameter)
and tubing adaptors. The injection of the low possible volume
of 50 nl was carried out at a rate of 0.6 µl/min over a 5-
s period. Of note, we have demonstrated significant blockade
of EA’s actions following unilateral administration of drugs,
which allows maintaining optimal physiological state to study
EA-modulation of cardiovascular responses. This simplified
approach of unilateral microinjection has been proven to be
successful (Li et al., 2002; Crisostomo et al., 2005; Tjen-A-Looi
et al., 2007). Microinjection of the vehicle into the rVLM and
drug into surrounding regions provided chemical and anatomical
controls. We allowed any small transient changes in basal BP
induced by injecting drugs to recover before conducting an
experiment (Li et al., 2002, 2013; Tjen-A-Looi et al., 2007).

Drugs
The following drugs were used: a non-selective opioid receptor
antagonist, naloxone (1 mM) (Li et al., 2002); adenosine
A2a receptor agonist, CGS-21680 (0.4 mM) (Ichinose et al.,
2009); adenosine receptor antagonists: non-selective 8-(p-
sulfophenyl)theophylline (8-SPT, 10 mM) (Ichinose et al., 2009);
A1 selective, 1,3-Dipropyl-8-cyclopentylxanthine (DPCPX,
3 mM) (Collis et al., 1989; Nassar and bdel-Rahman, 2009); A2a
selective, SCH 58261 (1 mM) (Jiang et al., 2011). The vehicles
for these drugs are normal saline or 5% dimethylsulfoxide
(DMSO). All chemicals were purchased from Sigma Aldrich
(St. Louis, MO, United States). Affinities, specificities, and
dosages of the drugs are documented in the previous studies, as
indicated by cited references for each individual one mentioned
above. The solution of each drug or vehicle contained 0.5%
pontamine sky blue for histological examination of the injection
site after the experiment.

Experimental Protocols
Role of Adenosine Receptors in Acupuncture
Inhibition of Reflex Elevations in BP
A 30-min stabilization period was allowed after the surgical
procedure. Rats were subjected to 11-repeated GDs every 10 min,
and BPs were recorded and measured before and after each GD, as
described in the methods section. Ten-minute intervals between
GDs prevented tachyphylaxis of the cardiovascular responses (Li
et al., 2002; Guo et al., 2018). In each experiment, after recording
two repeatable elevations in BP in response to GDs, EA started
right after the 2nd time of GD and ended after the 5th time
of GD. EA was conducted for 30 min during which three GDs
(e.g., 3rd – 5th times of GD) were performed. We applied EA
at P5-P6 bilaterally at a frequency of 2 Hz (0.3–0.5 mA, 0.5-ms
duration). A non-selective adenosine receptor antagonist, 8-PST
or its vehicle (5% DMSO) was microinjected into the rVLM 5 min
before the 5th time of GD and the termination of EA. Afterward,
six times of GDs were conducted. In rats treated with sham-
EA, the same procedure was carried out as that performed in
the EA-treated animal, except for that the acupuncture needles
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Frontiers in Neuroscience | www.frontiersin.org 4 October 2019 | Volume 13 | Article 1049102

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01049 October 1, 2019 Time: 16:45 # 5

Malik et al. Electroacupuncture and Central Adenosine Receptors

FIGURE 1 | Influence of blockade of adenosine receptors in the rVLM on EA modulation of GD-induced pressor reflexes. The diagram above bar graphs displays the
sites of the P5 and P6 acupoints (Hua, 1994). Bars represent increases in mean arterial blood pressure (MAP) following GD. Values below each bar indicate the
baseline MAP (means ± SE) before GD. (A,B) 5% DMSO (50 nl) was injected into the rVLM as sham-EA (A) or EA (B) was conducted at P5-6; (C) microinjection of
8-SPT (10 mM in 50 nl; a non-selective adenosine receptor antagonist) into the rVLM with EA treatment. ∗P < 0.05, a decrease of GD response after the onset of
EA; #P < 0.05, after vs. before microinjection into the rVLM. Labels a-c in (C) indicate examples of the original BP tracings of a rat; ↓, time of GD application. These
data suggest that adenosine in the rVLM is involved in EA modulation of GD-induced pressor reflexes.

were inserted bilaterally into P5-6 acupoints without electrical
stimulation. The 5% DMSO was microinjected into the rVLM
5 min before the end of 30 min of sham-EA.

Specificity of Adenosine A1 and A2a Receptors in
Acupuncture Inhibition of Reflex Elevations in BP
Similar to the protocol used to examine the effect of 8-PST on
EA’s action in the rVLM described above, SCH 58261 (1 mM, A2a
receptor-selective antagonist) or DPCPX (3 mM, A1 receptor-
selective antagonist) were microinjected unilaterally into the
rVLM 5 min before termination of 30 min of EA. BP responses
to GD in the rat were measured every 10 min before, during, and
for 60 min after EA. The vehicle for both drugs was 5% DMSO,
similar to that for the 8-PST.

Influence of Activation or Inhibition of A2a Receptors
in the rVLM on Pressor Reflexes
In separate animals without treatment with EA or sham-EA, six-
repeated GDs were carried out every 10 min. Five min after
the establishment of two consistent pressor responses to GD,
we performed unilateral microinjection (50 nl) of 5% DMSO,
SCH 58261 (1 mM; adenosine A2a receptor-specific antagonist)
or CGS-21680 (0.4 mM; adenosine A2a receptor-specific agonist)
into the rVLM. Five min later, repeated GDs were conducted for
four times, lasting for 40 min.

Contribution of Endogenous Opioids to Adenosine
A2a Receptor-Mediated Acupuncture Modulation of
Pressor Responses
In separate rats that underwent EA treatment, we measured
BP responses to 11-repeated GDs every 10 min. EA at
P5-P6 was employed for 30 min following two repeatable
responses to GDs, similar to the protocol described above.
Differently, in this protocol, 5 min before termination of
EA or the 5th time of GD, naloxone (1 mM; a non-
selective opioid receptor antagonist), or 0.9% normal saline (the
vehicle for naloxone) were administered (50 nl) unilaterally
into the rVLM. Five min after the end of EA or the
6th time of GD, we microinjected (50 nl) SCH 58261
(1 mM, adenosine A2a receptor-specific antagonist), CGS-21680
(0.4 mM, adenosine A2a receptor-specific agonist) or 5% DMSO
into the same site of the rVLM. Afterward, GDs were conducted
repeatedly for five times.

Histology
Rats were euthanized under deep anesthesia with additional
α-chloralose, followed by saturated potassium chloride
(1 M) at the end of each experiment. The stomach was
exposed to confirm the placement of the balloon. The
medulla oblongata was removed and submerged in 4%

paraformaldehyde for at least 72 h. Frozen 60-µm coronal
sections were cut with a cryostat microtome (Leica CM1850
Heidelberger Strasse, Nussloch, Germany) to confirm the
microinjection sites histologically. Blue dye spots were
identified with a microscope. Using the atlas of Paxinos
and Watson as a guide (Paxinos and Watson, 2005), places
of microinjections in the medulla were plotted with Corel
Presentation software on reconstructed coronal sections
(Li et al., 2002, 2013).

Immunohistochemistry
Adult male Sprague-Dawley rats were anesthetized with a large
dose of ketamine/xylazine (0.6–1.0 ml, im). Transcardial
perfusion was performed using 300 ml of 0.9% saline
solution followed by 300 ml of 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4). Medulla oblongata was
harvested and sliced into 30 µm sections using a cryostat
microtome (Leica CM1850). Medullary sections were
collected serially.

Free-floating sections were used for immunohistochemical
staining. Briefly, after washing for 30 min (10 min × 3 times)
using phosphate-buffered saline containing 0.3% Triton X-
100 (PBST; pH = 7.4), brain sections were treated for 1 h
with 1% normal donkey serum (Jackson Immunoresearch
Laboratories, West Grove, PA, United States). The sections were
incubated with a primary rabbit anti-adenosine A2a receptor
antibody (1:200; Abcam, Cambridge, MA, United States) and
a mouse anti-enkephalin antibody (1:200; EMD Millipore
Corporation, Temecula, CA, United States) at 4◦C for 48 h.
The tissues subsequently were rinsed three times (10 min
for each rinse) in PBST and incubated with a fluorescein-
conjugated donkey anti-rabbit and a rhodamine-conjugated
donkey anti-mouse (1:200 dilution; Jackson Immunoresearch
Laboratories) for 24 h at 4◦C. These secondary antibodies
raised in the donkey are made for multiple labels. They
have minimal cross-reactivity to other non-specific species
(2010 catalog specializing in secondary antibodies; Jackson
Immunoresearch Laboratories). Brain sections on the
slide were air-dried. The slides were coverslipped using a
mounting medium (Vector Laboratories, Burlingame, CA,
United States). In immunohistochemical control studies,
no labeling was detected when the primary or secondary
antibody was omitted.

Image data analysis: Brain sections were scanned and
examined with a standard fluorescent microscope (Nikon, E400,
Melville, NY, United States). Two epifluorescence filters (B-
2A, or G-2A) equipped in a fluorescent microscope were used
to identify single stains appearing as green (fluorescein) or
red (rhodamine) in brain sections. Immunoreactive neurons
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labeled with adenosine A2a receptors and enkephalin appeared
as bright green and red colors, respectively (Figure 6). Selected
sections were evaluated further using a Zeiss (LSM 780) laser
scanning confocal microscope (Zeiss LSM 710, Meta system;
Zeiss, Thornwood, NY, United States). This apparatus was
equipped with HeNe and Argon lasers and allowed operation
of multiple channels. Lasers of 488- and 543-nm wavelengths
were used to excite fluorescein and rhodamine. Each confocal
section analyzed was limited to a 0.5-µm thickness in the Z-plane.
Digital images of the labels were captured and analyzed with
software (Zeiss LSM) provided with this microscope. Images
in two colors in the same plane were merged to reveal the
relationship between two labels. Single- and double-labeled
neurons were evaluated.

Statistical Analyses
Reflex responses are expressed as the difference in MAP
comparing steady-state baseline BP and pressure at peak
response. Changes in MAP are presented as bar histograms.
Data are presented as means ± SE. The increases in BPs
before and after delivery of experimental drug or vehicle were
compared by a one-way repeated-measures ANOVA followed
post hoc by the Student–Newman–Keuls test. Data are plotted
and analyzed with the Kolmogorov–Smirnov test for normal
data distribution and normalized when necessary with SigmaPlot
(Jandel Scientific Software, San Rafael, CA, United States). All
statistical analyses were performed with SigmaPlot/Stat (Jandel
Scientific). Values were considered to be significantly different
when P < 0.05.

RESULTS

The Action of Adenosine Receptors in EA
Inhibition of Reflex Elevations in BP
BP responses to GD were consistent in a group of rats
subjected to sham-EA at P5-6 (Figure 1A; n = 5). Heart
rate was not affected by GD consistently. In contrast,
EA applied at P5-6 significantly attenuated GD-induced
pressor responses (Figure 1B; P < 0.05, n = 6). The
vehicle (5% DMSO) administered into the rVLM did
not influence BP responses to GD during sham-EA or
EA (Figures 1A,B). However, EA-modulation of GD-
induced pressor reflex responses was significantly reversed
following administration of 8-SPT (a non-selective
adenosine receptor antagonist) into the rVLM (Figure 1C;
P < 0.05, n = 7).

Specificity of Adenosine A1 and A2a
Receptors in EA Inhibition of Reflex
Elevations in BP
We observed that EA modulation of GD-induced pressor
reflexes was not altered by DPCPX (an A1 receptor-specific
inhibitor; Figure 2A, n = 6). However, it was reversed by
rVLM microinjection of SCH 58261 (an adenosine A2a receptor-
specific antagonist; Figure 2B, n = 8). The administration of the

vehicle for both chemicals (5% DMSO) into the rVLM did not
influence EA inhibitory effects on GD-induced elevations in BP,
as demonstrated in Figure 1B.

Changes in Pressor Reflexes After
Activation or Inhibition of rVLM A2a
Receptors in the Absence of EA
Treatment
In the absence of EA, we observed consistent pressor responses
to GD (Figure 3A). Further, we noted that GD-induced
elevations in BP were unaltered by rVLM microinjection of
5% DMSO (the vehicle; Figure 3A; n = 5) or SCH 58261
(adenosine A2a receptor-selective antagonist; Figure 3B; n = 6).
In contrast, microinjection of CGS-21680 (A2a receptor-
selective agonist) into the rVLM significantly attenuated
GD-induced pressor responses (Figure 3C; P < 0.05,
n = 8), mimicking the EA’s inhibitory effect on pressor
responses (Figure 1B).

Involvement of Endogenous Opioids in
Adenosine A2a Receptor-Mediated EA
Modulation of Pressor Responses
Similar to the prior experiments in which rats underwent
EA treatment (Figure 1B), we observed that 11-repeated GDs
every 10 min induced consistent pressor responses despite
two subsequent microinjections of 0.9% normal saline and
5% DMSO (the vehicles) into the rVLM (Figure 4A; n = 5).
Microinjection of naloxone (a non-selective blocker of opioid
receptors) into the rVLM significantly reversed EA inhibitory
effects on GD-induced pressor responses (Figures 4B–D; all
P < 0.05), lasting at least for 25 min. The naloxone-induced
reversion of EA-modulated pressor responses was unchanged
following subsequent administration of 5% DMSO (Figure 4B;
n = 7), SCH 58261 (Figure 4C; n = 7) or CGS-21680
(Figure 4D; n = 8) into the same site of the rVLM, where the
naloxone was employed.

Histological Confirmation of
Microinjection Sites
We examined brain slices of rats subjected to the microinjection
into the rVLM and included animals in which the injections
were verified to be located within the rVLM, as described above
and shown in Figure 5. Microinjection sites were identified 1.8–
2.3 mm lateral to the midline, 1.1–1.6 mm rostral to the obex, and
0.5–1.0 mm from the ventral surface. This region was consistent
with the location of the rVLM, according to the atlas of Paxinos
and Watson (2005).

Co-localization of Adenosine A2a
Receptors and Enkephalin in the rVLM
In the rVLM of all four rats, we found perikarya and neural
fibers labeled with adenosine A2a receptors, and many neural
fibers and some cell bodies stained with enkephalin. More
importantly, we noted co-localization of adenosine A2a receptors
with neurons containing enkephalin in these rats. Approximately
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FIGURE 2 | Influence of specific blockade of A1 or A2a receptors in the rVLM on EA modulation of GD-induced pressor reflexes. Bars represent increases in mean
arterial blood pressure (MAP) following GD. Values below each bar indicate the baseline MAP (means ± SE) before GD. (A,B) Microinjection of DPCPX (3 mM in
50 nl; an A1 receptor antagonist; A) or SCH 58261 (1 mM in 50 nl; an A2a receptor antagonist; B) into the rVLM with EA treatment. ∗P < 0.05, a decrease of GD
response after the onset of EA; #P < 0.05, after vs. before microinjection into the rVLM. Labels a–d in (A) and e–h in (B) indicate examples of original BP tracings of
a rat from each group; ↓, time of GD application. These data suggest that adenosine A2a, but not A1 receptors in the rVLM contribute to EA modulation of
GD-induced pressor reflexes.
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FIGURE 4 | Importance of opioids in adenosine-mediated EA inhibition of GD-induced pressor reflexes through A2a receptors in the rVLM. Bars represent increases
in mean arterial blood pressure (MAP) following GD. Values below each bar indicate the baseline MAP (means ± SE) before GD. (A) Sequential microinjections of
normal saline and 5% DMSO (both 50 nl) into the rVLM, which are vehicles for naloxone (a non-selective opioid receptor antagonist) and SCH 58261 & CGS-21680
(an A2a receptor antagonist and agonist, correspondingly), respectively; (B–D) following microinjection of naloxone (1 mM in 50 nl) into the rVLM with EA treatment,
5% DMSO (the vehicle; B), SCH 58261 (1 mM in 50 nl; C) or CGS-21680 (0.4 mM in 50 nl; D) were administered into the same site of the rVLM. ∗P < 0.05, a
decrease of GD response after the onset of EA; #P < 0.05, after vs. before microinjection of naloxone into the rVLM. Labels a–f in (C) indicate examples of the
original BP tracings of a rat from this group; ↓, time of GD application. Blockade or activation of A2a receptors did not alter EA’s action in attenuating GD-evoked
sympathoexcitatory cardiovascular reflexes after inhibition of opioid receptors in the rVLM. These data suggest that the involvement of rVLM adenosine A2a

receptors in EA modulation of GD-induced pressor reflexes is dependent on the presence of opioids.

26 adenosine A2a receptor-containing neurons were identified
in each section of the rat’s rVLM. Eighteen of these neurons
were co-labeled with enkephalin. Thus, ∼70% of adenosine
A2a receptor-containing neurons were enkephalinergic neurons.
Figure 6 demonstrates confocal images showing the neuron
double-labeled with adenosine A2a receptors and enkephalin in
the rVLM of a rat.

DISCUSSION

Our findings show that underlying EA’s modulation of elevated
BP is a complex mechanism involving both the purinergic and
endogenous opioid systems in the rVLM. Blockade of adenosine
receptors, specifically A2a, but not A1 in the rVLM reversed EA
modulation of GD-induced pressor responses. In the absence
of EA, inhibition of adenosine A2a receptors in the rVLM
did not alter pressor reflexes evoked by GD. However, the
activation of these receptors attenuated the reflexes, mimicking
EA’s inhibitory effect. Blockade of opioid receptors in the
rVLM reversed EA’s action in inhibiting GD-induced pressor
responses and blunted the contribution of A2a receptors to
the mediation of the EA effect on reflexive responses as well.
Moreover, neurons labeled with adenosine A2a receptors were
co-localized with neurons stained with enkephalin in the rVLM.
These data support our working hypothesis that adenosine,
through rVLM A2a, but not A1, receptor stimulation, contributes
to the processing of EA-associated sympathoinhibition via an
endogenous opioid mechanism.

We have previously shown that EA lowers elevated BP
in experimental hypertensive models and patients with
hypertension (Longhurst and Tjen-A-Looi, 2013; Li et al.,
2015, 2016). Mechanical and chemical stimulation of visceral
spinal afferents commonly causes reflex increases in BP due to
enhanced sympathetic nerve activity (Li et al., 2002; Zhou et al.,
2005b; Tjen-A-Looi et al., 2007) and the CNS is critically involved
in the development of hypertension (Dampney, 1994). Our
previous studies have demonstrated that EA at P5-6 attenuates
reflex elevations in BP induced by visceral stimulation, like
GD and chemical stimulation of gall bladder, compared to
sham-EA without electrical stimulation and EA applied at non-
acupoints. Our results indicate that the function of EA depends
on both electrical activation and specific acupoints (Tjen-A-Looi
et al., 2004, 2007; Zhou et al., 2005a; Guo et al., 2018). EA at
P5-6 inhibits visceral sympathoexcitatory pressor responses
through influence on multiple brain regions like arcuate nuclei,
periaquductal gray, among others, which finally affect the rVLM

and modulate hypertensive responses (Li and Longhurst, 2010).
The rVLM is a crucial brain area that controls sympathetic
outflow and integrates cardiovascular reflexes (Dampney, 1994).
It also appears to serve as an essential area for processing the
inhibitory effect of EA on sustained hypertension and pressor
responses (Tjen-A-Looi et al., 2007; Li and Longhurst, 2010; Li
et al., 2016). Visceral afferents including those located in the
stomach pass through the splanchnic nerve to the brain regions,
including the rVLM (Li et al., 2002; Zhou et al., 2005b; Li and
Longhurst, 2010). Since EA at P5-6 inhibits evoked-activity
of rVLM pre-sympathetic neurons during stimulation of the
splanchnic nerve (Zhou et al., 2005b; Tjen-A-Looi et al., 2007),
excitatory cardiovascular responses induced by splanchnic inputs
to the rVLM likely are inhibited by EA through stimulation of
somatic afferents.

We observed previously that EA modulates pressor
cardiovascular responses induced by visceral stimulation
through several neurotransmitters or neuromodulators,
including opioids, GABA, nociception, and serotonin in the
rVLM (Tjen-A-Looi et al., 2007; Moazzami et al., 2010). However,
inhibition of any one of these neural substances in the rVLM
only partially eliminates EA’s hypotensive effect, implying the
contribution of other modulators during EA. In this regard,
adenosine is released during neuronal activation (Spyer et al.,
1997; St Lambert et al., 1997; Burnstock, 2007) and primarily
modulates neuronal function through P1 receptors (Spyer et al.,
1997; Burnstock, 2007). Adenosine receptors are distributed
in various regions in CNS, including the rVLM (Thomas and
Spyer, 1999; Nassar and bdel-Rahman, 2008, 2009; Jiang et al.,
2011). Moreover, there is evidence showing that adenosine
modulates rVLM activity (Thomas and Spyer, 1999). Although
adenosine likely serves a peripheral local role in acupuncture
antinociception (Goldman et al., 2010), its contribution to
modulatory action of acupuncture in the brain, particularly
in the rVLM, is uncertain. In the present study, we found
that non-selective inhibition of adenosine receptors in the
rVLM reversed the EA-inhibitory effect on GD-induced pressor
responses, implying involvement of adenosine and its receptors
in processing EA’s action in the rVLM.

Adenosine P1 receptors are sub-classified into four G protein-
coupled receptors: A1, A2a, A2b, and A3. The expression of
patterns of these receptors varies among cell types, and adenosine
induces a multitude of physiological effects, including neuronal
activity in the body. While all four adenosine receptor subtypes
are present in CNS, the adenosine A1 and A2a receptors are
predominantly expressed in the brain (Ribeiro et al., 2002;
Borea et al., 2018). Previous studies showed that selective
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FIGURE 5 | Anatomic locations of microinjection sites in the rat. (Top two
panels) Composite maps displaying histologically verified sites of
microinjections in the rVLM of rats. The box indicates the magnified area of
the rVLM in these panels. Brain section shows the composite of planes of
brain stem rostral to the obex (Paxinos and Watson’s atlas) (Paxinos and
Watson, 2005). Symbols represent microinjection of 5% DMSO with and
without normal saline (�), 8-SPT (�), DPCPX (+), SCH 58261 only (N),
CGS-21680 only ( ), and naloxone (F). All the injections were unilateral (side
chosen randomly). Sections are 1.08 – 1.32 and 1.32 – 1.56 mm rostral to the
obex. Amb, nucleus ambiguous; IO, inferior olive; rVLM, rostral ventrolateral
medulla; Sp5, spinal trigeminal nucleus. (Bottom panel) An original slide of
the medulla oblongata (1.32 mm rostral to the obex) shows the blue-dyed
track of a modified microdialysis probe insertion used for injection. Ventral
aspect of blue dye represents the site of microinjection in the rVLM as
indicated by an arrow. A scale bar represents 1 mm.

pharmacological activation of A1 or A2a receptors in the rVLM
induces pressor or depressor responses, respectively (Nassar and
bdel-Rahman, 2008, 2009; Jiang et al., 2011). Based on these

previous studies, we hypothesized that adenosine receptors A2a
rather than A1 are involved in EA’s inhibitory effect on excitatory
cardiovascular responses. Data from the present study support
our working hypothesis, which demonstrated that specific
inhibition of A2a, but not A1 receptors in the rVLM reversed
EA modulation of GD-induced pressor reflexes. Furthermore, the
application of the specific A2a receptor agonist into the rVLM
reduces GD-induced pressor responses without EA treatment,
which mimics EA’s effect. Blockade of A2a receptors in the rVLM
did not alter GD-induced pressor reflexes in the absence of EA,
which implies no involvement of this type of adenosine receptors
in primary GD-induced excitatory cardiovascular responses. Our
results support the notion about the role of adenosine via A2a
receptors in the rVLM in processing EA’s modulatory action
on visceral sympathoexcitatory reflexes. Goldman and colleagues
showed that adenosine A1 receptors participate in antinociceptive
effects of manual acupuncture in peripheral tissues (Goldman
et al., 2010), but they unlikely contribute to EA modulation of
cardiovascular pressor responses in the rVLM as A2a receptors
do. As such, we suggest that adenosine may contribute to
the effect of acupuncture through different types of adenosine
receptors in CNS versus peripheral tissues. Also, different kinds
of adenosine receptors may be involved in acupuncture’s action
in various physiological and pathophysiological statuses as well as
during the application of varying acupuncture stimulation (e.g.,
EA vs. manual acupuncture). Addressing these issues requires
further investigations.

In general, adenosine A1 receptors are coupled to Gi/o
and A2a receptors to Gs protein. Thus, adenosine triggers
opposite effects on adenylate cyclase and its associated cAMP
intracellular pathway, leading to inhibition and excitation of
cells through adenosine A1 and A2a receptors respectively
(Ribeiro et al., 2002; Borea et al., 2018). Excitation of pre-
sympathetic premotor neurons in the rVLM usually leads
to an increase in BP, while inhibition of them causes a
decrease in BP (Dampney, 1994). It seems to be reasonable to
assume that activation of A1 and A2a receptors in the rVLM
premotor neurons contributes to reduction and elevation in
BP, accordingly. However, several lines of evidence show that
selective pharmacological excitation of adenosine A1 or A2a
receptors in the rVLM leads to increase or decrease in BP,
respectively (Nassar and bdel-Rahman, 2008, 2009; Jiang et al.,
2011), which disagree with the assumption aforementioned.
These reports imply that adenosine unlikely influences post-
synaptic premotor neurons in rVLM through A1 or A2a receptors
directly. In this respect, it is possible that adenosine may, through
these subtypes, modulate the release of neurotransmitters or
modulators from pre-synaptic neurons, which then affect rVLM
premotor neurons and BP. Previous studies in the brain support
this possibility, demonstrating that A1 and A2a receptors are
involved in inhibition and enhancement of pre-synaptic release
of neurotransmitters (Cunha and Ribeiro, 2000; Ribeiro et al.,
2002; Scislo and O’Leary, 2006). In particular, adenosine reduces
GABA release through pre-synaptic A1 receptors in the rVLM,
which contributes to increasing the rVLM activity and elevated
BP during stimulation of the hypothalamic defense area (Thomas
and Spyer, 1996, 1999; St Lambert et al., 1996; Han et al., 2011).
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FIGURE 6 | Confocal microscopic images show double-fluorescent labeling of adenosine A2a receptors and enkephalin in the rVLM of a rat. (A) Low-power
photomicrograph (1.44 mm rostral to the obex). (B) Magnified region displayed within the box in (A). (B) Is a merged image from (C,D). Arrows in (B–D) indicate a
neuron co-labeled with adenosine A2a receptors and enkephalin (yellow), adenosine A2a receptors (green) and enkephalin (red), respectively. Scale bars in (A,B–D)
represent 200 and 50 µm, correspondingly.

Given our previous findings of EA’s inhibitory effects on
pressor cardiovascular responses through GABA, opioids, and
nociceptin in the rVLM (Crisostomo et al., 2005; Tjen-A-
Looi et al., 2007), we speculate that EA likely enhances these
neurotransmitters or modulators through adenosine-mediated
A2a receptor mechanisms in the rVLM and lowers elevated BP
during cardiovascular pressor responses.

A body of evidence shows interactions between the adenosine
and opioid systems in CNS (Ribeiro et al., 2002; Borea et al.,
2018). In this regard, a previous study notably demonstrated that
antinociceptive effects of intracerebroventricular administration
of A2a receptor agonist are regulated, at least in part,
through an opioid mechanism (By et al., 2011). Opioids
play a role in EA regulation of cardiovascular responses
(Tjen-A-Looi et al., 2007; Li and Longhurst, 2010). In this
respect, EA reduces rVLM pre-sympathetic activity and reflex-
induced elevations in BP through an opioid mechanism
involving enkephalins (via δ- and µ-receptors) and endorphins
(µ-receptors), but not dynorphins (κ-receptors) (Li et al.,
2001, 2002; Tjen-A-Looi et al., 2007). Moreover, administering
one of δ- and µ-receptor agonists into the rVLM attenuates
pressor responses caused by visceral stimulation, including
GD (Li et al., 2002, 2013; Crisostomo et al., 2005; Tjen-
A-Looi et al., 2007), which mimics EA’s effect. Enkephalins
are synthesized in EA-activated rVLM neurons (Guo et al.,
2004), while endorphins are produced in the hypothalamic
arcuate nucleus and then transported to the rVLM (Li et al.,
2009). Preproenkephalin mRNA in the rVLM is increased
following single and repetitive EA in normotensive models
(Li et al., 2010, 2012). It is unknown if opioids are involved
in adenosine regulation of elevated BP during EA. In the
present study, we observed that non-selective blockade of opioid
receptors in the rVLM partially reverses EA inhibitory effects
on GD-induced pressor responses, which are consistent with
our previous findings of the importance of opioids in the
EA’s impact, as aforementioned (Li et al., 2002, 2013). More
interestingly, we noted that neither inhibition nor activation
of A2a receptors in the rVLM cause any changes in GD-
induced elevation in BP following blockade of opioid receptors

in animals subjected to EA. These observations suggest that
the involvement of rVLM adenosine A2a receptors in EA
modulation of GD-induced pressor reflexes is, at least in
part, specifically dependent on the presence of endogenous
opioids. Furthermore, our anatomical data demonstrate that
A2a receptors in the rVLM co-localize with enkephalin-
containing neurons, indicating an influence of adenosine on
these enkephalinergic neurons through A2a receptors in the
rVLM. With our previous and current findings taken together,
we think that EA likely excites rVLM enkephalin-containing
neurons, at least in part, through adenosine via A2a receptors and
promotes enkephalin release, leading to modulation of the pre-
sympathetic activity of rVLM neurons and elevated BP evoked by
GD (Figure 7).

Adenosine A2a receptors also are present in the post-synaptic
neurons, including rVLM premotor neurons (Thomas and Spyer,
1999; Ribeiro et al., 2002; Borea et al., 2018). Thus, we cannot
exclude a possibility that A2a receptors in these neurons are
activated during EA. However, the potential excitatory effect of
activation of A2a receptors on the post-synaptic neurons might be
counteracted by the inhibitory action, resulting from activation
of adenosine A1 receptors as well as receptors associated with
other neurotransmitters or neuromodulators like opioids, GABA,
and among others. In this respect, particularly, there is evidence
showing that δ-receptor agonists inhibit A2a receptor-mediated
activation of adenylyl cyclase, leading to a reduction in cAMP-
regulated phosphorylation of neurons in the striatum and
caudate putamen of rats (Noble and Cox, 1995; By et al., 2011).
Further studies are needed to examine this possibility (Figure 7).

One limitation of the present study is that we cannot
identify directly the source of EA-activated neurons that
generate adenosine due to technical restrictions. However, as we
demonstrated previously, EA activates neurons in multiple brain
regions like the paraventricular nucleus, arcuate nucleus, nucleus
tractus solilatrii, caudal ventrolateral medulla, and raphe nucleus,
which project to the rVLM directly with mono-synaptic axons
(Li et al., 2009; Moazzami et al., 2010; Tjen-A-Looi et al., 2013,
2016; Guo and Malik, 2019). As such, it is reasonable to suggest
that neurons generating adenosine during EA may be present

Frontiers in Neuroscience | www.frontiersin.org 12 October 2019 | Volume 13 | Article 1049110

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01049 October 1, 2019 Time: 16:45 # 13

Malik et al. Electroacupuncture and Central Adenosine Receptors

FIGURE 7 | Potential neural pathways associated with the action of adenosine A2a receptor-opioids in the rVLM in EA regulation of sympathetic outflow and
cardiovascular pressor responses during visceral stimulation. +, indicates activation or enhancement of the system; –, indicates inhibition of the system; EA,
electroacupuncture; GD, gastric distension. EA likely activates adenosine A2a receptors in the rVLM, which promotes opioid generation. The activation of opioid
receptors causes inhibition of the pre-sympathetic activity of rVLM neurons directly as well as through suppression of A2a receptor-mediated excitation of these
neurons, leading to a reduction in blood pressure.

in the rVLM as well as in other brain areas that have direct
connections with the rVLM.

Perspective and Significance Elevated BP during
sympathoexcitatory responses frequently increase morbidity
and mortality of patients with cardiovascular diseases (Guo
et al., 2009; Li and Longhurst, 2010). Acupuncture’s effects
on reflex-induced elevations in BP provide important clues
to clinical treatment of acute pressor responses and essential
hypertension (Li and Longhurst, 2010; Longhurst and Tjen-
A-Looi, 2013). In this respect, using modalities of stimulation
proven to reduce elevated BP in reflex animal models effectively,
we have found in patients with essential hypertension that
repetitive EA lowers BP for weeks following therapy (Li and
Longhurst, 2010; Li et al., 2015). The acute reflex studies
in anesthetized animals have allowed in-depth mechanistic
investigation of EA-related alterations in CNS processing
of autonomic outflow to complement studies in sustained
hypertension. The present study identified adenosine’s role in the
rVLM through opioids during EA modulation of reflex-induced
elevations in BP. Our results thus expand the understanding
of neural mechanisms underlying EA inhibition of elevated
BP and suggest conducting further studies to elucidate these
mechanisms further. With this respect, we may examine if
adenosine receptors in other brain regions participate in
EA modulation of cardiovascular responses. Also, it will be
interesting to test if adenosine via specific receptors interacts

with neurotransmitters or neuromodulators other than opioids
in the brain areas during EA’s effects on elevated BP, including
through adenosine receptor heteromers. These proposed
studies will further explore central mechanisms underlying the
specific contribution of adenosine to EA’s action in regulating
cardiovascular responses.

Caffeine is a non-specific antagonist for adenosine receptors
(Ribeiro et al., 2002). In light of our new results, patients
with hypertension and other cardiovascular diseases may
need to avoid consuming high levels of caffeine, when
they undergo acupuncture treatment to achieve the full
benefits of this therapy. These stimulants may reduce the
activity of adenosine A2a receptors and thus the beneficial
effects of acupuncture. On the other hand, our result
also suggests that an agonist drug, like deoxycoformycin
(Pentostatin) that can increase adenosine may act through
the adenosine A2a receptors to enhance the clinical
benefits of acupuncture, particularly, in management of
cardiovascular disorders.

CONCLUSION

In conclusion, the results from the present study demonstrate
that A2a adenosine receptors in the rVLM play a role in
central processing EA’s action in modulating reflex excitatory
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cardiovascular responses. The participation of rVLM adenosine
A2a receptors in EA modulation of GD-induced pressor
reflexes is, at least in part, dependent on the presence
of opioids. These new findings extend our knowledge
regarding central neural mechanisms underlying acupuncture’s
influence on cardiovascular function and provide hints
at possible ways to enhance the clinical response of
acupuncture therapy.
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Mechanisms Responsible for  
Genetic Hypertension in Schlager 
BPH/2 Mice
Kristy L. Jackson1, Geoffrey A. Head1*, Cindy Gueguen1, Emily R. Stevenson1, 
Kyungjoon Lim1,2 and Francine Z. Marques1,3

1 Neuropharmacology Laboratory, Baker Heart and Diabetes Institute, Melbourne, VIC, Australia, 2 Department of Physiology, 
Anatomy and Microbiology, School of Life Sciences, La Trobe University, Melbourne, VIC, Australia, 3 Hypertension Research 
Laboratory, School of Biological Sciences, Monash University, Clayton, VIC, Australia

It has been 45 years since Gunther Schlager used a cross breeding program in mice to 
develop inbred strains with high, normal, and low blood pressure (BPH/2, BPN/3, and BPL/1 
respectively). Thus, it is timely to gather together the studies that have characterized and 
explored the mechanisms associated with the hypertension to take stock of exactly what is 
known and what remains to be determined. Growing evidence supports the notion that the 
mechanism of hypertension in BPH/2 mice is predominantly neurogenic with some of the 
early studies showing aberrant brain noradrenaline levels in BPH/2 compared with BPN/3. 
Analysis of the adrenal gland using microarray suggested an association with the activity of 
the sympathetic nervous system. Indeed, in support of this, there is a larger depressor 
response to ganglion blockade, which reduced blood pressure in BPH/2 mice to the same 
level as BPN/3 mice. Greater renal tyrosine hydroxylase staining and greater renal noradrenaline 
levels in BPH/2 mice suggest sympathetic hyperinnervation of the kidney. Renal denervation 
markedly reduced the blood pressure in BPH/2 but not BPN/3 mice, confirming the 
importance of renal sympathetic nervous activity contributing to the hypertension. Further, 
there is an important contribution to the hypertension from miR-181a and renal renin in this 
strain. BPH/2 mice also display greater neuronal activity of amygdalo-hypothalamic 
cardiovascular regulatory regions. Lesions of the medial nucleus of the amygdala reduced 
the hypertension in BPH/2 mice and abolished the strain difference in the effect of ganglion 
blockade, suggesting a sympathetic mechanism. Further studies suggest that aberrant 
GABAergic inhibition may play a role since BPH/2 mice have low GABAA receptor δ, α4 and 
β2 subunit mRNA expression in the hypothalamus, which are predominantly involved in 
promoting tonic neuronal inhibition. Allopregnanolone, an allosteric modulator of GABAA 
receptors, which increase the expression of these subunits in the amygdala and hypothalamus, 
is shown to reduce the hypertension and sympathetic nervous system contribution in BPH/2 
mice. Thus far, evidence suggests that BPH/2 mice have aberrant GABAergic inhibition, 
which drives neuronal overactivity within amygdalo-hypothalamic brain regions. This 
overactivity is responsible for the greater sympathetic contribution to the hypertension in 
BPH/2 mice, thus making this an ideal model of neurogenic hypertension.

Keywords: neurogenic hypertension, allopregnanolone, orexin, GABA receptor A, amygdala, hypothalamus, 
Schlager mice, sympathetic nervous system
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INTRODUCTION

Experimental models of hypertension have been developed over 
the last half century and have made a major contribution to 
our understanding of the mechanisms underlying the 
development and treatment of hypertension. Of particular note 
here is the spontaneously hypertensive rat (SHR), the stroke-
prone SHR from Japan, and other inbred strains such as the 
Milan (Bianchi et  al., 1986) and Lyon strains (Sassolas et  al., 
1981). There are also a number of transgenic hypertensive rats 
such as those that have been encoded with the mouse renin 
gene, which results in hypertension (Sander et  al., 1992). By 
contrast, there have been relatively few hypertensive mouse 
strains available for hypertension research that have been 
crossbred from normotensive mice. A frequently studied model 
is that developed by Gunther Schlager and colleagues in the 
early 1970s (Schlager, 1974). They established an inbred 
hypertensive strain of mice (BPH/2, Blood Pressure High) that 
has subsequently been studied in a wide range of investigations. 
These have described the phenotype, including genetics (Schlager, 
1994; Marques et al., 2011a), cardiovascular function (McGuire 
et  al., 2007; Davern et  al., 2009), renal function (Rosenberg 
et al., 1982), behavior (Elias et al., 1975a), as well as involvement 
of the sympathetic (Davern et  al., 2009; Jackson et  al., 2013) 
and central nervous system (Jackson et  al., 2014d). Thus, 
we  have reached a point where we  know a great deal about 
the mechanisms involved in producing the higher blood pressure 
(BP) in this mouse strain. What has become clear is the 
important contribution of the sympathetic nervous system (SNS) 
as well as the renal contribution that appears to involve a 
specific microRNA regulation of renin (Jackson et  al., 2013). 
Importantly, these revelations are paralleled in the human form 
of hypertension (Marques et  al., 2011c, 2015). Nevertheless, 
there is still a great deal to discover about these intriguing 
hypertensive mice. The present review aims to provide an 
overview of the literature published on BPH/2 mice, with a 
particular focus on the evidence that these mice represent a 
unique model of neurogenic hypertension.

DEVELOPMENT AND CARDIOVASCULAR 
CHARACTERISTICS

Genetically hypertensive mice are one of three lines of mice, 
namely BPL/1 (Blood Pressure Low), BPH/2, and BPN/3 (Blood 
Pressure Normal), which were concurrently selectively bred 
based on their BP (Schlager, 1974). It is worth noting that 
measuring BP in the 1970s in mice involved the tail-cuff 
technique that required restraining and heating the animals 
to 37° to determine systolic blood pressure (SBP) (Schlager, 
1974). Thus, the target BP for breeding was in effect the level 
of BP reached during restraint stress, which is known to elevate 
BP by 30–40  mmHg and is therefore unlikely to be  resting 
BP (Chen et  al., 2009). The stable hypertensive phenotype in 
BPH/2 and hypotensive phenotype in BPL/1 mice were derived 
through a breeding program applying a two-way selection for 
high and low SBP respectively, using tail-cuff BP measurements 

(Schlager, 1974). The third line was randomly selected for 
breeding from the same base population and resulted in a 
normotensive (BPN/3) strain of mice. The basis for the cross 
breeding were eight different inbred strains to produce maximum 
genetic heterogeneity (C57BL/6J, SJL/J, LP/J, BALB/cJ, RF/J, 
129/J, CBA/J, and BDP/J) (Schlager, 1974).

Hypertensive BPH/2 mice display higher BP than control 
lines from as young as 6  weeks of age, based on tail-cuff 
measurements (Schlager and Sides, 1997). SBP in BPH/2 mice 
can range from approximately 100 to 150  mmHg depending 
on the method of BP measurement (tail-cuff versus radio-
telemetry), age (6–23 weeks old), and time of day (light versus 
dark period) (Schlager and Sides, 1997; Davern et  al., 2009). 
Furthermore, SBP in male and female BPH/2 were found to 
be  similar (Leckie, 2001). Regardless, a statistically and 
physiologically important and genetically determined difference 
in BP between the BPN/3 normotensive control mice compared 
with BPH/2 mice is always apparent. These characteristics 
give BPH/2 mice an advantage over experimentally or 
pharmacologically induced hypertensive models, which require 
extra interventions to initiate the hypertensive phenotype. 
Further, there can be  a large difference between the degree 
of hypertension in males and females as in the case of 
Angiotensin II-induced hypertension (Xue et  al., 2007).

The introduction of radio-telemetry measurement for mice 
was developed in 2000 (Kramer et al., 2000; Butz and Davisson, 
2001) nearly a decade after implants for rats (Brockway et al., 
1991). Continuous 24-h telemetry measurements confirmed 
the hypertension in adult BPH/2 compared with BPN/3 mice 
but the technique was not suitable to measure BP in mice 
weighing less than 17  g (~6–8  weeks old for BPH/2). At 
15  weeks of age, the SBP was 24% and at 23  weeks 18% 
higher than that observed in BPN/3 mice (Davern et  al., 
2009). This compares surprisingly well to 24% higher SBP 
at 14–21  weeks of age as measured 30  years earlier by tail-
cuff (Schlager et  al., 1979). The BP varies during the 24-h 
period in mice, following a nocturnal pattern with the highest 
BP, heart rate (HR), and locomotor activity during the night 
when the mice are active, and lowest during the day when 
the mice are less active (Davern et  al., 2009). A major 
characteristic of the BPH/2 strain is a markedly exaggerated 
day-night difference in BP, HR, and activity compared to the 
normotensive BPN/3 (Jackson et al., 2014b), C57/Bl6 (Davern 
et  al., 2009), and hypertensive BPH/ApoE mice (Figure 1; 
Al-Sharea et  al., 2019). This day-night difference was small 
and did not reach statistical significance in the first telemetry 
study with BPH/2 mice (McGuire et  al., 2007) but has been 
observed in most if not all subsequent studies (Palma-
Rigo  et  al., 2011; Davern et  al., 2014; Jackson et  al., 2014b,d, 
2016; Stevenson et  al., 2017; Gueguen et  al., 2019; Watson 
et  al.,  2019). Reports of HR measured by the tail-cuff 
technique  are variable as to whether BPH/2 mice are 
tachycardic (Schlager and Sides, 1997) or not (Schlager, 1974) 
but radio-telemetric measurement of HR under non-stressed 
conditions consistently shows that BPH/2 mice have higher 
HR than the normotensive BPN/3 mice (McGuire et al., 2007;  
Davern et  al., 2009).
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Response to Aversive  
or Non-aversive Stress
Davern and colleagues measured the cardiovascular response 
to a range of acute stressors in BPH/2 mice compared with 
BPN/3 mice (Davern et  al., 2010b). These included aversive 
stressors of 5- or 60-min duration such as restraining mice 
in a plexi-glass tail-cuff restrainer and “shaker stress” which 
involved placing mice (in cages) on a rotating platform. Mice 
were also subject to the non-aversive “appetitive” stimulus of 
being presented with a piece of almond to eat, which produced 
a pressor response of approximately 20  mmHg, the same 
magnitude as aversive stressors in BPN/3 mice. The pressor 
response induced by appetitive stress was only 20% greater in 
BPH/2 mice whereas aversive stressors were 60–80% greater 
than in BPN/3 (Davern et  al., 2010a,b). The exaggerated 
cardiovascular response to stress in BPH/2 mice may be  due 
to greater perception of the stress or changes in the central 
pathways integrating the cardiovascular response. BPH/2 mice 
appear to be less anxious than controls, based on more frequent 
entry and greater duration spent in the open arms of an 
elevated plus/minus maze (Thifault et al., 2001). However, lower 
activity measurements in BPH/2 mice compared with BPN/3 
mice in an open-field test suggest that under certain conditions, 
BPH/2 mice may be  more anxious (Elias and Pentz, 1977). 
In behavioral terms, based on subjective observation of fighting, 
BPH/2 mice were reported to be  more aggressive than control 
strains (Elias et  al., 1975a). However, BPH/2 mice were shown 
to be  less socially aggressive than control mice through a 
semi-quantitative assessment of social aggression based on time 
taken to attack and time spent in non-aggressive and aggressive 

social interaction toward other mice (Elias et al., 1975a). These 
inconsistencies in behavioral responses to environmental or 
socially stressful stimuli could further indicate abnormalities 
in anxiety and aggression which can be related to hypertension 
in humans (Perini et  al., 1990). Yet the question still remains 
whether there are any environmental cues in the life of a 
laboratory mouse that contribute to development of hypertension 
in this model. This is likely to be a difficult question to answer 
given that hypertension is reportedly apparent at a very young 
age, when telemetric BP measurement is difficult to obtain. 
Furthermore, if stress is driving the hypertension, and since 
BPH/2 mice spontaneously develop hypertension without any 
deliberate external interventions such as chronic stress exposure, 
the stimuli that the BPH/2 mice may perceive as “stressful” 
would likely be  those that are naturally occurring in the life 
of a laboratory mouse. Furthermore, since BPH/2 and BPN/3 
mice are housed under comparable conditions, the same stimuli 
that lead to hypertension in BPH/2 mice could be  considered 
relatively benign in BPN/3 mice, in that they would not usually 
lead to hypertension in BPN/3 mice.

SYMPATHETIC CONTRIBUTION TO THE 
HYPERTENSION IN BPH/2 MICE

The earliest indication that BPH/2 mice may have a neurogenic 
form of hypertension came from findings showing an inverse 
relationship between whole brain noradrenaline levels and BP 
in the three lines of mice (BPN/3, BPH/2, and BPL/1) (Schlager 
et  al., 1979). However, dopamine levels in the brain were 

A C

B D

FIGURE 1 | Twenty-four-hour patterns of blood pressure (BP, A) and heart rate (HR, B) in BPH/2 (red), BPN/3 (blue), and C57/Bl6 (yellow) mice. Right histograms 
are the average day-night differences for each strain in BP (C) and HR (D) and also include a BPH/ApoE cross (green). Data adapted from Davern et al. (2009), 
Jackson et al. (2014b), Al-Sharea et al. (2019). *Indicates p < 0.05 between BPN/3 and BPH/2.
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similar between strains suggesting that the availability of this 
precursor of noradrenaline was not limiting the production 
of noradrenaline of BPH/2 mice (Buu et  al., 1987). A more 
discrete assessment of central noradrenaline content revealed 
lower levels in the midbrain and cerebellum in BPH/2 compared 
with control mice, despite similar levels of noradrenaline in 
the hypothalamus and brainstem (Schlager et  al., 1983; Buu 
et  al., 1987). As such, strain differences in brain noradrenaline 
levels are unlikely to be  caused by a global abnormality of 
noradrenaline metabolism because noradrenaline content was 
not consistently low throughout the whole brain. Further 
evidence of a central mechanism came from observations that 
higher brain cytochrome oxidase staining (an indicator of 
neuronal activity) and greater acute BP response to nicotine 
occurred in BPH/2 (Schlager and Freeman, 1983; Backer and 
Schlager, 1984; Denoroy et  al., 1985; Strazielle et  al., 2004). 
An important confirmation of the contribution of the SNS to 
hypertension in BPH/2 mice has only been demonstrated in 
the last decade, initiated by the finding that ganglion blockade 
abolished the hypertension in BPH/2 mice, ultimately reducing 
BP to levels comparable with normotensive BPN/3 control mice 
(Davern et  al., 2009). Furthermore, even when the depressor 
response to ganglion blockade was represented as a percentage 
of baseline, the response was still greater in BPH/2 compared 
with BPN/3 normotensive controls (Davern et al., 2009), unlike 
findings in SHR where the percentage reduction by 
hexamethonium was the same as the control normotensive 
strain (Touw et  al., 1980). A similar 23% reduction in BP was 
observed with the central sympatholytic drug α-methyldopa 
in both SHR and normotensive Wistar rats (Head and de 
Jong, 1986). Thus, the BPH/2 differs from the SHR in being 
more dependent on the SNS for hypertension. Greater SNS 
activity in BPH/2 was also supported by a greater mid-frequency 
BP power, which is an indirect indicator of vasomotor SNS 
activity, in BPH/2 compared with BPN/3 mice (Davern et  al., 
2009). Using ganglion blockade with prior angiotensin-
converting-enzyme (ACE) inhibitor pretreatment, the SNS 
contribution to BP was 1.7-fold greater in BPH/2 mice compared 
with BPN/3 mice during both light (inactive) and dark (active) 
periods (Jackson et  al., 2013). Importantly, the contribution 
of the SNS to BP did show typical circadian fluctuations, with 
the SNS excitation peaking during the active period in both 
strains. This suggests that the cause of the hypertension is 
likely to be  24-h overactivity of the SNS (tonic component) 
but there is still an overlying circadian pattern with the SNS 
activity being greatest (in all mice) during the active period 
(phasic component). Greater tyrosine hydroxylase staining in 
the kidney of BPH/2 mice also indicated sympathetic 
hyperinnervation (Jackson et  al., 2013) which has been seen 
in other models of hypertension such as SHR (Cassis et  al., 
1985). More recently, renal noradrenaline levels were reported 
to be  markedly greater in BPH/2 compared with BPN/3 mice 
and bilateral renal denervation was shown to reduce the 
hypertension by one-third in BPH/2 mice without affecting 
BP in BPN/3 mice (Gueguen et  al., 2019). Interestingly, the 
hypotensive response may also involve the renin-angiotensin 
system (RAS) since the enhanced renin mRNA levels in BPH/2 

mice were normalized following renal denervation (Gueguen 
et  al., 2019). Overall, greater sympathetic drive to the kidneys 
and possibly more generally, contribute largely to the hypertension 
in BPH/2 mice.

BRAIN REGIONS INVOLVED IN 
MEDIATING THE HYPERTENSION IN 
BPH/2 MICE

Amygdalo-Hypothalamic Pathway 
Contribution to Hypertension 
in BPH/2 Mice
The amygdala integrates sensory (e.g., olfactory) and cognitive 
information to initiate behavioral responses to specific stimuli 
during aversive psychological and physiological stress as well 
as reproductive stimuli. In addition, a major pathway for 
sympathetic activation involves projections from the amygdala 
to the anterior hypothalamus, the dorsomedial hypothalamus 
(DMH), and the ventromedial hypothalamus (VMH) (Choi 
et al., 2005). These projections are glutamatergic and GABAergic 
(Choi et  al., 2005). Davern and Head suggested that forebrain 
regions including the medial amygdala (MeAm) may 
be  responsible for driving the hypertension in BPH/2 mice 
(Davern and Head, 2011). Indeed, marked differences in neuronal 
activity were observed between BPH/2 and BPN/3 mice in 
different brain regions before and after the surge in BP that 
occurs during the onset of the dark (active) period. In particular, 
Davern and colleagues showed that the number of neurons 
expressing c-Fos, a protein marker of recent neuronal activation 
(Li and Dampney, 1992), in the DMH, the paraventricular 
hypothalamus (PVN), the central amygdala, and the MeAm 
of BPH/2 mice was markedly greater compared with BPN/3 
mice (Davern et  al., 2009). Interestingly, the authors reported 
that the MeAm was the only region to display greater c-Fos 
stained neurons in both the light (inactive) and dark (active) 
periods in BPH/2 compared with BPN/3 mice. Furthermore, 
neuronal activity within the MeAm of BPN/3 and BPH/2 mice 
strongly correlated with BP and also with the decrease in BP 
caused by ganglion blockade (Davern et  al., 2009). Taken 
together, these findings suggest that greater neuronal activity 
in the MeAm of BPH/2 mice may lead to elevations in BP 
via influences on the SNS.

The MeAm was also one of the brain regions with greater 
c-Fos containing neurons in BPH/2 mice compared with BPN/3 
mice following exposure to 1 h of dirty cage switch stress (Davern 
et  al., 2010a). This involved placing a mouse in a previously 
occupied cage and after an hour, greater c-Fos stained neurons 
were observed in the CeAm, DMH, PVN, and rostro-ventrolateral 
medulla (RVLM) (Davern et  al., 2010a). Using c-Fos-
immunohistochemistry, the MeAm can be  readily observed as 
playing a major role in regulating stress (Cullinan et  al., 1995; 
Beckett et  al., 1997; Dayas et  al., 2001; Dielenberg et  al., 2001; 
Porter and Hayward, 2011). Moreover, this region is particularly 
important for integration of olfactory and chemosensory signaling 
involved in predator and territorial responses and reproduction 
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(Dielenberg et al., 2001; Samuelsen and Meredith, 2009). Although 
Dielenberg and colleagues identified that predominantly 
psychological stressors activated the MeAm, it was interesting 
to note that physiological stressors such as hemorrhage also 
selectively activated the CeAm (Dielenberg et al., 2001). However, 
greater levels of c-Fos-staining is not the only indication that 
the MeAm is involved in regulating the response to stress. Many 
studies using lesions, electrical or pharmacological stimulation 
or inhibition have supported the view that the MeAm plays a 
key role in mediating the cardiovascular, hormonal, and behavioral 
responses to stress (Han et  al., 1996; Kubo et  al., 2004; Herdade 
et  al., 2006; Fortaleza et  al., 2009, 2012; Solomon et  al., 2010; 
Vinkers et  al., 2010).

Effect of Lesions of the Medial Amygdala
The idea that the amygdala contributes to hypertension is not 
new and was shown to be  important to the development of 
hypertension in SHR, based on the antihypertensive effect of 
electrolytic lesions of the amygdala (Folkow et  al., 1982). 
Fukumori and colleagues showed that the MeAm region in 
particular influences hypertension in SHR as excitotoxic lesions 
created in the MeAm of SHR at 4 weeks of age attenuated 
the development of hypertension by 14–16  weeks of age 
(Fukumori et al., 2004). A normotensive strain was not included 
as a control in this study, and so drawing conclusions about 
the contribution of the MeAm to hypertension as opposed to 
BP maintenance is problematic.

Microinjections into the MeAm with ibotenic acid, which 
ablates cell bodies but not fibers of passage, resulted in a 
hypotensive effect that abolished 64% of the hypertension in 
BPH/2 but had no effect in BPN/3 (Jackson et  al., 2014d). 
MeAm lesions also decreased the depressor response to ganglion 
blockade as well as the mid-frequency BP power in BPH/2 
mice, suggesting the lesions had a sympatholytic effect. The 
hypotensive effect of the lesions was similar during the dark 
(active) and light (inactive) periods suggesting that the MeAm 
has a tonic influence on BP in BPH/2 but not in normotensive 
animals. Intriguingly, despite MeAm lesions lowering BP in 
BPH/2 mice, lesions had little effect on the exaggerated 
cardiovascular response to stressors in these mice, suggesting 
that established hypertension is independent of the exaggerated 
cardiovascular response to stress.

Rostro-Ventrolateral Medulla Contribution 
to Hypertension in BPH/2 Mice
Premotor sympathetic neurons within the RVLM are important 
for regulating sympathetic vasomotor tone (Dampney et  al., 
1982; Horiuchi and Dampney, 1998) and have been implicated 
in many models of hypertension including renovascular, 
Goldblatt, L-NAME–induced, and SHR models (Muratani et al., 
1993; Bergamaschi et  al., 1995, 1999; Matsuura et  al., 2002). 
Intriguingly, assessment of two different markers of neuronal 
activity, c-Fos and cytochrome oxidase staining, indicated that 
RVLM neuronal activity was similar in BPN/3 and BPH/2 
mice (Strazielle et  al., 2004; Davern et  al., 2009). SHRs are 
known to be responsive to centrally acting sympatholytic drugs 

such as rilmenidine, which act predominantly at the level of 
the RVLM (Sannajust et  al., 1989; Mayorov et  al., 2001; Zhang 
and Abdel-Rahman, 2002). A comprehensive study administering 
rilmenidine to BPH/2 mice via multiple routes (i.p., i.c.v., s.c., 
p.o.) and for a range of durations (30 min to 2 weeks) revealed 
that the sympathetic vasomotor inhibitory effect of rilmenidine 
is minimal and similar in hypertensive BPH/2 and normotensive 
BPN/3 mice (Jackson et  al., 2014c). Rilmenidine administered 
acutely (i.p.) did cause a greater depressor and marked bradycardic 
effect in BPH/2 compared with BPN/3 mice. By contrast, 
pre-treatment with atropine (a muscarinic receptor antagonist) 
prior to rilmenidine actually abolished any difference between 
the two strains, ultimately revealing that the difference between 
them was due to vagal excitatory effects of rilmenidine, and 
the sympatholytic effects were comparable in BPH/2 and BPN/3 
mice (Jackson et al., 2014c). Furthermore, chronic administration 
of rilmenidine, where the vagal excitatory effects are known 
to be  less prominent (Godwin et  al., 1998; Parkin et  al., 2003), 
showed only minor and similar reductions in BP between the 
strains (Jackson et  al., 2014c). Together, the lack of neuronal 
activity differences between strains and lack of responsiveness 
to rilmenidine suggest that the RVLM is not a major driver 
of the sympathetically mediated hypertension in BPH/2 mice. 
Thus, if the RVLM, which is a major premotor sympatho-
regulatory brain region, is not playing a major role in 
hypertension, it is possible that the greater sympathetic outflow 
may be mediated via sympathetic premotor neurons other than 
those located in the RVLM. In this context, the PVN, which 
is a region that contains sympathetic premotor neurons that 
project directly to sympathetic preganglionic neurons in the 
spinal cord (Strack et  al., 1989), could be  a nucleus of interest 
as it has been shown to be  highly activated during the dark 
active period in BPH/2 mice (Davern et  al., 2009).

MOLECULAR CONTRIBUTIONS TO 
HYPERTENSION IN BPH/2 MICE

Wright and colleagues performed the first genome-wide scan 
in F2 intercrosses of BPH/2 and BPL/1 mice as well as 
backcrosses revealed significant linkage on chromosome 10 
and 13 with suggestive linkages on chromosomes 2, 6, 8, 
and 18. Exactly what micro-satellite polymorphisms are 
distinguishing high- and low-BP mice has not as yet been 
discovered (Wright et  al., 1999). The earliest examination 
using genome-wide microarray analysis from adrenal tissue 
was designed to identify genes whose difference in expression 
contributes to hypertension in the Schlager BPH/2 mice and 
used the BPL/1 strain for comparison rather than the 
normotensive strain (Fries et al., 2004). This may be an issue 
if the genes differently expressed in the low-BP strain compared 
to normotensive mice are different to those differentially 
expressed in the strain with high BP. It should also 
be remembered that 1) the differential expression of particular 
genes may contribute directly to the condition, or 2) that 
differential expression may be  a secondary response to a 
primary difference in expression of other gene(s), or 3) the 
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differential expression may be  a compensatory response to 
the BP elevation or another phenotypic difference between 
each mouse strain. Using a systems biology approach, Fries 
and colleagues found differences in pathways associated with 
the SNS activity, oxidative stress, and also carbohydrate 
metabolism (Fries et al., 2004). A later comparison of BPH/2 
to SHR showed that the concentration of enzymes responsible 
for noradrenaline and adrenaline synthesis, tyrosine 
hydroxylase, and phenylethanolamine N-methyltransferase 
were greater in BPH/2 mice but normal in SHR. This suggests 
species differences in the contribution of the SNS to the 
hypertension. This is, however, consistent with the differential 
effects of ganglionic blockade mentioned earlier. Specifically, 
this treatment abolished the difference in BP between the 
BPH/2 and BPN/3, but in rats, the difference in BP between 
SHR and the normotensive rats remained after ganglion 
blockade. By contrast, the activity of oxidative stress pathways 
is elevated in both hypertensive strains of the two species 
(Friese et al., 2005). More recently, an integrated combination 
of transcriptomics, bioinformatics, and molecular biology of 
the BPH/2 compared to the BPL/1 strain led the investigators 
to suggest that from the differential expression analysis, 
HOXA3, SRY, and transcriptional factor Yy1 might predict 
BP in humans. Further analysis of human population indicated 
that a single nucleotide polymorphism of Yy1 was associated 
with BP, body mass index, and fasting glucose. They suggested 
this gene as the strongest candidate influencing hypertension 
and metabolic syndrome (Friese et  al., 2012).

Puig and colleagues examined liver, heart, kidney, and vessels 
from all three of the Schlager strains using microarray analysis 
of 38,000 transcripts (Puig et  al., 2010). A number of genes 
known to be  involved in BP regulation were differentially 
expressed between the strains, one of these genes being the 
natriuretic peptide receptor gene Npr1. Since expression of 
Npr1 is upregulated in hypertension, it is likely countering 
the effects of hypertension (Puig et  al., 2010). The chemokine 
receptor gene Ccr5 and the gene for arachidonic acid metabolic 
enzyme Cyp2j2 were also found to be  differentially expressed 
and have been implicated in hypertension (Puig et  al., 2010). 
A later microarray analysis of kidney tissue by Chiu and 
colleagues compared expression in male and female BPH/2 
with male and female normotensive BPN/3 (Chiu et  al., 2014). 
Several genes were differentially expressed and associated with 
hypertension. One was angiopoietin-like 7, which may reflect 
increased vascular pressure in the kidney. Others were Hdc 
and Cndp2, which are associated with histamine metabolism 
and possibly sympathetic activity or inflammation (Chiu et  al., 
2014). A gene associated with vascular aging, Edn3, was also 
differentially expressed as were the DNA maintenance genes, 
Mcm6 and Dna2, which are involved in telomere length 
maintenance. A further analysis revealed that BPH/2 mice have 
shorter telomeres, but this occurs after hypertension is established 
and is a consequence rather than a cause of the hypertension 
(Chiu et  al., 2016). Other bio-informatic analyses of the Chiu 
et  al. dataset have been made by Gao et  al. (2017) and further 
novel uses of meta-genome data have suggested transcriptome 
networks associated with hypertension, so providing scope for 

new therapeutic targets (Zubcevic et  al., 2017). A more recent 
transcriptome analysis of cardiac endothelial cells suggested 
that differences between prehypertensive and hypertensive adult 
BPH/2 mice are related to fibrosis (Nelson et  al., 2018). While 
endothelial dysfunction is known in the BPH/2 strain, no 
differences in the endothelial genes associated with the nitric 
oxide pathway were detected. However, expression of the PPARα 
pathway genes was reduced. These genes encode proteins thought 
to be protective against the damage from hypertension-induced 
oxidative stress (Nelson et  al., 2018). Interestingly, the authors 
found that treating BPH/2 mice with antihypertensive drugs 
such as losartan or the calcium channel blocker amlodipine 
reversed the expression pattern of some genes but not others. 
Such interventions should help discriminate between the effect 
of hypertension itself on gene expression as opposed to effects 
arising from strain differences.

While the earlier microarray studies of Fries and colleagues 
suggested a contribution of the SNS to the hypertension in 
the BPH/2 mice, most other studies concentrated on peripheral 
organs such as adrenal, liver, blood vessels, heart, and kidney. 
While the kidney is well known to contribute to a number of 
forms of hypertension, it is surprising that there have been 
few studies examining the central nervous system (CNS). A 
major study by Marques and colleagues used microarray and 
quantitative real-time polymerase chain reaction (qPCR) of the 
hypothalamus of young and adult BPH/2 and BPN/3 mice 
(Marques et  al., 2011a). This work revealed an elevation in the 
expression of genes implicated in oxidative stress and inflammation 
in BPH/2 mice as well as higher expression of hypocretin 
(Orexin) and the neuropeptide S receptor (Npsr1). Hypocretin 
neurons display synaptic plasticity in response to overnight 
fasting (Horvath and Gao, 2005) while Npsr1 administration 
can reduce the anxiety-like behavior in mice associated with 
open field, elevated plus maze, light-dark box, and marble 
burying (Okamura and Reinscheid, 2007). A further study of 
the genes that might contribute to the exaggerated nocturnal 
differences in BP in BPH/2 was conducted and revealed 212 
differentially expressed genes including those for vasopressin, 
oxytocin, and thyrotropin-releasing hormone (Marques et  al., 
2011b). Although not highlighted in these analyses, there were 
also differences in expression of a number of type A gamma-
aminobutyric acid (GABA) receptor (GABAAR) subunits in the 
hypothalamus of BPH/2 compared to BPN/3 (Marques et  al., 
2011a,b). This has prompted further research into the possible 
contribution of GABAAR to neurogenic hypertension – in 
particular in the BPH/2 strain (Davern et  al., 2014).

NEUROPEPTIDE AND NEUROSTEROID 
CONTRIBUTION TO HYPERTENSION 
IN  BPH/2 MICE

Gamma-Aminobutyric Acid Receptors
The GABAAR is a heteromeric pentamer made up of five of 
19 currently known subunits arranged in a combination of 
two α, two β, and a third (γ, δ, ϵ, ρ, or θ) subunit all 
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arranged around a chloride conducting central pore. The 
combination of subunits gives rise to the vast number of 
structurally unique GABAAR, which contributes to its diverse 
functionality. The amygdalo-hypothalamic pathway contributes 
to hypertension in both BPH/2 mice and SHR and may involve 
a common mechanism leading to increased sympathetic 
vasomotor tone. Combining the microarray finding of altered 
GABAAR subunit expression in the hypothalamus with the 
lower levels of GABAAR in the hypothalamus and amygdala 
of SHR (Kunkler and Hwang, 1995), we suggested that inadequate 
GABAergic inhibitory signaling may contribute to the higher 
activity in the pre-sympathetic pathways leading to the 
hypertension in BPH/2 (Davern et  al., 2014). A lack of 
GABAergic inhibition of the MeAm in BPH/2 mice would 
be  expected to result in tonic hyperactivity of these neurons 
and activation of hypothalamic autonomic influences. Patterns 
of expression of the different subunits of GABAAR indicate 
that the δ, α4, β2 subunits are underexpressed in BPH/2 
hypothalamus while α2, γ1, α5, θ and ε subunits are more 
highly expressed in BPH/2 compared to BPN/3 (Figure 2; 
Marques et  al., 2011a).

Effect of the Benzodiazepine Diazepam
It is well known that benzodiazepines such as diazepam can 
modulate GABAAR activity by binding to an allosteric site 
on the receptor (Bormann, 1991). Chronic administration 
of diazepam in drinking water reduced BP of the BPN/3 
mice but had no effect on the BP of BPH/2 mice (Davern 
et  al., 2014). We  used triple labeling immunohistochemistry 
to show that neurons in the hypothalamus and amygdala 
of diazepam-treated BPH/2 mice that had been activated by 
restraint stress (contained c-Fos protein in the nucleus) also 
contain GABAAR. By contrast, neurons activated by restraint 
stress in the same regions of diazepam-treated BPN/3 mice 
did not label for GABAAR. Presumably this is because they 
were inhibited by the diazepam treatment unlike those of 
BPH/2 mice, which did not respond to diazepam. The inability 
of diazepam to be  effective in BPH/2 may have allowed 
greater activity within the neurons of the amygdala and the 
hypothalamus (Davern et  al., 2014). Thus, there appears to 
be  a fundamental difference between the GABAAR in the 
two strains that respond to benzodiazepines. The 
benzodiazepine binding socket in the GABAAR involves the 
α1, α2, α3, α5, and γ2 subunits (Benson et  al., 1998) and, 
of these, only the α2 subunit was differentially expressed 
between BPH/2 (higher) and BPN/3 (lower expression).

Effect of the Neurosteroid Allopregnanolone 
on  BPH Hypertension
The reduced expression of the δ, α4, and β2 subunits in the 
hypothalamus of the BPH/2 compared with BPN/3 mice 
(Figure 2) is a key finding as these are also the same 
combination of subunits common to extrasynaptic GABAAR 
(Smith et  al., 2007) that are responsible for tonic GABAergic 
inhibition in the brain (Farrant and Nusser, 2005). In the 
rat thalamus, all δ subunits co-exist with an α4 subunit (Sur 
et  al., 1999). The δ, α4, and β2-GABAAR have a high affinity 
for GABA, which means they sense its ambient levels of 
GABA in the extrasynaptic space and provide a background 
level of inhibition (Farrant and Nusser, 2005). These receptors 
are also more resistant to desensitization (Farrant and Nusser, 
2005). The δ, α4, and β2-GABAAR are the most sensitive to 
modulation from allopregnanolone-like neurosteroids. 
Allopregnanolone can be synthesized in glia in the CNS from 
cholesterol via a pathway involving initial transport to the 
mitochondria and conversion by cytochrome P450 to 
pregnenolone, which is converted to progesterone and 
5α-dihydroprogesterone and finally to allopregnanolone 
(Figure  3; Farrant and Nusser, 2005). The effect of 
allopregnanolone on δ-GABAAR is an allosteric modulation 
of chloride currents by enhancing chloride channel opening 
time and potentiating inhibition (Hosie et  al., 2006). There 
is potentiation and direct activation (Figure 3). Most critically, 
treatment with allopregnanolone or its precursor, progesterone, 
can increase the expression of the exact subunits that are 
reduced in BPH/2, namely the α4 and δ subunits, through 
transcriptional and post-transcription effects (Figure 3; Gulinello 
et  al., 2001). Thus, treatment with allopregnanolone may alter 
subunit composition of GABAAR in a manner that promotes 
GABAergic inhibition and thus increases tonic inhibition in 
the brain. Patients and animal models of chronic stress, anxiety 
disorders, or depression have lower levels of allopregnanolone 
than controls (Serra et  al., 2000; Rasmusson et  al., 2006).

Thus, we  hypothesized that the lower levels of expression 
of the δ, β2, and α4 subunits of GABAAR in BPH/2 may 
provide insufficient tonic inhibition of sympatho-excitatory 
neurons in the amygdala and hypothalamus and therefore 
these hypertensive mice might respond to allopregnanolone. 
Treatment of adult Schlager mice with 200  μg/kg/h of 
allopregnanolone (s.c.) reduced BP by 40% in BPH/2 after 
14 days with no effect in BPN/3 mice (Stevenson et al., 2017). 
Lower doses of allopregnanolone and shorter treatment duration 
(1  week) were ineffective on BPH/2 hypertension suggesting 

FIGURE 2 | Fold differences in GABAAR subunit expression in the hypothalamus of BPH/2 compared to BPN/3 mice (Marques et al., 2011a,b).
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that transcriptional changes to subunit composition of GABAAR 
were required rather than a direct activation or potentiating 
of the neurosteroid (Stevenson et  al., 2017). We  also observed 
a reduction in the depressor response to pentolinium in BPH/2 
and not in BPN/3, indicating less sympathetic contribution 
to BP. Allopregnanolone had no effect on mouse activity or 
anxiety levels suggesting that the BP changes are not secondary 
to behavioral effects (Stevenson et  al., 2017). The low dose 
suggests that the particular GABAAR involved has a high 
affinity for allopregnanolone with effective doses well below 
those that induce sedation or even anxiolysis (Deo et  al., 
2010). This is consistent with the high affinity characteristics 
of the extra-synaptic δ-containing GABAAR. Both the pressor 
response to dirty cage swap stress and the elevation in neuronal 
activity observed in the MeAm and PVN of BPH/2 mice 
were reduced or abolished following treatment with 
allopregnanolone (Stevenson et al., 2017). These findings suggest 
that the MeAm and the PVN are likely major sites of action 
of allopregnanolone. While we observed a substantial reduction 
in BP in the BPH/2 mice, the hypertension was not abolished, 
suggesting other mechanisms may also contribute to the elevated 
BP in these mice.

Orexin
Orexin is a neuropeptide known for its role in regulating 
feeding, stress, and arousal but importantly it is also able to 
regulate BP, HR, and sympathetic activity (Sakurai, 2005; 
Carrive, 2013; Inutsuka and Yamanaka, 2013). Orexin/hypocretin 
was initially identified as a potential contributor to the 
hypertension in BPH/2 mice based on a study showing that 
BPH/2 mice have at least 2-fold higher hcrt mRNA in the 
hypothalamus than BPN/3 mice (Marques et  al., 2011a). 

Furthermore, BPH/2 mice were shown to have almost 30% 
more orexinergic neurons than BPN/3 mice (Jackson et  al., 
2016). To determine whether this augmented orexin level 
actually contributes to the hypertension in BPH/2 mice, 
almorexant, a dual orexin receptor antagonist, was administered 
to BPH/2 mice (Jackson et  al., 2016). Almorexant caused a 
marked reduction in BP in BPH/2 mice during the dark 
(active) period but had no effect in the BPN/3 mice, whereas 
during the light (inactive) period, there was no reduction 
from baseline in either strain (Jackson et  al., 2016). While a 
portion of the hypotensive effect of almorexant was due to 
a concurrent reduction in  locomotor activity, part of the 
hypertension could still be attributed to an activity-independent 
reduction in BP (Jackson et  al., 2016). Furthermore, the 
reduction in BP during the dark period in BPH/2 mice was 
associated with a reduction in depressor response to ganglion 
blockade and mid-frequency BP power, both suggesting 
almorexant reduced SNS activity. Orexin is known to contribute 
to hypertension in at least two other models of hypertension 
including SHR and stress-induced hypertension, but does not 
appear to regulate basal BP maintenance in normotensive 
animals (Lee et  al., 2013; Li et  al., 2013; Xiao et  al., 2013).

Renin-Angiotensin System in BPH/2 Mice
The renin-angiotensin system (RAS) has been explored in a 
variety of ways in BPH/2 mice including genetic investigations, 
analysis of expression or activity of RAS components, and 
pharmacological assessment of the RAS contribution to BP. 
Yet, delineating the contribution of the RAS to the hypertension 
in BPH/2 mice has proven quite complex. Angiotensin II 
(AngII) is an important effector hormone, being part of the 
RAS, which is well known to contribute to BP regulation by 

FIGURE 3 | Schema showing the intracellular synthesis of allopregnanolone in glia from cholesterol and the direct and indirect action of the neurosteroid on 
extracellular GABAAR. The latter involves potentiation and transcription and post-transcriptional subunit regulation.
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influencing dipsogenic and sodium appetitive responses, 
vasopressin release, and importantly sympathetic vasomotor 
tone (Keil et  al., 1975; Head, 1996; Fitzsimons, 1998). In 2001, 
Leckie described a larger depressor effect of the ACE inhibitor 
captopril in BPH/2 mice (Leckie, 2001), but plasma renin levels 
and renin enzyme activity were reportedly similar among BPN/3, 
BPH/2, and BPL/1 mice (Iwao et  al., 1984). However, there 
are conflicting findings with regard to renin activity in the 
submandibular glands of BPH/2 mice, regarding whether it is 
comparable with BPN/3 mice or greater in BPH/2 mice (Iwao 
et  al., 1984; Uddin et  al., 2003a; Uddin and Harris-Nelson, 
2004). Additionally, lower angiotensin I  in the submandibular 
gland is hypothesized to reflect a faster rate of conversion to 
AngII but this has not been verified (Uddin and Harris-Nelson, 
2004). Gene array of the liver, heart, and aorta reveals no 
strain difference in expression of any major components of 
the RAS (Puig et al., 2010). However, there is a 1.3-fold greater 
expression of ACE specifically in the kidney of BPH/2 mice 
compared with BPN/3 mice, suggesting tissue-specific RAS 
differences may be apparent (Puig et al., 2010). The differences 
in expression or activity of the RAS could be due to differences 
in the state of the animal immediately prior to collection of 
tissue, as RAS activity is subject to changes in state such as 
sleep, wakefulness, and stress (Jindra and Kvetnansky, 1982; 
Brandenberger et  al., 1994).

Using a large dose of losartan for 14  days [150  mg/kg/day, 
angiotensin II type 1 receptor (AT1R) antagonist], Palma-Rigo 
and colleagues found little difference between the hypertension 
induced by the drug in both strains, which was in the order 
of 23–25  mmHg (Palma-Rigo et  al., 2011). This study assessed 
potential interaction between the SNS and the RAS in BPH/2 
mice, whereby the effect of ganglion blockade was assessed 
before and during chronic AT1R inhibition (Palma-Rigo et  al., 
2011). The findings suggest that there was no interaction 
between the RAS and SNS in BPH/2 mice that might contribute 
to the hypertension. However, high doses of losartan were 
administered, which likely inhibited both the central and 
peripheral RAS. If the central and peripheral RAS contributions 
to hypertension of BPH/2 were in opposite directions, the 
high dose of losartan that blocked both would not necessarily 
reveal these subtle differences.

Contribution From Renal Renin-Angiotensin 
System and Influence of MicroRNA-181a
When an acute treatment with the ACE inhibitor enalaprilat 
was given in the active period, it produced a small hypotensive 
effect in BPH/2 but no effect in BPN/3 (Jackson et al., 2013). 
One limitation of using an ACE inhibitor to assess the 
contribution of AngII to hypertension in BPH/2 mice is 
that ACE inhibitors also reduce the degradation of bradykinin, 
which itself could have a vasodilatory effect. However, the 
vasorelaxation caused by bradykinin was previously shown 
to be  markedly reduced in BPH/2 compared with BPN/3 
mice (McGuire et  al., 2007). During the active period when 
enalaprilat produced hypotension, there was also a 1.6-fold 
greater expression of the renin gene and lesser abundance 
of the microRNA microRNA-181a (miR-181a). Interestingly, 

the hypotension from enalaprilat and the difference in renin 
and miR-181a expression were not observed during the 
inactive period (Jackson et  al., 2013). MiR-181a has been 
shown previously to bind to the 3′ untranslated region and 
to regulate renin mRNA in humans and is reciprocally 
expressed with respect to renin in kidneys of hypertensive 
subjects compared to normotensive mice (Marques et  al., 
2011c, 2015). Thus, when renin expression levels are high 
in hypertensive compared to normotensive mice, miR-181a 
levels are the opposite (Marques et  al., 2015). Likewise, in 
BPH/2 mice, miR-181a was downregulated specifically during 
the active period in BPH/2 mice, corresponding to the time 
when RAS activity was greatest. While miR-181a negatively 
regulates renin mRNA levels, it is unknown what regulates 
miR-181a. The possibility that miR-181a might be  regulated 
by the SNS was suggested by a correlation between the 
depressor response to ganglion blockade with renal abundance 
of miR-181a (Jackson et  al., 2013). BPH/2 mice also have 
greater renal sympathetic innervation density as identified 
by tyrosine hydroxylase staining of cortical tubules (Jackson 
et al., 2013) which is where in human, miR-181a is expressed 
(Marques et  al., 2015). Also, renal denervation reduced the 
higher renal expression of the renin gene and lowered renal 
renin levels but had no effect on plasma renin concentrations 
(Gueguen et  al., 2019). In a preliminary abstract report, 
BPH/2 mice treated with a miR-181a mimic had a reduced 
level of hypertension and normalized levels of renal renin 
expression (Jackson et al., 2014a). Injection of such miR-181a 
mimetics in vivo has previously been effectively used to 
restore low levels of miR-181b in the vasculature of mice 
(Sun et  al., 2012).

The mechanism by which peripheral AngII increases BP 
in BPH/2 mice has not been assessed and could be  produced 
by anti-natriuretic or vasoconstrictive effects. Alternatively, 
circulating AngII could even potentially facilitate the augmented 
SNS in BPH/2 mice. However, the finding that pretreatment 
with an ACE inhibitor did not attenuate the exaggerated 
depressor response to ganglion blockade suggests that there 
is no overt facilitation of the SNS by the peripheral RAS in 
BPH/2 mice (Jackson et  al., 2013). Direct vasoconstrictive 
effects of AngII are likely to contribute to elevated BP in 
BPH/2 mice. This is supported by a preliminary abstract report 
showing that AngII causes greater vasoconstriction in BPH/2 
mice using myography (Jelinic et  al., 2018). It is also possible 
that renal sympathetic hyperinnervation and increased AngII 
levels result in increased anti-natriuretic effects in BPH/2 mice. 
Rosenberg and colleagues measured glomerular filtration rate 
in mature BPH/2 mice and while it tended to be  lower than 
in BPN/3 mice, this did not reach significance (Rosenberg 
et  al., 1985). Furthermore, BPH/2 mice are reportedly not 
salt sensitive (Leckie, 2001). Total body water as a percentage 
of body weight is comparable in BPH/2 and BPN/3 mice, 
indicating that volume expansion due to greater retention of 
water was unlikely to contribute to the hypertension (Jackson 
et  al., 2014b). Thus, greater anti-natriuretic effects of RSNA 
or AngII do not seem to be  likely mechanisms causing 
hypertension in BPH/2 mice.
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Central Renin-Angiotensin System Contribution 
to  Hypertension in BPH/2
In addition to the peripheral RAS, a separate renin-angiotensin 
system within the CNS has been reported to contribute to 
the hypertension of animal models including SHR, phenol renal 
injury hypertension model, and cold-induced hypertension 
(Huang and Leenen, 1996; Ito et  al., 2002; Sun et  al., 2002; 
Ye et al., 2002). Circulating AngII can affect the CNS by acting 
on AT1R in areas such as the circumventricular organs that 
do not have a blood-brain barrier. Since it has been suggested 
that there is an apparent overactivity of the peripheral RAS, 
which was based on the greater acute depressor response to 
ACE inhibition (Jackson et  al., 2013), assessment of the role 
of the central RAS was pertinent. Gene array analysis of the 
hypothalamus in BPH/2 mice did not identify any major 
differences in the expression of components of the brain RAS, 
to suggest that there are inherent abnormalities in BPH/2 mice 
compared with BPN/3 controls (Marques et  al., 2011a,b). 
However, this does not necessarily refute the possibility that 
central RAS signaling could contribute to hypertension in 
BPH/2 mice, as is the case in other models of hypertension 
(Muratani et  al., 1993; Campese et  al., 2000).

The suggestion that augmented central AngII stimulation 
of AT1R may contribute to the hypertension in BPH/2 mice 
was recently examined. Surprisingly, the activity of central 
AT1Rs appears to contribute equally or less to BP regulation 
in BPH/2 mice (Jackson et  al., 2018). This was based on a 
study which administered AT1R antagonists (i.c.v.) both acutely 
and chronically in BPH/2 and BPN/3 mice. Acute administration 
of candesartan actually produced a lesser depressor response 
in BPH/2 mice compared with BPN/3 mice during the dark 
(active) period, whereas the response was comparable between 
strains in the light (inactive) period (Jackson et  al., 2018). 
Subcutaneously infused losartan for 2 weeks produced the same 
small hypotensive effect as centrally infused losartan, suggesting 
that the central AT1R contribution to BP is not evident in 
BPH/2 mice. Reactive oxygen species (ROS) such as superoxide 
can be  second messengers for AngII-mediated signaling in the 
brain (Zimmerman et  al., 2002; Chan et  al., 2005); therefore, 
the contribution of central ROS to hypertension in BPH/2 
mice was also assessed. When the ROS scavenger tempol and 
the superoxide dismutase (SOD) mimetic resveratrol were 
administered (i.c.v.), the acute cardiovascular response was 
comparable between BPN/3 and BPH/2 mice, suggesting that 
central ROS is unlikely to play a role in the hypertension 
(Jackson et  al., 2018). Taken together, these findings indicate 
that a generalized overactivity of the central AT1R-ROS signaling 
is not driving the hypertension in BPH/2 mice. However, due 
to the intricacies of AngII signaling in the brain, this study 
cannot completely exclude a role for the central RAS in discrete 
regions, which would require a more targeted approach. It is 
interesting to note that the greater contribution of the peripheral 
RAS distinctly contrasts the lesser contribution of central AT1R 
activity to hypertension in BPH/2 mice during this dark (active) 
period (Jackson et  al., 2013, 2018). Exposure to high levels 
of circulating AngII in rabbits for longer than a few days has 
previously been shown to result in desensitization of neurons 

to AngII activation in circumventricular organs and sensitization 
in hypothalamic regions (Davern and Head, 2007). Furthermore, 
circulating AngII is also shown to influence brain AT1R 
expression, in a site-specific manner (Thomas and Sernia, 1985). 
It would be interesting to investigate whether greater circulating 
AngII in BPH/2 mice could also potentially lead to 
downregulation of AT1Rs centrally, which may account for the 
smaller depressor response induced by candesartan (i.c.v.) in 
BPH/2 mice. Nonetheless, it seems that in contrast to the 
peripheral RAS, overactivity of the central RAS does not 
contribute to the hypertension in BPH/2 mice.

HEART, VESSEL, AND KIDNEY 
STRUCTURE AND FUNCTION

Despite being hypertensive from a relatively young age, BPH/2 
mice do not have greater absolute heart weight nor left ventricle 
weight compared with normotensive BPN/3 mice (Schlager 
et  al., 1979; Schlager and Sides, 1997). However, the body 
weight of BPH/2 mice was lower than BPN/3 mice, so when 
expressed as HW:BW ratio, there was a tendency for this 
measure to be  greater in BPH/2 mice (Schlager and Sides, 
1997) and normotensive C57Bl/6 mice (Elias et  al., 1975b). 
Thus, a degree of cardiac hypertrophy is apparent in BPH/2 
mice but it appears to be mild. Interestingly, a later transcriptome 
analysis of cardiac endothelial cells revealed greater expression 
of fibrosis-related genes in BPH/2 mice, some of which could 
be reversed by antihypertensive treatment (Nelson et al., 2018).

To date, the impact of hypertension on the structure of 
the vasculature has only been assessed in cerebral arterioles. 
Baumbach and colleagues reported that BPH/2 mice exhibit 
cerebral arteriole hypertrophy but no reduction in external 
diameter (remodeling) such as that seen in other models of 
hypertension (Baumbach et  al., 2003). This is supported by a 
preliminary abstract reporting hypertrophic inward remodeling 
in mesenteric arteries of BPH/2 mice (Jelinic et  al., 2018). 
Recently, BPH/2 have been shown to develop retinal disease, 
with a thinner neural structure and complete loss by 21  weeks 
of age of the outer layers of the retina including the plexiform, 
nuclear, and photoreceptive layers (Herat et al., 2020). 
Functionally, BPH/2 mice are reported to have endothelial 
dysfunction in small caliber arteries, demonstrated by a 25–50% 
reduction in maximal vasorelaxation in response to acetylcholine 
and bradykinin (McGuire et al., 2007). Using Doppler ultrasound, 
BPH/2 have been shown to have impaired endothelium-
dependent dilatation in femoral arteries (Nelson et  al., 2018). 
A comprehensive myographical examination of arteries from 
different vascular beds of BPH/2 and BPN/3 found that the 
arteries from the hypertensive mice have greater myogenic 
tone and impaired relaxation despite having similar passive 
qualities (Tajada et  al., 2012). In the same study using 
electrophysiology techniques, the authors found a decreased 
contribution of potassium ATP-dependent channels, which was 
also consistent with the findings of lower expression of some 
potassium channels including Kir2.1 and Kir4.1 (Tajada et  al., 
2012). Thus, there was a good correlation between the changes 
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in excitability, the electrophysiological/pharmacological assessment 
of the contribution of potassium channels, and the molecular 
expression of specific channels in this study (Tajada et al., 2012).

Hypertensive BPH/2 mice are reported to release double 
the amount of hydrogen peroxide from the aorta compared 
with BPN/3, which may indicate a greater level of oxidative 
stress (Uddin et  al., 2003b). Measurement of oxidants and 
antioxidants in the aorta showed that this may be  attributable 
to elevated SOD activity and reduced catalase activity leading 
to greater production of hydrogen peroxide and decreased 
catalase-mediated conversion of hydrogen peroxide to water 
(Uddin et al., 2003b). Different expression of canonical transient 
receptor potential (TRPC) 3 channels and of hetero-multimeric 
TRPC channels may also contribute to differences in vascular 
tone in the BPH/2 mice (Alvarez-Miguel et  al., 2017).

Hypertensive BPH/2 mice have similar kidney-to-body 
weight ratio as BPN/3 (Schlager et  al., 1979) but have fewer 
nephrons per kidney (Rosenberg et  al., 1982). Morphometric 
analysis of kidneys from older BPH/2 mice showed none of 
the characteristic features of renal parenchymal pathology 
(Rosenberg et  al., 1979) indicating that major morphological 
differences in the kidney are not likely driving the hypertension. 
However, the available filtration surface area in juxtamedullary 
glomeruli in BPH/2 mice is less than half that of BPN/3 
mice while the superficial cortical glomeruli were comparable 
between strains (Rosenberg et  al., 1982). By contrast, it is 
the superficial glomeruli in BPH/2 mice that show reduced 
permeability of the basement membrane compared with BPN/3 
mice but not the juxtamedullary glomeruli. Theoretically, 
reduced filtration surface and permeability could lead to 
decreased glomerular filtration rate, volume expansion, and 
hypertension (Rosenberg, 1983). However, glomerular filtration 
rate was shown to be  less in juvenile BPH/2 mice than in 
mature BPH/2 mice (Rosenberg et  al., 1985). Yet, both 
normotensive and hypertensive mice have comparable glomerular 
number until about 7  weeks of age. Glomerular number then 
plateaus in BPH/2 mice, which have markedly fewer glomeruli 
in adulthood compared with BPN/3 mice. Total body water, 
used as a measure of volume expansion, was also greater in 
younger BPH/2 mice than BPN/3 but this trend reversed with 
age and resulted in a lower total body water in older mice 
(Rosenberg et al., 1985). When a comparison is made between 
glomerular number and total body volume, it is noticeable 
that total body volume only starts to decrease toward normal 
levels after glomerular number becomes lower in the BPH/2 
mice. Additionally, BPH/2 mice are not salt sensitive, suggesting 
natriuresis is not impaired (Leckie, 2001).

METABOLIC ABNORMALITIES  
IN BPH/2 MICE

An important phenotypic difference observed in BPH/2 mice 
is that their body weight is lower compared with BPN/3 mice 
(Rosenberg et al., 1982; Buu et al., 1987). However, hypotensive 
BPL/1 mice also have lower body weight than BPN/3 mice 
suggesting that this attribute is not likely to be  associated with 

the hypertension (Rosenberg et al., 1979). Early studies suggested 
that water intake of female BPH/2 mice was 20% greater than 
the normotensive strain but if offered a choice, they preferred 
solutions of lower NaCl or KCl concentration (Bachmanov 
et  al., 1998). The higher water intake was not observed in a 
later metabolic study of male mice in which it was 11% higher 
in BPH/2 mice, but the difference was not significant due to 
the small n value (Jackson et  al., 2014b). Hypertensive BPH/2 
mice are also markedly more active compared with BPN/3 
mice, particularly during the dark phase of the daily light 
cycle, as shown by radio-telemetric measurement of locomotor 
activity (McGuire et  al., 2007; Davern et  al., 2009). While 
locomotor activity is positively associated with BP, hyperactivity 
alone is unlikely to contribute to the elevated BP. This is 
because analysis of covariance showed that elevated BP in 
BPH/2 mice compared with BPN/3 mice was independent of 
locomotor activity (Davern et  al., 2009). Furthermore, 
normotensive C57Bl6 mice also have a similar level of activity 
as BPH/2 mice, indicating hyperactivity is not only apparent 
in hypertensive mice (Davern et  al., 2009). Metabolic rate was 
greater in young BPH/2 compared to the normotensive control 
strain BPN/3 mice but was similar to normotensive C57Bl6 
strain. When the activity of the mice was considered, there 
were no differences in energy metabolism per se (Jackson et al., 
2014b). Also percentage lean mass was similar in young and 
older BPH/2 and BPN/3 suggesting that differences in body 
weight were due to lower fat mass in the more active BHP/2 
(Jackson et  al., 2014b).

The lower fat mass may also contribute to why hypertensive 
BPH/2 mice are less capable of thermoregulation than BPN/3 
mice, as indicated by a greater rate of rise of body temperature, 
higher end temperature, and shorter time until death following 
exposure to 43°C heat (Malo et  al., 1989). These differences 
may also indicate that thermoregulation may be  abnormal in 
BPH/2 mice. However, the validity of these findings is 
questionable owing to exposure to heat taking place while the 
mice were anesthetized, causing thermoregulatory impairment 
(Kurz, 2001). However, Malo and colleagues also found that 
long-term (40  days) acute (5  min per day) exposure to 40°C 
heat could reversibly reduce the BP in BPH/2 mice by 20 mmHg, 
which was not due to the direct vasodilatory effect of the 
heat (Malo et  al., 1990). One hypothesized cause of abnormal 
thermoregulation in BPH/2 mice is greater production of heat 
shock protein 70 (HSP70), which is overexpressed in the kidney 
of BPH/2 compared with BPN/3 mice following heat stress 
(Hamet et  al., 1990). This suggests that BPH/2 mice may have 
abnormal cellular response to stress. However, it is also possible 
that central thermoregulatory control mechanisms may 
be  different in BPH/2 mice. Indeed orexin, a central hormone 
known to be  involved in thermoregulatory control, is 
overexpressed in hypothalamic tissue of BPH/2 mice as mentioned 
earlier (Marques et  al., 2011a,b). Moreover, orexin is also 
involved in BP control, stress, sympathetic activity, and energy 
metabolism (Shirasaka et  al., 1999, 2002; Szekely et  al., 2002; 
Furlong et  al., 2009), making it a potential mediator of many 
of the phenotypic abnormalities in these mice. Taken together, 
there are numerous metabolic abnormalities in BPH/2 mice 
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and while some abnormalities such as thermoregulation appear 
to be  related to BP, others such as locomotor activity appear 
to be  independent of hypertension (Davern et  al., 2009).

BPH/2 MICE AND PREGNANCY, 
ATHEROSCLEROSIS, AND DIABETES

An additional subline of mice produced by Schlager and 
colleagues is the BPH/5 strain. Compared with C57Bl6 mice, 
this strain has moderately elevated BP, which is increased 
further during pregnancy (Davisson et  al., 2002). As such, the 
BPH/5 strain has been used extensively as a model of 
pre-eclampsia (Butz and Davisson, 2001; Davisson et  al., 2002; 
Cross, 2003; Dokras et  al., 2006; Hoffmann et  al., 2008). 
Treatment with the superoxide scavenger tempol during gestation 
improved fetal outcome and offspring survival and reduced 
the level of BP rise during pregnancy (Hoffmann et  al., 2008). 
BPH/5 mice normally have half the number of pups than 
normotensive mice due to reabsorption of placentas, which 
was reduced by half with tempol (Hoffmann et  al., 2008). The 
higher oxidative stress in mothers is consistent with many of 
the microarray studies that showed elevated expression of 
oxidative-stress-related markers in the BPH/2 mice (see above). 
Additionally, BPH/5J mice have greater adiposity, greater 
circulating leptin levels and leptin resistance, as indicated by 
the blunted effect of leptin on food intake and body weight 
(Sutton et  al., 2017). Leptin resistance is a phenomenon also 
associated with sympathetically mediated BP elevations in other 
animal models (Prior et  al., 2010, 2014); so leptin resistance 
may also contribute to the hypertension in this strain.

A more recent cross of BPH/2 with the apolipoprotein 
E-deficient mouse (APoE) was developed to examine the 
interaction between hypertension associated with high SNS 
activity with an atherosclerotic-prone mouse (Al-Sharea et  al., 
2019). These mice when fed a western diet developed unstable 
atheromatous plaques, the formation of which was independent 
of endothelial dysfunction. There were reduced levels of key 
hematopoietic stem and progenitor cells as well as sinusoidal 
endothelial cells and osteoblasts (Al-Sharea et  al., 2019). 
Interestingly, all these effects could be reversed by a non-selective 
β-blocker propranolol.

Watson and colleagues recently examined the effect of 
streptozotocin-induced diabetes in the BPH/2 and BPN/3 strains 
(Watson et  al., 2019). While diabetes did not change the degree 
of hypertension, the albuminuria was 3-fold higher in diabetic 
BPH/2 mice. This was most likely due to the hypertensive mice 
having greater levels of renal noradrenaline and dopamine and 
when combined with diabetes-induced abnormalities in levels 
of metabolic enzymes and impairment in antioxidant systems, 
produced greater overall oxidative stress (Watson et  al., 2019).

PERSPECTIVE

The development of the strains of hypertensive mice by Gunther 
Schlager and colleagues in the 1970s has led to a comprehensive 

examination of mechanisms of hypertension. This led to the 
discovery that the hypertension is principally related to chronic 
activation of the SNS and as such is one of the few true 
models of neurogenic hypertension (Figure 4A). Our own 
research has revealed that a major mechanism involves GABAAR 
dysfunction within the CNS and most likely within the 
amygdala and hypothalamus (Figure 4C). Neurosteroids such 
as allopregnanolone offer a possible new opportunity to treat 
the neurogenic contribution to human hypertension. Importantly, 
the site of action is quite distinct from that of benzodiazepines 
like diazepam (Figure 4C). Exciting new discoveries that orexin 
systems are also involved come from the selective antihypertensive 
effect of the orexin receptor antagonist almorexant (Figure 4C). 

B

C

A

FIGURE 4 | Average change in blood pressure (BP) after treatments that 
affect the sympathetic nervous system (A), the renin-angiotensin system and 
kidney (B) and GABAA and orexin systems (C) in BPN/3 (blue) and BPH/2 
(red) mice. Treatments are pentolinium (Davern et al., 2009), medial amygdala 
lesions [MeAm X (Jackson et al., 2014d)], renal nerve denervation [Renal N x 
(Gueguen et al., 2019)], rilmenidine (Jackson et al., 2014c), high-dose 
Losartan [Losartan H 150 mg/kg/day (Palma-Rigo et al., 2011)], low-dose 
Losartan [Losartan L, 8 mg/kg/day (Jackson et al., 2018)], enalaprilat  
[1.5 mg/kg (Jackson et al., 2013)], diazepam [2.5 mg/kg/day orally for 7 days 
(Davern et al., 2014)], allopregnanolone [s.c. 5 mg/kg/day for 14 days 
(Stevenson et al., 2017)], almorexant [30 mg/kg i.p. (Jackson et al., 2016)]. 
*Indicates p < 0.05 between strains.
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However, despite some evidence from animal models of 
hypertension, the role of limbic brain regions seems to be relatively 
unrecognized in human hypertension. The currently available 
centrally acting antihypertensive agents such as moxonidine or 
rilmenidine act predominantly in the brainstem and this is 
where interest seems to have remained in the clinical setting. 
However, these drugs are ineffective in BPH/2 (Figure 4A).

To date, the evidence for the involvement of limbic regions 
in human essential hypertension is limited to indirect associations. 
For instance, using blood-oxygen-level-dependent functional 
magnetic resonance imaging, greater amygdala activity is associated 
with greater BP reactivity to stress, which in turn is associated 
with greater risk of developing hypertension (Ming et  al., 2004; 
Gianaros et  al., 2008). Importantly, the Schlager strains have led 
us to understand that the SNS also influences mechanisms within 
the kidney, controlling renin, the vasculature and oxidative stress 
as well as other systems including the immune system and 
metabolic effects. Low doses of RAS blockers are much more 
effective in BPH/2 than in BPN/3 mice as is renal denervation, 
suggesting an important interaction between the brain and the 
kidney (Figure 4B). Thus, hypertension is one manifestation of 
SNS overactivity but the interactions of the SNS with other 
systems have far-reaching implications. The data may have 
implications for the effects of psychosocial stress on health generally.
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Testing new therapies in heart failure (HF) requires a chronic stable model of HF in large 
animals. Microembolization of the coronary arteries has been used to model HF previously; 
however, neural control has not been previously explored in this model. Thus the aim of this 
study was to further characterize neural control in this model of HF. HF was induced by 
infusion of microspheres (45 micron; 1.3 ml) into the proximal left coronary artery or left 
descending coronary arteries, with three sequential embolizations over 3 weeks. Twelve to 
14 weeks after the final embolization, and when ejection fraction had decreased below 45%, 
animals were instrumented to record blood pressure and heart rate. Baroreflex control of 
heart rate was investigated in conscious animals. Additionally, pressure-volume loops were 
constructed under anesthesia. Embolization-induced HF was associated with a decrease 
in mean arterial pressure (67 ± 2 vs. 85 ± 4 mmHg, p < 0.05), an increase in heart rate 
(108 ± 4 vs. 94 ± 4 bpm, p < 0.05), and a significant increase in left ventricular end-diastolic 
pressure (11.4 ± 2 vs. 6.2 ± 1 mmHg, p < 0.01). Under conscious conditions, there was a 
significant decrease in the gain (−8.2 ± 2 vs. −4.1 ± 1 beats/min/mmHg, p < 0.05) as well 
as the lower plateau of the baroreflex in HF compared to control animals. HF was also 
associated with significantly increased respiratory rate (107 ± 4 vs. 87 ± 4 breaths/min, 
p < 0.01) and incidence of apneas (520 ± 24 vs. 191 ± 8 apnea periods >4 s, p < 0.05), 
compared to control sheep. The microembolization model of heart failure is associated with 
an increase in left ventricular end-diastolic pressure, impaired cardiac function, and altered 
baroreflex control of the heart. These findings suggest this chronic model of HF is appropriate 
to use for investigating interventions aimed at improving neural control in HF.

Keywords: heart failure, embolization, neural control, sheep, heart failure model

INTRODUCTION

Heart failure with reduced ejection fraction (HFrEF) is characterized by progressive dysfunction 
of left ventricular muscle, myocyte remodeling, and activation of autonomic and hormonal 
systems (Jackson et  al., 2000; Kemp and Conte, 2012). Despite the advances in therapies and 
prevention, patients with HF have high rates of morbidity and mortality (Falk et  al., 2005;  
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Savarese and Lund, 2017). The balance between the sympathetic 
and parasympathetic systems, in relation to cardiovascular 
function, is altered in response to ventricular dysfunction 
(Amorim et  al., 1981; Benedict et  al., 1996; Floras, 2009). 
Specifically, it is recognized that there is abnormal  
hyperactivity of the sympathetic nervous system (Watson 
et  al., 2007; Ramchandra et  al., 2009b) and disinhibition of 
the parasympathetic nervous system that leads to worsening 
of the condition (Eckberg et  al., 1971; Kinugawa and  
Dibner-Dunlap, 1995; Bibevski and Dunlap, 1999;  
Dunlap et  al., 2003).

Numerous studies have been conducted on small animal 
models of HF and these have been instrumental in understanding 
the pathogenesis of HF. However, there are significant differences 
between small animal models of HF and human HF beyond 
scale. These include differences in baseline heart rate, oxygen 
consumption, and excitation-contraction coupling in cardiac 
tissue (Haghighi et  al., 2003; Dixon and Spinale, 2009). 
Therefore, a clinically relevant large animal model of HF with 
similar anatomy and physiology of the heart is crucial. In 
this context, a number of different large animal models of 
HF have been studied.

The primary methods to induce HFrEF in large animals 
include high rate pacing, cardiotoxin infusion, and coronary 
ligation. The pacing-induced HF model has been used in 
sheep (Timek et  al., 2003; Byrne et  al., 2004), pigs (Tanaka 
et  al., 1993; McMahon et  al., 1996), and dogs (Prabhu and 
Freeman, 1995; O’Rourke et al., 1999). The technique of rapid 
supraphysiological pacing of either the atrium or the ventricle 
for approximately 4  weeks results in a reproducible model 
of HFrEF. This model shows similar hemodynamic and 
mechanical phenotypes as dilated cardiomyopathy seen in 
human patients with HF. However, one disadvantage of this 
model is the absence of tissue fibrosis if the pacing is not 
continued for a prolonged period of time. In addition, left 
ventricle dysfunction tends to reverse when pacing is 
terminated, especially if the pacing was performed for short 
durations (Spinale et  al., 1991; McMahon et  al., 1996).

Intracoronary or intravenous infusion of the cardiotoxin 
doxorubicin in dogs (Bristow et  al., 1980; Toyoda et  al., 1998) 
and sheep (Chekanov, 1999; Borenstein et  al., 2006) leads to 
cardiac myocyte injury, cell loss, and HF. A major limitation 
of this method is the variable degree of LV dysfunction that 
can result, with no reliable dosing strategy to provide a stable 
model. A further drawback is the potential for systemic side 
effects and the management of these.

Finally, coronary ligation has been used to induce HF in 
large animals (Hood et  al., 1967). Infarcts larger than 25% 
resulted in a significant increase in left ventricular end-diastolic 
pressure and a reduction in stroke volume index. However, 
mortality using this model can be  more than 50%, often as 
a result of fatal arrhythmias, despite the use of anti-arrhythmic 
agents or due to severe symptomatic heart failure. Additionally, 
when the infarction is induced by external coronary ligation 
rather than percutaneously, post-operative adhesions and 
fibrosis may make further surgical dissection for subsequent 
experimental work more difficult with higher rates of 

complications (Oizumi et  al., 1990; Yim et  al., 1998; Getman 
et al., 2006). The combination of extent and impact of infarction 
with animal loss and surgical access limits the usefulness of 
this model in the research setting.

Recently, the microembolization model has been used in 
sheep to develop a chronic model of HF over a period of 
3  months. The embolizations have been conducted using 
injection of either microspheres (Schmitto et  al., 2009) or 
gelfoam (Devlin et  al., 2000). The advantage of the 
microembolization model is that the changes are irreversible 
and the study with the infusion of microspheres has reported 
a high success rate of induction of HF; however, mortality 
rates were high in the gelfoam study. Until now, studies that 
have examined this model have focused on structural changes 
in the heart (Huang et  al., 2004; Monreal et  al., 2004) and 
putative alterations in neural control have not been examined. 
Thus, the aim of this study was to further characterize changes 
in heart function after repeated microembolizations in sheep 
and examine whether baroreflex control of heart rate is altered 
in the conscious state.

MATERIALS AND METHODS

Experiments were conducted on conscious, adult female Romney 
ewes weighing 50–80  kg, housed in individual crates, and 
acclimatized to laboratory conditions (18°C, 50% relative 
humidity, and 12-h light-dark cycle) and human contact before 
any experiments. All experiments and surgical procedures were 
approved by the Animal Ethics Committee of the University 
of Auckland. The sheep were fed 2  kg/day (Country harvest 
pellets) and had access to water ad libitum.

Embolization Surgical Procedure
Nine sheep (female, weight: 59 ± 3 kg) underwent three weekly 
sequential embolizations of either the proximal left coronary 
artery or left descending coronary arteries. Six control sheep 
(female, weight: 55  ±  5  kg) without microembolizations were 
also used in the study. Anesthesia was induced with 2% Diprivan 
(Propofol) (5  mg/kg IV, AstraZeneca, AUS) and maintained 
with a 2% isoflurane-air-O2 mixture. Sheep were given antibiotic 
injections (6  ml i.m.; Oxytetra, Phenix, NZ) at the start of 
the surgery. Additionally, to provide analgesia, sheep were given 
Ketofen 10% (1  ml i.m.; Merial, Boehringer Ingelheim, NZ) 
at the start of surgery.

The methods employed have been described before (Schmitto 
et  al., 2009). Once anesthetized and intubated, the sheep were 
placed in a supine cradled position and four electrodes were 
inserted into the left and right sides of the sternum and in 
the hind-limbs near the knee joint, subcutaneously, to record 
ECG. Recordings were obtained from lead II prior to the 
infusion of the microspheres and for a further 5  min after 
infusion. The recordings were made on a dual bio amp 
electrocardiograph switch box with power lab and LabChart 
(AD Instruments, NZ). A change in the ST segment (elevation 
or depression) and T wave (inversion) on one or more limb 
leads was taken as indication of successful embolization. The 
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left or right femoral artery was accessed percutaneously using 
an 8F (CORDIS®, USA) sheath. Using an 8F AL2 (CORDIS®, 
USA) guide catheter under fluoroscopic guidance, the left main 
coronary artery was then cannulated and the catheter was 
advanced either into the proximal left coronary artery or left 
descending coronary arteries. All sheep in the HF group 
underwent three sequential selective microembolizations to 
arterial supply of the left ventricle with polystyrene latex 
microspheres (45  μm; 1.4  ml, Polysciences, Warrington, PA, 
USA). The three embolizations were each performed 1  week 
apart, to ensure maximum left ventricle coverage. Prior to 
each embolization event, β-blocker (metoprolol up to 20  mg/
kg, IV) and lignocaine (2 mg/kg, IV) were injected intravenously 
in order to prevent ventricular arrhythmias. Three sheep did 
not survive to the second embolization. These sheep showed 
signs of pulmonary edema but despite diuretics did not recover 
and were euthanized.

Echocardiography
Echocardiogram recordings were obtained and analyzed before 
embolizations and 3 months after the first embolization procedure. 
This was also done for the group of control sheep. The 
echocardiogram, using a Hewlett Packard Sonos 1,000, was 
performed while the sheep were conscious. In the long-axis 
M-wave echocardiography, diastole, systole, fractional shortening, 
and ejection fraction parameters were obtained and calculated 
for the left ventricle.

Instrumentation Sheep Surgery
After 3  months, once sheep were deemed to have sufficient 
left ventricle dysfunction (ejection fraction <45%), the animals 
were instrumented to measure mean arterial pressure (MAP), 
heart rate (HR), and diaphragmatic electromyography (dEMG) 
as an index of respiration. The instrumentation procedure 
was also conducted in a group of control sheep. The procedure 
for electrodes placement for dEMG has been described previously 
(Sieck and Fournier, 1990). Two strips of seven-stranded Cooner 
Wires (AS 633-7SSF, Cooner Wire, CA, USA) were implanted 
into the diaphragm and secured with silicone gel. To get an 
index of blood pressure and venous infusion, an incision was 
made in the neck and a single-tip pressure probe (Millar 
Inc., Texas, USA) was inserted into the carotid artery. A 
cannula was inserted into the jugular vein to have an entry 
point for venous infusion. dEMG measurement was recorded 
from the pair of electrodes inserted into the diaphragm, with 
the signal amplified (X10, 000), and filtered (band pass 
0.3–3.0  kHz). All the parameters were recorded on a desktop 
computer with a CED micro 1,401 interface and a data 
acquisition program (Spike 2).

Hemodynamics Measurements  
and Analysis
All recordings were done at least 3 days after instrumentation 
surgery. Blood pressure was obtained from a pressure probe 
unit (Millar Inc., USA). Heart rate (HR) was calculated from 
blood pressure channel. In conscious, standing sheep, HR 

and MAP were obtained from a 2-h recording and averages 
were obtained for each animal. To determine the adrenergic 
effects on hemodynamic parameters and heart rate, 
β-adrenergic receptor blockade (propranolol, LKT chemicals, 
USA) was infused (30  mg bolus followed by 0.5  mg/kg/h 
infusion for 90  min).

Arterial Baroreflex Control of Heart Rate
In two groups of six conscious sheep, after a 5-min baseline 
recording of mean arterial pressure and heart rate, baroreflex 
curves were generated by measuring the responses of heart 
rate to increasing doses of phenylephrine hydrochloride (25, 
50, 100, 200, and 400  mg/min) and sodium nitroprusside (25, 
50, 100, 200, and 400  mg/min). For analysis, the baseline 
blood pressures were sorted from the lowest to the highest 
pressures and put into bins of 3  mmHg change each. The 
mean systolic blood pressure of each bin was plotted against 
the mean HR.

Plasma Brain Natriuretic Peptide, 
Epinephrine, and Norepinephrine 
Measurement
Venous blood samples (10  ml) were collected into an EDTA 
(BD Vacutainer, NJ, USA) tube. Plasma was rapidly separated 
with a centrifuge at 4°C at 3,000  rpm, within 5  min of blood 
collection, and snap-frozen at −80°C. The assays for brain 
natriuretic peptide (BNP) (Pemberton et al., 1997; Lewis et  al., 
2017), epinephrine, and norepinephrine (Justice et  al., 2015) 
have previously been described. All samples from individual 
animals were measured in the same assay (BNP or epinephrine 
or norepinephrine) to avoid inter-assay variability.

Diaphragm Electromyogram Analysis
To assess diaphragmatic EMG parameters, resting breathing 
rate and apnea periods were measured in control and HF 
animals. Breathing rate average was obtained from dEMG 
activity in a 12-h baseline period in each animal. Apnea was 
defined as cessation of diaphragmatic activity. To be considered 
significant, apnea events had to persist for a minimum of 4  s. 
To quantify apnea incidence, we  calculated an apnea index to 
indicate the number of apnea periods (>4  s) occurring in a 
12-h period.

Pressure-Volume Loops
The acute pressure-volume loop experiments were conducted 
at the end of the protocol under anesthesia. To determine 
the left ventricle pressure-volume relationship, a conductance 
catheter was placed into the left ventricle through the left 
carotid artery. This method has been described previously 
in detail by Baan et  al. (1984). Briefly, a 5  s (number 5, 
straight) seven-electrode conductance catheter that has a 
micromanometer tip was inserted into the left ventricle via 
a guide cannula, along the longitudinal axis. The catheter 
was connected to a Millar (Millar Inc., Texas, USA) and 
AD Instruments pressure-volume processing unit and signals 
were acquired using LabChart, a data acquisition and data 
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analysis software. Volume correction was done through an 
estimation, using a hypertonic saline solution (20% salt, 
10  ml per infusion) infusion. A cardiac output transonic 
flow probe was also inserted around the aorta. Briefly, a 
thoracotomy was performed and fourth rib removed to 
access  the heart. A flow probe was implanted on the aorta 
(28PS,  Transonic Systems, USA) and connected to LabChart 
to measure cardiac output while performing pressure-
volume loops.

Pressure-volume loops were analyzed offline using 
LabChart (AD Instruments). After volume correction, 10 
cardiac cycles at baseline were analyzed. Also, cardiac output 
recordings from the animal were used for alpha calibrations. 
Stroke volume, ejection fraction, left ventricular end-diastolic 
and end-systolic pressure and volume, maximum rate of 
pressure generation (dP/dt max), peak rate of pressure 
decline (dP/dt min), and maximum conduction velocity 
(dV/dt max) were measured.

At the end of these experiments, the sheep were euthanized 
with an overdose of sodium pentobarbitone (0.5  ml/kg, 
intravenously) (Provet NZ Pty Ltd., New  Zealand). Once 
respiration and cardiac function had ceased, cardiac tissue was 
collected for histological analysis.

Measurement of Cardiac Collagen
At the end of the terminal experiment, the hearts were 
collected and a portion of the left ventricle wall (specifically 
left ventricle free wall) was fixed in neutral buffered formalin 
(Shandon Glyo-Fixx, Thermo Scientific). Tissue blocks were 
then transferred to 30% sucrose solution. Heart blocks were 
then cut at 40-μm sections using a cryostat. To measure 
collagen deposition in the left ventricle wall of the sheep 
hearts, 12 sections (six control and six HF sheep hearts) 
were stained with Masson’s Trichrome stain (MTS) solution 
(Biebrich Scarlet-Acid Fuchsin, PTA/PMA and Aniline Blue). 
Cardiac muscle fibers stain red and collagen stains blue. 
Sections were subjected to two washes and then three changes 
of 100% ethanol and finally one wash of xylene solution 
before cover slipping.

Statistical Analysis
All data are expressed as mean ± SEM, except where indicated. 
The effects of the microembolizations on the baseline levels 
of MAP, HR, ejection fraction, fractional shortening, respiratory 
rate, apnea incidence, heart and body weight, collagen fibers 
deposition, pressure-volume relationship parameters, and the 
arterial baroreceptor relationships of HR and sysBP were 
determined using unpaired Student’s t-tests (two groups – 
control vs. heart failure). The effects of the individual 
microembolization procedures on the baseline levels of ECG 
(before and after each microembolization) and ejection fraction 
and fractional shortening (before and 12–14  weeks after 
microembolizations) were determined using paired Student’s 
t-tests (within-animal). A one-way ANOVA test was used 
for changes in resting heart rate plotted in 3  mmHg change 
bins. Data were analyzed using the statistical package SigmaStat 

(Version 2, Access Softek Inc., 1995). Data were considered 
significant if p  <  0.05.

RESULTS

Acute Changes After Embolization
Embolization of the coronary artery at the first time point 
resulted in a significant change in the lower S-T segment 
height and also the T-wave amplitude (p  <  0.05; Figure 1). 
There were, however, no further decreases in this parameter 
after embolization procedures 2 and 3. The baseline height 
of the S-T segment was significantly lower after the second 
and third embolization procedure compared to the first 
(p  <  0.05). These differences in embolization procedures 2 
and 3 compared to embolization 1 were also observed in 
the T-wave amplitude.

Resting Hemodynamic Variables
The resting levels of hemodynamic variables in the control 
and HF sheep are shown in Table 1 and Figure 1. Ejection 
fraction and fractional shortening data in Figure 1 are within 
animal and the rest of the data is a comparison between 
instrumented control and HF sheep. Repeated microsphere 
infusions into the coronary vasculature resulted in significantly 
lower ejection fraction (p  <  0.001) and fractional shortening 
(p  <  0.0001) in HF sheep, after 12–14  weeks (Figure 1). 
HF was associated with a significant decrease in MAP (67 ± 2 
vs. 85  ±  4  mmHg, p  <  0.01), and an increase in heart rate 
(108  ±  4 vs. 94  ±  4  bpm, p  <  0.05) compared to the control 
animals. Plasma levels of norepinephrine and brain natriuretic 
peptide were also significantly higher (p  <  0.05) (Table 1). 
The respiratory rate was significantly higher in the HF sheep 
(109  ±  4 vs. 88  ±  5 breaths/min, p  <  0.01) (Figure 2). The 
HF sheep showed more incidences of temporary cessation 
of breathing in a 12-h  cycle (525  ±  123 vs. 179  ±  44 apnea 
periods longer than 4  s, p  <  0.05, Figure 2). Infusion of 
propranolol reduced heart rate more in the HF group compared 
with control (9  ±  1 vs. 3  ±  1, bpm, change in HR before 
and after propranolol, p < 0.001) and there was no significant 
change in MAP between the groups after propranolol infusion.

To determine whether repeated micro-embolism induced any 
impairment in baroreflex control, we assessed arterial baroreflex 
function in both control and HF sheep. The baroreflex relationship 
showed a significant difference in the maximum gain (−8.2 ± 2 
vs. −4.1  ±  1 beats/min/mmHg, p  <  0.05), as well as the upper 
(152  ±  4 vs. 130  ±  8 beats min−1, p  <  0.05) and lower (70  ±  3 
vs. 57  ±  4 beats min−1, p  <  0.05) plateaus of the HR baroreflex 
curve (Figure 3A). To determine the responses in HR over 
the operating range of the curve, we  examined the differences 
in the mean resting HR values close to the resting MAP levels. 
HR changes from baseline, in response to phenylephrine and 
sodium nitroprusside infusions, plotted in 3-bpm bins highlight 
the significantly decreased response in the HF animals  
(Figure 3B) suggesting an impaired gain of the baroreflex curve 
at the operating ranges in these animals.
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Pressure-Volume Loops Under Anesthesia
The ejection fractions calculated from the pressure-volume 
loops under anesthesia showed significantly lower ejection 
fraction compared to the conscious condition in both groups 
of sheep (p  <  0.01); however, the difference between the 
groups remained intact. Interestingly, there was no change 
in baseline cardiac output between the normal and the HF 
sheep. The LV end-diastolic pressures and volumes in the 
HF sheep were significantly higher, similar to end-systolic 
volume (Table 2). The maximum rate of pressure generation 
tended to be  higher in the control animals; however, this 
was not significant.

Collagen Deposition
Microscopically, there was a significant degree of ischemic 
damage seen in the hearts of the HF sheep. Left ventricular 
collagen deposition in the HF sheep was determined as an 
indicator of cardiac damage. The mean left ventricular collagen 
content in the HF sheep was significantly higher than in 
healthy control sheep (8.9  ±  1 vs. 1.3  ±  0.3% of LV wall 
area, p  <  0.001). The wet heart weight of the sheep in HF 

was also significantly greater than that of the control sheep 
(426  ±  35 vs. 322  ±  15 g, p  <  0.05, Figure 4).

DISCUSSION

We have established a reliable model of heart failure with 
reduced ejection fraction by repeated microembolizations of 
left ventricular coronary arteries. Our study has a number of 
new findings not reported previously: (1) there is a depression 
in the gain of the baroreflex in this model of HF; (2) 
diaphragmatic electromyography showed increased respiratory 
rate in the HF animals compared to the control animals, 
suggesting increased inspiratory effort; (3) in addition to an 
increase in respiratory rate, there was an increased incidence 
of apneas in this animal model. Taken together, our findings 
suggest that this model of HFrEF replicates the neural and 
respiratory instabilities seen in human HF.

One of the main clinical signs of a myocardial infarct is 
changes in the ECG, namely changes in the S-T segment and 
the T-wave. For the S-T segment, in most cases, patients that 
have had a suspected myocardial infarct present with an 
elevation in this segment (Members et  al., 2012). In contrast 
to clinical findings, we  observed a consistent depression in 
the S-T segment of the embolized animals. Clinically, patients 
exhibiting an S-T depression had adverse long-term outcomes 
(Schechtman et  al., 1989; Krone et  al., 1993; Hyde et  al., 
1999). This depression in our study may reflect the recordings 
being done in a supine cradled position for these sheep. In 
the absence of pre-cordial leads, it makes it difficult to draw 
conclusions as to which region of the left ventricle received 
most ischemic damage.

Several other studies, in patients, have shown collagen 
deposition in the myocardium, suggestive of ventricular 
remodeling (Weber et  al., 1993; Martos et  al., 2007; Mewton 

A

B C F G

D E

FIGURE 1 | Representative electrocardiogram traces in sheep before and after microembolizations and mean data on S-T and T-wave segments. (A) Lead II trace 
highlighting the changes over time in the ECG, with (B) highlighting magnified lead II activity before microembolization and (C) after microembolization. Arrows 
highlight the T-wave of the ECG, showing a depression after microembolization. (D) Mean data on the height of the S-T segment and (E) T-wave amplitude before 
and after the individual microembolization procedures. Pre- indicates before microembolization and post- after microembolization. Microembolization 1 (E1) 
represented by square, microembolization 2 (E2) by circle, and microembolization 3 (E3) by triangle. (F) Ejection fraction before (open square) and after (12–14 
weeks after) embolizations (open triangle) in the same animals and (G) fractional shortening before (open square) and after (12–14 weeks after embolizations) (open 
triangle). *p < 0.05 in E1 only, n = 6, ***p < 0.0001 in ejection fraction, ****p < 0.0001 in fractional shortening, n = 6.

TABLE 1 | Resting values for hemodynamic parameters between conscious 
normal and heart failure sheep.

Parameter Normal (n = 6) Heart failure (n = 6)

Ejection fraction 79 ± 1 39 ± 2†

Fractional shortening 43 ± 1 20 ± 1†

Heart rate, beats/min 94 ± 4 108 ± 4*
Mean arterial pressure, mmHg 85 ± 4 67 ± 2**
Body weight (kg) 56 ± 2 70 ± 3**
Brain natriuretic peptide (pmol/L) 2.20 ± 0.12 3.79 ± 0.52*
Epinephrine (pmol/L) 380 ± 73 751 ± 188
Norepinephrine (pmol/L) 3,272 ± 901 10,628 ± 2509*

*p < 0.05; **p < 0.01; †p < 0.0001.
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et  al., 2011). The gross and microscopic changes of myocyte 
hypertrophy and increased collagen fibrosis have also been 
demonstrated in other models of HF (Falk et  al., 2005). After 
an episode of myocardial infarction, there is structural 
remodeling that is initiated by an inflammatory response (Sun, 
2008; Suthahar et  al., 2017). Scarring then forms at the 
infarcted area. While the scarring and fibrosis at the site of 
infarct maintain the structure and integrity of the heart, this 

remodeling can have consequences for ventricular contractility 
(Brilla and Weber, 1992).

One of the ways to assess the degree of HF is the construction 
of pressure-volume loops. One of the advantages of constructing 
pressure-volume loops is the measurement of parameters 
independent of pre- and after load (Burkhoff, 2013). A hallmark 
of systolic dysfunction with reduced ejection is an increase 
in left ventricular end-diastolic pressure (LVEDP), which was 
observed in the present study (Table 2). Since LVEDP is a 
reflection of ventricular performance, the increases in LVEDP 
may be  associated with the size of the infarct or the amount 
of damage to the left ventricle (Mielniczuk et  al., 2007). 
Furthermore, we  also see a significantly higher end-diastolic 
volume in the HF animals similar to findings in other studies 
(Sabbah et  al., 2000; Morita et  al., 2002; Falk et  al., 2005). 
Additionally, there was a significant increase in both end-diastolic 
(EDV) and end-systolic volume (ESV) in the HF animals. In 
HF, the severity of an increase in both these volumes at time 
of referral is a prognostic indicator of mortality in patients 
(Diaz et  al., 1987).

In the present study, we show significant increases in plasma 
levels of brain natriuretic peptide (BNP) and norepinephrine 
(Table 1). These increases in plasma levels of BNP (Sakurai 
et  al., 2003) and norepinephrine (Cohn et  al., 1984) have 
been shown previously to relate to the severity of HF. Our 
findings are in agreement with other models of HF, which 
have also found elevated plasma levels of norepinephrine  
and brain natriuretic peptide (Sabbah et  al., 2000;  
Morita et  al., 2002).

We report a significant decrease in the MAP of the animals 
with HF. One mechanism that serves to maintain BP is the 
arterial baroreflex and previous studies have reported a 
dampening of the sensitivity of the arterial baroreflex control 
of heart rate in HF (Eckberg et  al., 1971; Ferguson et  al., 
1992; Grassi et al., 1995) as well as in clinical patients (Mortara 
et al., 1997). We hypothesized that this model would be associated 
with a blunted baroreflex and observed an impaired HR response 
to changes in MAP. This impaired baroreflex is similar to 
previous reports by us in a pacing-induced model of HF 
(Watson et  al., 2007; Abukar et  al., 2016) as well as other 
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FIGURE 2 | Raw traces of sheep diaphragmatic electromyography and respiration rate in control and heart failure sheep. (A) Raw signal of dEMG in a control 
sheep and (B) raw signal of dEMG in a HF sheep, and (C) raw signal showing an apnea segment in a HF sheep 16 weeks after embolization. (D) Apnea incidence 
and (E) respiratory rate in control healthy sheep and in HF sheep 16 weeks after microembolization, control (square) and HF (triangle). *p < 0.05, **p < 0.01. Bars 
represent mean values ± SEM. Data from individual sheep are illustrated with symbols; dEMG, diaphragmatic electromyography.

A B

FIGURE 3 | Effect of microembolizations on the arterial baroreflex in 
conscious healthy and HF sheep. (A) Control animals (solid line) and HF 
animals (dashed line) (n = 6/group). Error bars at each end of the curves refer 
to ±SEM of the upper and lower heart rate (HR) plateaus. Circles and error 
bars represent mean ± SEM of resting systolic blood pressure (sBP) and 
heart rate (HR). (B) Changes in resting heart rate, due to phenylephrine and 
sodium nitroprusside infusions, plotted in 3 mmHg change bins. Gray bars 
represent control animals, black bars represent heart failure animals. 
*p < 0.05, n = 6/group.

TABLE 2 | Pressure-volume loops testing left ventricular function in anesthetized 
normal and heart failure sheep.

Parameter Normal (n = 6) Heart failure (n = 6)

Ejection fraction (%) 56 ± 7 25 ± 4**
Cardiac output (L/min) 2.8 ± 1 3.9 ± 1
Stroke volume (ml) 33 ± 6 42 ± 6
End-diastolic volume (ml/min) 74 ± 21 194 ± 36*
End-systolic volume (ml/min) 40 ± 20 154 ± 34*
End-diastolic pressure (mmHg) 6.2 ± 1 11.4 ± 2**
dP/dT max (mmHg/s) 1,745 ± 321 1,257 ± 154
dV/dT max (ml/s) 1,425 ± 155 3,361 ± 617**

*p < 0.05; **p < 0.01.
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models (Higgins et  al., 1972; Greenberg et  al., 1973; Zucker 
et  al., 1977). In addition to depressed baroreflex function, 
we  also examined sympathetic control of heart rate in this 
model. We  observed a significant decrease in heart rate in 
the HF animals after beta blockade. This suggests there is a 
significant contribution in HF animals from the sympathetic 
nervous system, more so than the control animals in which 
no significant decrease in heart rate was observed after 
propranolol infusion. These findings are consistent with our 
previous studies suggesting low levels of cardiac sympathetic 
drive and cardiac norepinephrine spillover in normal animals. 
Both these variables are elevated in animals with pacing-induced 
HF (Ramchandra et  al., 2009a, 2018).

In addition to changes in hemodynamic parameters, we also 
observed an increase in the breathing rate and an increase in 
the incidence of apneas. Chronic hyperventilation has been 
reported in HF patients (Sullivan et  al., 1988) and pulmonary 
congestion is suspected to be  the main cause of this 
hyperventilation (Sullivan et  al., 1988). The animals in the HF 
group had significantly increased body weight compared to 
the control animals (Figure 1), which points toward fluid 
congestion. We  also saw signs of fluid congestion in the heart 
and ascites in the HF group at the time of post-mortem 
although this was not systematically investigated. We  speculate 
that this fluid congestion contributed to the hyperventilation 
in these animals. In addition to peripheral causes, central 
apneas are also common in heart failure, with around 40–50% 
of patients being affected (Javaheri et  al., 1995; Vazir et  al., 
2007). Central sleep apnea can be  a marker of HF severity, 
with central apnea patients showing more advanced symptoms 

(Oldenburg et  al., 2007). Together, these results suggest that 
the microembolization model replicates the respiratory imbalance 
seen in HF.

We report successful induction of heart failure in sheep 
using repeated percutaneous injection of microspheres into 
the coronary arteries. This approach targets the coronary 
circulation and thereby circumvents potential systemic effects 
if a toxin is administered intravenously. Since the HF is 
induced by a durable ischemic insult, interventions with novel 
pacing paradigms can be  undertaken in pacing naïve hearts, 
avoiding the potential confounder of pacing-induced changes. 
Practically, repeated access to the arterial circulation is an 
important consideration. Previous studies have constructed 
carotid artery loops to allow repeated access. We percutaneously 
accessed the femoral arteries and following embolization, 
digitally compressed the puncture site for hemostasis without 
the use of a closure device, returning the animal to the crate/
pen without any indwelling cannulae retained for future access. 
This has a number of advantages over other methods of 
surgical approach to perform the microembolization. Cardiac 
catheterization using these techniques requires access to 
fluoroscopy to guide cannulation and confirm successful and 
stable engagement in the coronary vessels.

There are a few limitations to this approach as well. One 
important limitation of this approach is the diffuse pattern of 
blockage and fibrosis that is observed. As such, it is difficult 
to quantify the region of infarcted tissue adequately as would 
be possible with coronary ligation. We utilized ejection fraction 
and fractional shortening from the echocardiographic data to 
quantify the decline in heart function. In addition, three out 
of the nine sheep did not survive the first embolization as 
they developed pulmonary congestion that could be  resolved 
using diuretics. In addition to these three animals, two of the 
animals studied also needed administration of diuretics after 
the embolization procedure, and in these two cases, the congestion 
was resolved and the animals continued in the protocol. While 
the presence of congestion makes this model clinically relevant, 
this does necessitate increased animal numbers to complete a 
cohort of animals for a study.

In conclusion, our study indicates that chronic heart failure 
can be  successfully induced in sheep using repeated injection 
of microspheres into the coronary arteries. After 2  months, 
the animals develop clinical signs of heart failure. There is 
marked increase in heart weight with histological evidence of 
ventricular fibrosis. There is a decrease in mean arterial pressure 
and an increase in incidence of apneas. Furthermore, pressure-
volume loops show altered left ventricle dynamics in the heart 
failure sheep and the baroreflex challenge under conscious 
conditions showed a significant decrease in the gain. We conclude 
that this is a good model of HF to test changes in either 
neural control or respiratory function after interventions.
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FIGURE 4 | Representative sheep cardiac tissue images and effect of 
microembolizations on collagen deposition and heart weight. (A) Top image 
shows section of left ventricle wall of the sheep heart in a control healthy 
animal and (B) bottom image shows section of left ventricle wall in a HF 
sheep 16 weeks after microembolization. (C) Heart weights of control (square) 
and HF (triangle) sheep. (D) Collagen content in control and HF sheep, 
*p < 0.05, ****p < 0.0001. Bars represent mean values ± SEM. Data from 
individual sheep are illustrated with symbols. C, control (square); HF (triangle), 
heart failure; LV, left ventricle of heart. Scale bar = 100 μm.
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Long-term hypercapnia is associated with respiratory conditions including obstructive
sleep apnea, chronic obstructive pulmonary disease and obesity hypoventilation
syndrome. Animal studies have demonstrated an initial (within hours) increase in
ventilatory drive followed by a decrease in this response over the long-term (days–
weeks) in response hypercapnia. Little is known about whether changes in the central
respiratory chemoreflex are involved. Here we investigated whether central respiratory
chemoreceptor neurons of the retrotrapezoid nucleus (RTN), which project to the
respiratory pattern generator within the ventral respiratory column (VRC) have a role
in the mechanism of neuroplasticity associated with long-term hypercapnia. Adult male
C57BL/6 mice (n = 5/group) were used. Our aims were (1) to determine if galanin,
neuromedin B and gastrin-releasing peptide gene expression is altered in the RTN after
long-term hypercapnia. This was achieved using qPCR to measure mRNA expression
changes of neuropeptides in the RTN after short-term hypercapnia (6 or 8 h, 5 or 8%
CO2) or long-term hypercapnia exposure (10 day, 5 or 8% CO2), (2) in the mouse
brainstem, to determine the distribution of preprogalanin in chemoreceptors, and the co-
occurrence of the galanin receptor 1 (GalR1:Gi-coupled receptor) with inhibitory GlyT2
ventral respiratory column neurons using in situ hybridization (ISH) to better characterize
galaninergic RTN-VRC circuitry, (3) to investigate whether long-term hypercapnia causes
changes to recruitment (detected by cFos immunohistochemistry) of respiratory related
neural populations including the RTN neurons and their galaninergic subset, in vivo.
Collectively, we found that hypercapnia decreases neuropeptide expression in the
RTN in the short-term and has the opposite effect over the long-term. Following
long term hypercapnia, the number of RTN galanin neurons remains unchanged,
and their responsiveness to acute chemoreflex is sustained; in contrast, we identified
multiple respiratory related sites that exhibit blunted chemoreflex activation. GalR1
was distributed in 11% of preBötC and 30% of BötC glycinergic neurons. Our
working hypothesis is that during long-term hypercapnia, galanin co-release from RTN
neurons may counterbalance glutamatergic inputs to respiratory centers to downscale
energetically wasteful hyperventilation, thereby having a role in neuroplasticity by
contributing to a decrease in ventilation, through the inhibitory effects of galanin.
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INTRODUCTION

Respiratory conditions including chronic obstructive pulmonary
disease (COPD), obesity hypoventilation syndrome (OHS) and
obstructive sleep apnea (OSA) are associated with long-term
hypercapnia and hypoxia. Associated long-term detrimental
effects include poor quality of life, poor cognitive function
and increased mortality rate. While the changes in the
respiratory chemoreflex mechanisms during long-term hypoxia
are extensively investigated (Peng et al., 2001, 2003, 2006; Rey
et al., 2004; Huang et al., 2009; Morgan et al., 2016; Barnett
et al., 2017) little is known about long-term hypercapnia.
Acute hypercapnia causes an increase in ventilatory drive by
peripherally and centrally mediated chemoreflex mechanisms
(Forster and Smith, 2010; Smith et al., 2010). Long-term
hypercapnia shows a biphasic ventilatory response in humans,
dogs, goats and rodents, consisting of an initial increase in
ventilatory drive in the first 8 h (rodents), 24 h (goats and
dogs), 5 days (human) followed by a sustained decrease in this
response (21–44 days) (Schaefer, 1963; Schaefer et al., 1963;
Clark et al., 1971; Pingree, 1977; Lai et al., 1981; Jennings and
Davidson, 1984; Burgraff et al., 2018; Burgraff et al., 2019). The
mechanism underlying physiological adaptation to long-term
hypercapnia is not clearly understood. Many peripheral factors
are suggested to contribute to this plasticity including metabolic
compensation, muscle fiber transformation in the diaphragm and
changes in lung hyaline membrane turnover (Schaefer et al.,
1964; Lai et al., 1981; Kondo et al., 2000; Johnson, 2017; Burgraff
et al., 2018). Lai et al. (1981) first suggested a contribution
from central chemoreceptors to this adaptation; more recently,
changes in glutamate receptor expression were observed in
central chemoreceptors (Burgraff et al., 2019).

The retrotrapezoid nucleus (RTN) chemoreceptor neurons are
intrinsically sensitive to brain pH/Pco2 (Takakura et al., 2006;
Wang S. et al., 2013) and are critical in mediating the central
respiratory chemoreflex. RTN neurons send excitatory drive to
the ventral respiratory column (VRC) via extensive projections
(Mulkey et al., 2004; Abbott et al., 2009b; Bochorishvili et al.,
2012). The VRC generates the rhythmic breathing pattern

Abbreviations: 4V, 4th ventricle; AH, acute hypercapnic chemoreflex challenge;
AP, area postrema; BötC, Bötzinger complex; CO2, carbon dioxide; A1/C1,
catecholaminergic populations of A1 and C1 area; c-, r-, caudal and rostral;
cc, central canal; CL, CM, MHb, MDM, PC, PV, central lateral, central medial,
medial mediodorsal, medial habenula, paracentral, paraventricular thalamic
nuclei; ChAT, choline acetyltransferase; COPD, Chronic Obstructive Pulmonary
Disease; comm-, m-, l-, commissural, medial, lateral NTS; DG, dentate gyrus;
X, dorsal motor nucleus of vagus; VII, facial nucleus; FISH, fluorescent in situ
hybridization; GalR1, galanin receptor 1; GRP, gastrin releasing peptide; GlyT2,
glycine transporter 2; HKG, house-keeping gene; XII, hypoglossal nucleus; HPRT,
hypoxanthine-guanine phosphoribosyltransferase; IHC, immunohistochemistry;
ISH, in situ hybridization; KF, Kölliker Fuse; LC, locus coeruleus; LH, long-
term hypercapnia; NMB, neuromedin b; N2, Nitrogen; na, nucleus ambiguous;
NTS, nucleus of the solitary tract; OHS, obesity hypoventilation syndrome; OSA,
obstructive sleep apnea; O2, oxygen; Phox2b, paired−like homeobox 2b; PbN,
parabrachial nucleus; PFA, paraformaldehyde; preBötC, preBötzinger complex;
pp-, prepro-; py, pyramids; qPCR, quantitative polymerase chain reaction;
RPLPO, ribosomal protein lateral stalk subunit P0; RA, room air; SH, short-
term hypercapnia; scp, superior cerebral peduncle; Sp5, trigeminal nucleus;
TH, tyrosine hydroxylase; VRC, ventral respiratory column; VLM, ventrolateral
medulla; VAChT, vesicular acetylcholine transporter.

and regulates the depth and frequency of breathing through
innervation of motor neurons that control the muscles of
breathing (Feldman et al., 2003; Nattie and Li, 2012).

It is clear that glutamatergic neurotransmission from the
RTN confers CO2 stimulated breathing (Holloway et al., 2015),
however, RTN neurons also express a distinctive peptidergic
phenotype. All RTN neurons contain mRNA for neuromedin B
(NMB) and pituitary adenylate-activating polypeptide (PACAP)
(Shi et al., 2017), 50–70% express galanin (Stornetta et al.,
2009; Shi et al., 2017), and a subset express gastrin-releasing
peptide (GRP) (Li et al., 2016). Furthermore, the RTN has
distinct functional subpopulations of neurons; for example, pre-
inspiratory oscillatory neurons provide rhythmic excitatory drive
(Onimaru et al., 1997; Smith et al., 2009), neurons lateral to
the facial nucleus are involved in active expiration (Pagliardini
et al., 2011) and ventral to parafacial neurons are chemosensitive
(Huckstepp et al., 2015). The expression of specific neuropeptides
by the RTN neurons might further elucidate the mechanism of
these functionally distinct RTN subpopulations.

Various functional studies have indicated the role of inducible
neuropeptides in the control of breathing. While NMB and
GRP are excitatory (Moody and Merali, 2004; Dickson et al.,
2006; Roesler and Schwartsmann, 2012), galanin is an inhibitory
neuropeptide (Lang et al., 2015). Microinjection of galanin into
the VRC induces apnea by inhibiting phrenic nerve activity
and ventilatory chemoreflex responses (Abbott et al., 2009a) and
injection of NMB and GRP into the VRC causes sighing (Li
et al., 2016). Neuropeptides are known to have long-lasting effects
since they act on G-protein coupled receptors (Salio et al., 2006;
Nassel, 2009). Therefore, long term adjustments in neuropeptide
co-release are likely important in fine-tuning the fast transmitter
output of respiratory neuronal circuits in response to long-
term changes in blood gas levels. Such long-term changes may
occur during chronic respiratory disorders (such as hypercapnia
and hypoxia related COPD, OHS, OSA, etc.) or following long-
term exposure to altered environmental gas conditions (such as
hypoxia at high altitudes, or hypercapnia in submarines, caves,
space shuttles or mines).

The impact of long-term hypercapnia on the central
respiratory chemoreflex and the contribution of neuropeptides
has not been explored. Following chronic exposure (35 days)
to elevated inspired CO2 (1.5% CO2), healthy human subjects
show a significant depression of the respiratory response to
15 min inhalation of 5% CO2 (Schaefer, 1963; Schaefer et al.,
1963). Furthermore, there is a decreased ventilatory response
of respiratory disease patients to acute inspired hypercapnia,
suggesting a decline in their central CO2/H+ chemoreflex system
(Kepron and Cherniack, 1973; Montes De Oca and Celli,
1998). The underlying mechanism for this blunted ventilatory
response to acute hypercapnia following exposure to long-term
hypercapnia is not clear. Altered chemosensory responsiveness,
or adjusted peptidergic transmission by RTN neurons may
explain this change in respiratory behavior following long-
term hypercapnia.

In light of these gaps in knowledge, we hypothesize that
neuropeptides have a role in adaptation of central respiratory
chemoreception and may be involved in the pathophysiology
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of respiratory disorders associated with long-term hypercapnia.
Our aims are (1) to determine if neuropeptide gene expression
is altered in the RTN after long-term hypercapnia. This is
achieved using quantitative polymerase chain reaction (qPCR)
to determine mRNA expression changes in the RTN after short-
term hypercapnia (6 or 8 h exposure to 5 or 8% CO2) or long-
term hypercapnia (10 days exposure to 5 or 8% CO2), (2) to
determine the distribution of preprogalanin in chemoreceptors in
the mouse brainstem by in situ hybridization (ISH), and the co-
occurrence of the galanin receptor 1 (GalR1:Gi-coupled receptor)
in VRC neurons using multiplex fluorescent ISH (FISH)
(RNAscope, ACD BioScience, Hayward, CA, United States) to
better characterize galaninergic VRC circuitry, (3) to investigate
whether long-term hypercapnia causes changes to recruitment
of known respiratory related neuronal populations (detected by
c-Fos immunohistochemistry) including RTN neurons and the
galaninergic subset, in vivo.

Collectively, we found that hypercapnia (short-term and long-
term) alters neuropeptide expression in the RTN; we decided
to follow up the observed changes in preprogalanin expression.
GalR1 was distributed throughout the VRC, including in 9%
of glycinergic VRC neurons. We identified multiple respiratory-
related populations that exhibit blunted chemoreflex activation
following long-term hypercapnia. However, RTN neurons (pre-
eminently galaninergic subset) retained their responsiveness to
the chemoreflex following long-term hypercapnia.

MATERIALS AND METHODS

Animals
All experiments in this project were conducted in accordance
with the National Health and Medical Research Council
(Australia) with the approval by the University of New South
Wales Animal Care and Ethics Committee. The animals
used were male adult C57BL/6J mice (25–30 g). All animal
experiments were conducted in the Biological Resources Centre
(University of New South Wales, Sydney, Australia). They
were maintained on 12 h:12 h light:dark cycle at 23◦C with
standard chow and tap water available ad libitum and housed in
conventional caging.

Respiratory Paradigms
Short-Term and Long-Term Hypercapnia Paradigms
Mice were randomly assigned to either short-term hypercapnia
(SH), long-term hypercapnia (LH) or room air (RA)
(n = 5/group). Hypercapnia was achieved by placing the animals
within their home cages in a sealed chamber measuring 9000 cm3

(Biospherix, NY, United States). A CO2 monitor was connected,
that continuously flushed a designated amount of CO2 into the
chamber. Animals were acclimatized to the experimental room
or the hypercapnia chamber for 1 h a day over 2 days in order
to minimize stress and non-specific gene expression related to
novel environment. Then, the CO2 monitor was set to either 5
or 8% CO2 (balanced with room air, 20 ± 0.5% O2) at 15 psi.
See Figure 1 for the timeline. During all exposures, O2 and CO2
concentrations were continuously monitored by capnometry

(Normocap oxy, Datex Engstrom, WI, United States) and
CO2 meter (GM70, Vaisala, Finland). Room air mice were left
outside the chamber in the experimental room for the same
period of time. At the end of the paradigm, animals were deeply
anaesthetized with sodium pentobarbital (70 mg/kg, ip) followed
by immediate isolation of the brain (qPCR) or transcardial
perfusion with heparinised 0.1M phosphate buffered saline (PBS)
and 4% paraformaldehyde (PFA, Sigma-Aldrich, NSW) in 0.1M
sodium phosphate buffer (ISH/IHC).

c-Fos Studies: Acute Hypercapnic Chemoreflex
Challenge (AH)
A subset of long-term hypercapnia or room air animals were
exposed to 10% CO2, 30–40% O2 balanced with N2 for 1 h
then left in room air for 1 h (Figure 1) before being deeply
anaesthetized followed by transcardial perfusion as described
above. Hyperoxic conditions were used for the acute hypercapnic
chemoreflex challenge because this silences the peripheral
chemoreceptors (Lahiri et al., 1987), ensuring that the ventilatory
response is mediated by central mechanisms.

Quantitative PCR
Following isolation of the brainstem, a cut was made separating
the dorsal brainstem from the ventral brainstem. The rostral
parafacial region containing rostral RTN (rRTN: 0.7 mm rostral,
0.5 mm caudal to the trapezoid line, Bregma −5.3 to −6.5,
midline omitted), caudal parafacial region containing caudal
RTN (cRTN: 1 mm immediately caudal to the rRTN, Bregma
−6.5 to −7.5, midline omitted), left lateral cerebellum were
excised, rapidly frozen in liquid nitrogen and stored at −80◦C.
Following RNA isolation (Promega SV Total RNA isolation
kit, WI, United States), a cDNA library was generated by
subjecting RNA (1000 ng) to SuperScriptTM III First Strand
Synthesis System (Invitrogen, MA, United States), according to
the manufacturer’s instructions. qPCR was carried out using
KAPA SYBR FAST kit (Kapa Biosystems, MA, United States) in
a total reaction volume of 20 µl containing 1 µl cDNA, 10 µl of
qPCR mastermix and 1 µl (10 nM) forward and reverse primer.
Primer sequences for neuropeptide mRNA (ppGal, ppNMB
and ppGRP) (Table 1) were designed using Primer3 (v.0.4.0,
Whitehead Institute for Biomedical Research). qPCR reaction
was performed with Eppendorf Mastercycler R© ep realplex using
initial denaturation (3 min 95◦C), followed by 40 cycles of
denaturation (95◦C for 10 s), annealing (60–64◦C for 20 s), and
extension (72oC for 20 s). PCR products were verified by melt
curve analysis and separation on a 2% agarose gel. We performed
qPCR on samples in the absence of reverse transcriptase and
non-template controls concurrently, to control for genomic DNA
contamination. Sequencing analysis (Garvan Molecular Genetics,
Sydney) confirmed that the DNA fragments generated by PCR
were identical to the mRNA sequences reported in the GenBank
database (Table 1). The cycle threshold (Ct) values were used
to calculate mRNA expression of ppGal, ppNMB, and ppGRP
relative to the expression of two house-keeping genes (HKG),
hypoxanthine phosphoribosyltransferase (HPRT), and ribosomal
protein lateral stalk subunit P0 (RPLPO) using the 11Ct
method (Pfaffl, 2001). HKG mRNA was expressed at a similar
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FIGURE 1 | Timeline summarizing different experimental paradigms.

abundance to the genes of interest and standard curve analysis
was initially performed to assure their stability in the brain
following hypercapnia used in this study. Lateral cerebellum does
not have a function in the control of respiration (Xu and Frazier,
2000); therefore, it was used as a control tissue. Furthermore, to
decrease bias in the experimental results, the person quantifying
experimental outcomes was blinded to the experimental groups.

Non-radioactive Chromogenic in situ
Hybridization Combined With
Immunohistochemistry
Fixed brains were vibratome sectioned coronally (30 µm)
(Leica VT1200S, Leica, Germany) and stored in cryoprotectant
solution (30% RNase free sucrose, 30% ethylene glycol, 1%

polyvinylpyrrolidone in 0.1M sodium phosphate buffer, pH 7.4)
at−20◦C.

A template cDNA library was generated by reverse
transcription of total RNA isolated from mouse brain (Kumar
et al., 2012). ISH riboprobes were synthesized from cDNA which
was amplified by scaled-up PCR reaction. The list of PCR primers
used (with either T7 or SP6 RNA polymerase promoter regions
attached) can be found in Table 1. Following purification by gel
extraction of the amplified cDNA templates, antisense and sense
(control) riboprobes were prepared by in vitro transcription
with digoxigenin-11-UTP (Roche Applied Science, Mannheim,
Germany) using the AmpliScribe T7 FLASH transcription kit
(Epicentre Biotechnologies, Madison, WI, United States) and
SP6 RiboMAX large-scale RNA production system (Promega,
Madison, WI, United States), respectively.
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TABLE 1 | Details of primers used for qPCR and for generating non-radioactive ISH riboprobes.

Species Primer Genebank ref
no

Sequence (5′→3′) Amplicon
length (bp)

Annealing
temp (oC)

Extension
time (sec)

For qPCR mouse Galanin NM_010253.4 F: CATGCCATTGACAACCACAG 331 61 20

R: CGATTGGCTTGAGGAGTTGG

mouse NMB NM_026523.4 F: GGCGACCGGTCACTTCAT 191 61 20

R: GCCTCCTGTACTGGATTGG

mouse GRP NM_175012.4 F: CACGGTCCTGGCTAAGATGTAT 418 61 20

R: CCAGTAGAGTTGACGTTTGCAGA

mouse HPRT NM_013556.2 F: TCTTTGCTGACCTGCTGGATTACAT 228 61 20

R: CCAGGGAAAGCAAAGTTTGCATT

mouse RPLPO NM_007475.5 F: CCCTGCACTCTCGCTTTCTGGA 212 61 20

R: AGGGGCAGCAGCCGCAAATG

For ISH
riboprobes

mouse Galanin NM_010253.4 FggatccatttaggtgacactatagaagCACCGAGAGAGCCTTGATCCTG∗ 526 60 45

R:gaattctaatacgactcactatagggagaACGATTGGCTTGAGGAGTTGG∗∗

mouse GalR1 NM_008082.2 F:ggatccatttaggtgacactatagaagATGTCTGTGGATCGCTACGT∗ 568 64 45

R:gaattctaatacgactcactatagggagaTGAACACTTGCTTGTACGCC∗∗

∗ Lowercase base sequences indicate the SP6 universal promoter. ∗∗ Lowercase base sequences indicate T7 universal promoter.

For digoxigenin (DIG) labeled ISH assay, free floating
brainstem sections were assayed as described previously (Kumar
et al., 2012; Spirovski et al., 2012). Briefly, riboprobes were added
to the hybridization solution (500–1000 ng/µl) for an overnight
incubation at 58◦C. The sections were then rinsed through a
series of decreasing salt concentrations and blocked prior to
primary antibody incubation (24–48 h at 4◦C). The antibodies
and concentrations used are summarized in Table 2 and include
sheep-anti DIG (1:1000, tagged with alkaline phosphatase,
Roche). Sections were then rinsed with tris buffered saline (TBS)
buffer and secondary antibodies were added at 1:400, diluted
in TBS buffer containing 1% NHS and 0.1% Tween-20, and
incubated at 4◦C overnight. Following detection of cytoplasmic
DIG labeling, sections were mounted and coverslipped with
mounting medium with DAPI (Fluoroshield, Sigma, Australia)
or without DAPI (Fluoromount Aqueous Mounting Medium,
Sigma, Australia).

Fluorescent in situ Hybridization
Combined With Immunohistochemistry
To label GalR1 on GlyT2 neurons in the brainstem, multiplex
FISH (RNAscope, ACDBio, Hayward, CA, United States) was
performed (n = 5). Briefly, animals were deeply anaesthetized
with sodium pentobarbital (70 mg/kg, ip), brains were isolated
following transcardial perfusion with 0.1M PBS and embedded
in OCT. Coronal sections (14 µm thick) were cut on a cryostat,
mounted on superfrost plus slides (Thermo Fisher Scientific,
Waltham, MA, United States) and stored at −80◦C. Sections
were fixed in 4% PFA/0.1M phosphate buffer, dehydrated and
subjected to the RNAscope multiplex fluorescent assay according
to the manufacturer’s instructions, in combination with
fluorescence IHC. The riboprobes used were GalR1 (448821-C1)
and GlyT2 (409741-C3). We also employed GalR2 (448831-C2)
riboprobe, however, were unable to detect a signal anywhere in
the brain using this probe. Positive and negative controls were
incorporated into each procedure to verify RNA quality and

specific staining. Slides were coverslipped with ProLong Gold
Antifade Mountant with or without DAPI (Life technologies).

Cell Counts and Analysis
A 1 in 6 series of 14 µm coronal sections and a 1 in
3 series of 30 µm coronal sections through the brain was
examined for FISH and non-radioactive chromogenic ISH
respectively. Immunostaining was examined under brightfield
and epifluorescence microscopy using an Olympus BX51
equipped with a motor driven microscope stage, a digital camera
(2000R-F-CLR) and a mercury powered light burner (Olympus
U-LH100HG 100w). Neuronal profiles were plotted with
using StereoInvestigator software version 9 (Microbrightfield,
United States). Sections were aligned with reference to Bregma
level according to a mouse stereotaxic brain atlas (Paxinos
and Franklin, 2004). Only neurons with DAPI-stained nuclei
were considered for counting and mapped. Furthermore, to
decrease bias in the experimental results, the person quantifying
experimental outcomes was blinded to the experimental groups.
For quantitative analysis, the total cell counts were obtained
following Abercrombie correction (Abercrombie, 1946): for
30 µm thick sections, an average nuclear width of 7.2 ± 0.2 µm
and average section thickness of 29.7 ± 1 µm was measured
from 30 cells and 10 sections respectively in 10 animals; for
14 µm thick sections, an average nuclear width of 7.9 ± 0.3 µm
and average section thickness of 14 ± 1 µm was measured
from 30 cells and 10 sections respectively in 5 animals. All
values are given with ± SEM values. For semi-quantitative
analysis, 5 sections per animal were screened from 5 animals
per group. Regions were graded for expression density; - (not
expressed), + (scattered sparsely), ++ (expressed by 1/3 of
the neurons in the area), +++ (expressed by > 1/3 of the
neurons in the area). Representative images were first exported
into Fiji (RRID:SCR_002285) as TIFF files for brightness/contrast
adjustment to increase the clarity and to reflect true rendering.
Images were not otherwise altered. TIFF images were then
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TABLE 2 | Antibodies used for IHC.

Antibody Host Working
dilution

Company (Cat no) Specificity and related PMID Associated
figures

PRIMARY

DIG Sheep 1:1000 Roche (11093274910)

Phox2b Guinea pig 1:1500 Gift from Professor Hideki
Enomoto (Nagashimada et al.,
2012)

Confirmed by co-expression with rabbit anti-Phox2b
(J.-F. Brunet, Ecole Normale Supeìrieure, Paris,
France), for which there was complete absence of
reactivity in Phox2b knockout mice (Lazarenko et al.,
2009; Nagashimada et al., 2012)

F 6A–D

c-Fos Rabbit 1:1000 Cell Signaling (2250S) 29888787 F 6A–D

c-Fos Rabbit 1:4000 Santa Cruz (sc-253) 21800306, 30136719, 31423585 F 7A–D,
SF 3A–D,
SF 4A–D

TH (tyrosine hydroxylase) Sheep 1:1000 Millipore (AB1542) 29888787 SF 1F,L,N,
SF 3A–D,
SF 4A–D

TH Chicken 1:1000 Aves (TYH) 21858819, 21858821, 28472858, 30592042 N/A

VAChT (Vesicular
acetylcholine transporter)

Goat 1:1000 Millipore Sigma (ABN100) 30926750 F 4B1,2,
SF 3A–D,
SF 4A–D

ChAT (Choline
acetyltransferase)

Goat 1:1000 Millipore Sigma (AB144P) 26470751, 22237784, 16917846, 17111374,
22173709, 21618225

N/A

SECONDARY

α-Guinea pig 488 Donkey 1:400 Jackson ImmunoResearch
(706-545-148)

α-Rabbit 594 Donkey 1:400 Jackson ImmunoResearch
(711-585-152)

α-Rabbit 488 Donkey 1:400 Jackson ImmunoResearch
(711-545-152)

α-Sheep Cy5 Donkey 1:400 Jackson ImmunoResearch
(713-175-147)

α-Sheep 488 Donkey 1:400 Abcam (ab150177)

α-Chicken AMCA Donkey 1:400 Jackson ImmunoResearch
(703-155-155)

α-Goat 594 Donkey 1:400 Jackson ImmunoResearch
(705-585-147)

α-Goat Cy5 Donkey 1:400 Jackson ImmunoResearch
(705-175-147)

F, Figure; SF, Supplementary Figure.

imported into CorelDraw Graphics Suite X7 (64-bit) or Adobe
Illustrator CC (2019) for final presentation.

RESULTS

The Effect of Hypercapnia on
Neuropeptide Expression in the Rostral
RTN (rRTN)
As a result of short-term (6 h), exposure to 5% CO2, ppGal
expression significantly decreased in the rRTN (33%, p < 0.01)
(Figure 2B). This decrease was no longer evident at the 8 h
timepoint. In contrast, 10 days exposure to either 5 or 8%
CO2 increased ppGal expression by 60% (p < 0.001) and 40%
(p < 0.01) respectively (Figure 2B). There was no change to
ppGRP nor ppNMB expression during either short-term or long-
term hypercapnia (Figures 2C,D). Neuropeptide expression did
not change in the lateral cerebellum.

The Effect of Hypercapnia on
Neuropeptide Expression in the Caudal
RTN (cRTN)
Following a 6 h exposure to 5% CO2, there was a significant
decrease in the expression of ppGal in the cRTN (27%, p < 0.01)
(Figure 3B). After 8 h, the expression of ppGRP decreased by 49%
(p < 0.01) and ppNMB by 33% (p < 0.01) (Figures 3C,D) with
no change in ppGal expression. On the other hand, after long-
term exposure to hypercapnia (8% CO2, 10 days), there was an
increase in the expression of ppGal (40%, p < 0.01) and ppNMB
(30%, p < 0.05) but not ppGRP.

ppGal Distribution in the Mouse
Brainstem
In the dorsal brainstem, ppGal+ neurons were abundant in the
non-catecholaminergic caudal NTS (cNTS); ppGal+ neurons
lay immediately ventral to the TH+ A2 neurons, within the
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FIGURE 2 | Short-term hypercapnia downregulates and long-term hypercapnia upregulates ppGal but not ppGRP or ppNMB mRNA in rostral RTN (rRTN) measured
by qPCR. (A) Strategy for hypercapnia exposure, tissue dissection and timeline for short-term and long-term hypercapnia paradigms. (B–D) ppGal, ppGRP and
ppNMB mRNA expression levels following short-term (6 or 8 h) or long-term (10 days) elevated inspired CO2 (5% or 8%). The qPCR results were normalized to the
expression levels of two house-keeping genes: HPRT and RPLPO. ∗∗p < 0.01, ∗∗∗p < 0.001 (One-Way ANOVA, Multiple comparisons: Dunnet).

lateral cNTS. They were also abundant in vAChT+ neurons
in the dorsal motor nucleus of the vagus (X), but absent in
hypoglossal nucleus (XII) (Supplementary Figure S3). There was
no ppGal mRNA labeling observed in the rostral NTS (rNTS,
rostral to area postrema). In the ventral brainstem, ppGal
mRNA labeling was present in the RTN, inferior olive (IO)
and paragiganticellular reticular nucleus. There was no ppGal
mRNA labeling observed in the mouse VRC, A1/C1 populations
(Supplementary Figure S4) or caudal raphe nuclei. The
quantitative profile for the distribution of the ppGal in the RTN
is illustrated in Supplementary Figures S2A,B. The total number
of ppGal+ RTN neurons counted between bregma levels −6.78
to −5.70 mm was 398 ± 19 neurons (n = 30) per animal which
corresponded to 50.2% of total RTN neurons (Phox2b+ /TH-/
ChAT-) (Supplementary Figure S2B). Laterally, there was a
moderate amount of ppGal+ neurons in the trigeminal nucleus
(Sp5). In the rostral medulla, ppGal+ neurons were abundant
in the locus coeruleus (LC) some of which were TH+. There
was also a ppGal+/TH- population in proximity to A5 area,
immediately lateral to the rostral pole of the facial nucleus
(VII). In the context of respiratory populations in pons;
parabrachial nucleus (PbN) and caudal Kölliker fuse (cKF)
neurons did not contain ppGal mRNA. More rostrally in the

pons, there was moderate amount of ppGal labeling in the area
corresponding to rostral Kölliker fuse (rKF) and TH positive
A4 population. Summary for semi-quantitative analysis of ppGal
mRNA distribution in the brainstem is provided in Table 3.

GalR1 Distribution in the Mouse
Brainstem
Both DIG-incorporated ISH and multiplex FISH approaches
revealed high levels of GalR1 mRNA (GalR1+) in the
PbN, cNTS and rNTS (Supplementary Figure S1 and
Table 3). GalR1+ neurons in the NTS were Phox2b- and
TH- (Supplementary Figures S1K,L). Low to moderate
GalR1 mRNA labeling was detected in the Sp5, XII, VRC,
A1/C1, RTN, nucleus ambiguus (na), reticular nucleus, raphe
nuclei, and LC. The GalR1+ neurons of the RTN were also
Phox2b+ (Supplementary Figures S1H,I). Upon quantitation,
GalR1 mRNA labeling in the VRC shows two peaks: at
Bregma levels of approximately 7.38 and rostral to −6.6
which correspond to the preBötzinger complex (preBötC)
and Bötzinger complex (BötC) respectively (Figure 5D and
Supplementary Figure S1O). An average of 242 ± 23 (n = 3)
TH+ neurons were positive for GalR1 mRNA in the C1 area
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FIGURE 3 | Short-term hypercapnia downregulates and long-term hypercapnia upregulates ppGal, ppGRP or ppNMB mRNA in caudal RTN (cRTN) measured by
qPCR. (A) Strategy for hypercapnia exposure, tissue dissection and timeline for short-term hypercapnia and long-term hypercapnia paradigms. (B–D) ppGal,
ppGRP and ppNMB mRNA expression levels following short-term (6 or 8 h) or long-term (10 days) elevated inspired CO2 (5% or 8%). The qPCR results were
normalized to the expression levels of two house-keeping genes: HPRT and RPLPO. ∗p < 0.05, ∗∗p < 0.01 (One-Way ANOVA, Multiple comparisons: Dunnet).

(Bregma levels −7.47 to −6.66) which corresponds to an
average of 34% of all TH+ neurons in the C1 (Supplementary
Figure S1P). Summary for semi-quantitative analysis for
the distribution of GalR1 mRNA labeling and representative
microscopic images are provided in Table 3 and Supplementary
Figure S1 respectively.

GalR1 Distribution in the Mouse Ventral
Respiratory Column (VRC)
Inhibitory neurons in the VRC were identified by using a second
riboprobe targeting GlyT2. Co-labeling of GalR1 with GlyT2
mRNA was apparent in the VRC (Figure 4B). Quantitative
analysis for neurons containing both GalR1 and GlyT2 mRNA
was performed in the ventral brainstem between Bregma levels
−7.51 and −6.50. Based on previous studies (Abdala et al.,
2015; Ausborn et al., 2018), preBötC and BötC correspond to
Bregma levels −7.51 to 7.09 and −7.0 to −6.58 respectively.
GalR1 distribution was not restricted to the VRC (Figure 4C).
For this reason, cell counts were made from ventrolateral
medulla (VLM) subdivisions (Figures 5A–C). The VRC was
defined as a 400 µm2 region immediately ventral to the
nucleus ambiguus (Pagliardini et al., 2003; Stornetta et al.,
2003; Bouvier et al., 2010; Le et al., 2016; Figure 5A) and

there was an average of 840 ± 23 (n = 5) GalR1+ neurons
between Bregma levels −7.51 and −6.50 out of which 198 ± 15
were glycinergic (23%). In the VRC, BötC contained more
GalR1+ neurons 539± 20 compared to preBötC 301± 12 (n = 5)
(Figure 5G). The percentage of GalR1+ neurons expressing
GlyT2 was also higher in BötC (30%) compared to preBötC
(11%) (Figure 5J).

Lateral to the VRC (750 µm × 250 µm) (Figure 5B), the
distribution of GalR1+ neurons had a similar pattern to the
VRC (Figure 5E). In total, there were 721 ± 35 (n = 5)
GalR1+ neurons between Bregma levels −7.51 and −6.50
(Figure 5H). The percentage of GalR1+ neurons expressing
GlyT2 was also similar in both preBötC and BötC (12 and 15%
respectively) (Figure 5J).

In the region ventral to the VRC (250 µm × 500 µm)
(Figure 5C), the distribution pattern of GalR1 was different to
the other two regions (Figure 5F). There was a significantly
greater number of GalR1+ neurons in the BötC (137 ± 29
neurons) compared to preBötC (22 ± 8 neurons) (p < 0.005)
(n = 5) (Figure 5I). Very few GalR1+ neurons were positive
for GlyT2 in preBötC or BötC (Figure 5J). This population
of GalR1 neurons most likely corresponds to the bulbospinal
presympathetic population of rostral ventrolateral medulla.
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TABLE 3 | Distribution of ppGal and GalR1 mRNA in the mouse brainstem.

Brainstem region GalR1 ppGal

Sp5 ++ ++

cNTS +++ +++

rNTS +++ −

XII ++ −

X + +++

IO − ++

VRC + −

A1/C1 + −

RTN + +++

na + −

Reticular nucleus + ++

Caudal raphe nuclei ++ −

Lateral to A5 n/a ++

LC + +++

PbN +++ −

cKF + −

rKF + +

A4 + ++

Adult male C57BL6/J mice (n = 5) were examined using DIG-incorporated
riboprobes complementary to mouse ppGal and GalR1 mRNA by ISH. All
anatomical areas listed are according to the atlas of Franklin and Paxinos (Paxinos
and Franklin, 2004). −, not expressed; +, scattered sparsely; ++, expressed by
1/3 of the neurons in the area; +++, expressed by > 1/3 of the neurons in the
area; n/a, not available.

Chemoreflex Activation of Brainstem
Neuronal Populations After Long-Term
Hypercapnia
A semi-quantitative analysis was performed to identify regions
that are differentially affected by acute chemoreceptor
stimulation following room air or long-term hypercapnia.
c-Fos immunoreactivity in the caudal raphe nuclei, the reticular
nuclei (corresponding to lateral and ventral to the VRC), PbN
and KF and did not change with acute hypercapnia chemoreflex
challenge with or without long-term hypercapnia (Table 4).
ppGal+ neurons in the Sp5, IO, reticular nucleus, rKF and A4
were not activated by any conditions (Table 4).

As described previously, discrete neuronal populations were
activated by acute chemoreflex challenge (10% CO2-1 h). These
included cNTS neurons, LC neurons, RTN neurons and A1/C1
neurons (p < 0.001). After 10 days of continuous 8% CO2
(long-term hypercapnia), we observed that many fewer cNTS,
LC and A1/C1 neurons were recruited in response to acute
hypercapnia chemoreflex challenge (Table 4 and Supplementary
Figures S3, S4). The decreased activation of cNTS, LC, and C1
neurons suggests a blunting of the chemoresponsiveness of these
regions after long-term hypercapnia.

RTN Neurons Retain
Chemoresponsiveness Following
Long-Term Hypercapnia
The rostrocaudal distribution of RTN neurons (Phox2b+ /TH-/
ChAT-) in the parafacial region is shown in Supplementary

Figure S2A. In total, we counted 793 ± 41 neurons (n = 25) per
mouse (Supplementary Figure S2B).

Following control conditions of room air for 10 days,
a baseline of 11.3% of RTN neurons displayed c-Fos
immunoreactivity (84 ± 12, n = 5) (Figures 6A,F and
Supplementary Figure S2C). By comparison, following the
acute hypercapnia chemoreflex challenge, 39.5% of the RTN
neurons were activated (275 ± 30 total cell counts) (n = 5)
(Figures 6B,F and Supplementary Figure S2C), consistent with
previous literature (Teppema et al., 1997; Kumar et al., 2015).

We observed a non-significant increase in c-Fos+ RTN
neurons due to residual 8% CO2 from the 10 days exposure
(11.3% vs. 22.4%, 84 ± 12 vs. 161 ± 35 neurons, n = 5)
(Figures 6C,F and Supplementary Figure S2C). When the acute
hypercapnia challenge was administered following the long-term
hypercapnia exposure, the responsiveness of RTN neurons was
significantly higher compared to room air control (30.7% vs.
11.3%, 242± 31 vs. 84± 12 total cell counts, n = 5) (Figures 6D,F
and Supplementary Figure S2C). In summary, the RTN was the
only population assessed that retained its chemoresponsiveness
following long-term hypercapnia.

ppGal+ RTN Neurons Retain
Chemoresponsiveness Following
Long-Term Hypercapnia
The ppGal+ subset of mouse RTN neurons displayed extensive
c-Fos immunoreactivity in response to the acute hypercapnia
challenge, consistent with previous descriptions in rat (Spirovski
et al., 2012). Under control conditions (room air, 10 days),
26 ± 5 (n = 5) ppGal+ RTN neurons were activated
(Figure 7A and Supplementary Figure S2D), representing
7.6% of the ppGal+ neurons (Figure 7F) which we infer
to be 31% of the activated RTN neurons in the area. By
comparison, following the acute hypercapnia challenge, 157± 33
ppGal+ RTN neurons were activated, representing 37.4% the
ppGal+ neurons (p < 0.01) (n = 5) (Supplementary Figure S2D
and Figures 7B,F) which we infer to be 57.1% of the activated
RTN neurons in the area.

After long-term hypercapnia, there was no change in the
number of ppGal+ RTN neurons activated by acute chemoreflex
challenge (36.8% vs. 37.4% of ppGal+ RTN neurons, 167 ± 29
vs. 157 ± 33 total cell counts, n = 5) (Figures 7D,F and
Supplementary Figure S2D). This was inferred to be 68.7% of
the activated RTN neurons.

The qPCR results showed increased ppGal expression in both
cRTN and rRTN following exposure to 8% CO2 for 10 days
(Figures 2, 3). This could be explained by either an increase in
the number of ppGal expressing neurons or increased expression
of ppGal mRNA within each ppGal+ neuron. However, the
number of ppGal+ RTN neurons did not change following
long-term hypercapnia (Figure 7E). Furthermore, there was
also no difference in the number of ppGal+ neurons when an
analysis was conducted compartmentalizing RTN into rostral
and caudal regions. Taken together, this suggests that whilst
long-term hypercapnia does not induce more RTN neurons to
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FIGURE 4 | Distribution of GalR1 mRNA expressing neurons in the VLM. (A) The GalR1 FISH riboprobe demonstrated labeling of specific thalamic nuclei as
described previously [Supplementary Figures S1A (adapted from Kerr et al., 2015), 1B]. (B1) GalR1 and GlyT2 mRNA labeling was observed ventral to nucleus
ambiguus (na), in a region corresponding to the VRC. (B2) Inset in B1 enlarged, showing GalR1+ (red arrowhead), GlyT2+ (green arrowhead) and GalR1+/GlyT2+
double labeled (yellow arrow) neurons. (C) Representative mouse brainstem coronal sections, showing GalR1 and GlyT2 mRNA labeling from Bregma level −7.42 to
−6.67. Scale bars are 200 µm (A), 50 µm (B1), 25 µm (B2) and 1 mm (C).

express ppGal or alter the recruitment of ppGal+ neurons, it does
increase the transcription of galanin mRNA.

DISCUSSION

The principal findings of this study are as follows: in the mouse,
50% of RTN neurons express galanin mRNA; gene expression for
galanin was reduced by 30% following short-term hypercapnia
and increased by 60% following long-term hypercapnia in both
rostral and caudal RTN. In the mouse, galanin mRNA is
distributed in brainstem regions important for cardiorespiratory
regulation including cNTS and LC but in contrast to the rat,
was absent in the VRC and A1 populations. Furthermore, the
presence of GalR1 mRNA in the BötC and preBötC supports
the existence of an RTN-VRC galaninergic circuit. Finally, our
c-Fos studies showed that all brainstem galaninergic populations;
RTN, NTS, LC, and some non-galaninergic populations such
as A1 neurons were recruited by the acute hypercapnia

chemoreflex challenge (indicated by increased c-Fos expression)
which was consistent with previous literature (Spirovski et al.,
2012). The CO2 responsiveness of all populations recruited
(including galaninergic subpopulations) was blunted after long-
term hypercapnia, however, RTN neurons retained their CO2
responsiveness. Taken together, there was both increased ppGal
expression and sustained chemoresponsiveness of ppGal+ RTN
neurons following long-term hypercapnia.

Neuroplasticity Underlying Adaptation to
Long-Term Hypercapnia
While it is well established that acute hypercapnia causes an
increase in the ventilatory drive by peripherally and centrally
mediated chemoreflex systems (Forster and Smith, 2010; Smith
et al., 2010), the ventilation pattern is altered during long-
term hypercapnia. The most common trend during long-term
hypercapnia is a biphasic response consisting of an initial
increase in ventilatory drive followed by a reduced response
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FIGURE 5 | GalR1 mRNA is expressed in the glycinergic subset of VRC neurons. (A–C) Representative coronal hemisection of mouse brainstem showing three
distinct areas analyzed (VRC immediately ventral to nucleus ambiguus (na); 750 × 250 µm region immediately lateral to the VRC; 500 µm × 250 µm region
immediately ventral to the VRC). (D–F) Rostrocaudal distribution of GalR1 and GlyT2 mRNA containing neurons counted within the regions depicted in (A-C)
respectively. (G–I) Total number of neurons per region of interest per mouse. PreBötC was defined to correspond to Bregma level −7.51 to 7.09 and BötC was
defined to correspond to Bregma level −7.00 to −6.58. (J) Percentage of GalR1 neurons that are glycinergic in the region depicted in (A–C). ∗∗∗∗p < 0.0001,
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05 (Two-Way ANOVA, Multiple comparisons: Tukey). Scale bar is 500 µm.
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TABLE 4 | c-Fos expression evoked by acute hypercapnia following room air or
long-term hypercapnia conditions.

c-Fos expression

RA∗ RA + AH∗ LH∗ LH + AH∗

Brainstem region (0% CO2) (0% CO2 + AH) (8% CO2) (8% CO2 + AH)

ppGal+ Sp5 − − − −

cNTS − +++ − −

IO − − − −

RTN + +++ +++ +++

Reticular
nucleus

− − − −

LC − + − −

rKF − − − −

A4 − − − −

ppGal− rNTS − − − −

A1/C1 − ++ − −

Caudal
raphe
nuclei

++ ++ ++ ++

PbN ++ ++ ++ ++

KF ++ ++ ++ ++

Adult male C57BL6/J mice (n = 5) were examined using c-Fos by IHC for activation
and DIG-incorporated riboprobes complementary to mouse ppGal mRNA by ISH.
All anatomical areas listed are according to the atlas of Franklin and Paxinos
(Paxinos and Franklin, 2004). −, not expressed; +, scattered sparsely; ++,
expressed by 1/3 of the neurons in the ROI; +++, expressed by > 1/3 of the
neurons in the ROI. ∗RA, Room air; AH, acute hypercapnic chemoreflex challenge;
LH, long-term hypercapnia.

over the long term (Schaefer, 1963; Schaefer et al., 1963; Clark
et al., 1971; Guillerm and Radziszewski, 1979; Jennings and
Davidson, 1984; Burgraff et al., 2018, 2019). This time-dependent
physiologic change suggests an adaptation or acclimatization
to long-term hypercapnia. Peripheral homeostatic mechanisms
including metabolic compensation by the kidneys are partly
responsible for maintaining body pH by increasing HCO3

+

levels (Schaefer, 1963; Schaefer et al., 1963; Johnson, 2017;
Burgraff et al., 2018). Recently central mechanisms contributing
to adaptation to long-term hypercapnia, including central/neural
resetting, have been purported (Burgraff et al., 2019; Chuang
et al., 2019). These studies suggest that changes in synaptic
expression or changes in the phosphorylation of glutamate
receptors contribute to this neuroplasticity. Since glutamate
is the primary transmitter responsible for CO2 stimulated
breathing (Bochorishvili et al., 2012; Holloway et al., 2015),
glutamate receptors were good candidates for contributing to
chronic hypercapnia-related neuroplasticity. Indeed, there are
time dependent changes of glutamate receptor expression within
cVLM, rRTN, rNTS, medullary raphe, rVRC and XII during
chronic hypercapnia (Miller et al., 2014; Burgraff et al., 2019).
These previous studies demonstrate that time and site-specific
neuroplasticity occurs during long-term hypercapnia.

The data presented herein focuses on the RTN and proposes
other neuromodulatory candidates that may contribute to
neuroplasticity during long-term hypercapnia; neuropeptides
galanin, NMB and GRP. Our qPCR results support the theory

FIGURE 6 | RTN neurons retain their responsiveness to acute hypercapnia
chemoreflex challenge following long-term hypercapnia. Representative image
of a coronal brainstem section from the RTN region for each experimental
group immunostained for Phox2b (green) and c-Fos (red), (A) room air (RA)
control, (B) room air + acute hypercapnia chemoreflex challenge (RA + AH),
(C) long-term hypercapnia (LH), (D) long-term hypercapnia + acute
hypercapnia chemoreflex challenge (LH + AH). Arrowheads point to
non-activated RTN neurons; arrows point to activated RTN neurons.
Scalebars are 25 µm. (E) The total number of RTN neurons (Phox2b+ /TH−)
per mouse. (F) The percentage of activated RTN neurons following different
experimental conditions. ∗p < 0.05, ∗∗∗p < 0.001 (Two-Way ANOVA, Multiple
comparisons: Sidak).

of a biphasic response to long-term hypercapnia; we found a
decrease in neuropeptide mRNA expression in the first 6–8 h
exposure, followed by an increase after 10 days. The decreased
neuropeptide expression in the first phase aligns temporally
with the initial hyperventilation and the increased neuropeptide
mRNA expression in the second phase ultimately may reflect
the neuroplastic change that underlies the decreased ventilation
following long-term exposure to hypercapnia.

Neuropeptide mRNA Expression in the
RTN Is Altered in Response to
Long-Term Hypercapnia
Our ppGal in situ hybridization data revealed ppGal mRNA
expression in mouse brainstem is restricted to the RTN, IO,
medial reticular nucleus, NTS and LC. In contrast to the rat,
ppGal mRNA is absent in the VRC and A1/C1 populations of the
mouse. Since the dissections separated ventral brainstem from
dorsal brainstem and the midline region was excluded, “RTN”
dissections were free from IO, medial reticular nucleus, NTS and
LC ppGal mRNA. Therefore, we can confirm specificity of ppGal
from the RTN in our dissections.
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FIGURE 7 | The ppGal+ neurons in the RTN do not change their
responsiveness to acute hypercapnic chemoreflex challenge after a long-term
exposure to hypercapnia. Representative images of the coronal brainstem
sections from the RTN region showing the activation of the galaninergic RTN
neurons following (A) room air (RA), (B) room air + acute hypercapnia
chemoreflex challenge (RA + AH), (C) long-term hypercapnia (LH), (D)
long-term hypercapnia + acute hypercapnia chemoreflex challenge
(LH + AH). ppGal+ neurons are purple (alkaline phosphatase ISH labeled
neurons) and c-Fos+ neurons are in green (IHC). The box in each panel is
enlarged for a higher magnification representation of the area. Arrowheads
point to single labeled neurons; arrows point to activated ppGal+ RTN
neurons. Scale bars are 50 µm in low magnification images and 25 µm in
high magnification images. (E) The total number of ppGal+ RTN neurons per
mouse. (F) The percentage of activated ppGal+ neurons of total
ppGal+ neurons within the RTN following different challenge conditions.
∗∗p < 0.01, ∗∗∗p < 0.001 (Two-Way ANOVA, Multiple comparisons: Sidak).

Previous studies showed that galanin levels do not change in
whole brainstem homogenate after 3 h exposure to hypercapnia
(Wang W. et al., 2013), however, here we have demonstrated
30% reduction in galanin gene expression following precise
excision of the RTN. Since, galanin exerts a powerful inhibitory
effect on the phrenic motor output by depressing the activity
of neurons in the BötC and preBötC (Abbott et al., 2009a), the
downregulation of ppGal mRNA we observed after 6 h would be
expected to cause a consequent increase in phrenic motor output,
facilitating hyperventilation.

Long-term hypercapnia did not change ppGRP mRNA
expression, whereas ppGal and ppNMB mRNA levels were

upregulated in the cRTN, and ppGal mRNA in the rRTN.
Sustained increased activity of glutamatergic transmission was
observed in the RTN and VRC following 30 days exposure to
hypercapnia (Burgraff et al., 2019). It was shown that during
the first hour of 6% CO2 exposure, there is an increase in
minute ventilation by 355% of control (room air) levels, which
decreases to 235% and was maintained over 30 days in goats
(Burgraff et al., 2018). Upregulation of galanin mRNA expression
in the RTN may contribute to the decrease in ventilation whereas
increased NMB mRNA expression, an excitatory neuropeptide,
may act as a counterbalancing mechanism to contribute to the
sustained increased steady state minute ventilation after long-
term hypercapnia compared to room air. In order to further
support this hypothesis and establish a causal relationship,
galanin co-release with glutamate and NMB can be investigated
using electrophysiological and pharmacological approaches.

Neuropeptides are inducible and are known to have long-
lasting effects since they act on G-protein coupled receptors
(Salio et al., 2006; Nassel, 2009). Furthermore, they require
progressively larger frequencies of stimulation for vesicular
release (Fulop et al., 2005) and are released at synapses
in response to higher frequencies of discharge than fast
neurotransmitters (Balkowiec and Katz, 2000; Sauerstein et al.,
2000). The increase in ppGal mRNA expression following
exposure to long-term hypercapnia (5 and 8% CO2) may reflect
increased neurotransmission.

mRNA for Galanin Receptor 1 (GalR1) Is
Distributed in the Mouse VRC
Since microinjection of galanin into the VRC results in an
inhibitory effect on ventilation (Abbott et al., 2009a), we
hypothesized that there would be GalR1 and 3 present in the
VRC, because they are Gi/Go coupled and mediate inhibitory
actions of galanin (Ogren et al., 2010). The present study
demonstrates the presence of >840 GalR1+ neurons in the BötC
and preBötC area.

A subpopulation (23%) of these GalR1+ neurons are
glycinergic which may implicate a disinhibitory effect of
galanin neurotransmission. However, photo- or pharmacological
inhibition of the VRC is not obligatory for cessation of preBötC
rhythmogenesis (Feldman and Smith, 1989; Sherman et al., 2015;
Del Negro et al., 2018). Nevertheless, the inhibitory effect of
galanin (Abbott et al., 2009a) following microinjection into the
VRC might be through (1) indirect innervation of the phrenic
motor nucleus by glycinergic VRC neurons (via XII, NTS, RTN,
LC, PbN, KF, periaqueductal gray, colliculi nuclei, hypothalamus,
thalamus, zona incerta, lateral preoptic area) (Yang and Feldman,
2018), or (2) GalR effects on other subtypes of VRC neurons
since the phenotype of the remaining 77% of GalR1 neurons in
VRC is unknown. The VRC also contains excitatory neurons
(Del Negro et al., 2018). Therefore, there exists a complex
circuitry between RTN galaninergic and target VRC neurons
with the possibility of multiple combinations of galanin receptors
and downstream excitatory or inhibitory VRC neurons which
requires further elucidation.
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The Responsiveness of ppGal+ RTN
Neurons to Acute Hypercapnia
Challenge Is Not Altered Following
Long-Term Hypercapnia
This study is also the first to look at the effect of long-term
hypercapnia on the activation and responsiveness of galaninergic
and non-galaninergic respiratory nuclei. There are multiple
studies that looked at the alterations in c-Fos expression within
central respiratory populations following acute (1–2 h) exposure
to hypercapnia (5–15% CO2) or hypoxia (8–10% O2) (Teppema
et al., 1997; Takakura et al., 2006; Spirovski et al., 2012; Wakai
et al., 2015). Here we wanted to see if there are alterations in
the responsiveness to acute hypercapnia chemoreflex challenge
following long-term hypercapnia.

All the RTN neurons are vesicular glutamate transporter 2+
(Stornetta et al., 2009) and glutamate is the neurotransmitter
used by the RTN during CO2-stimulated breathing (Holloway
et al., 2015). Acute hypercapnia chemoreflex challenge activated
∼40% of ppGal+ RTN neurons which we inferred represents
∼60% of activated RTN neurons, in accordance with the previous
literature (Stornetta et al., 2009). Our gene expression data shows
a decrease in ppGal mRNA expression in the first 6 h of exposure
to 5% CO2. A reduction in ppGal neurotransmission within
the RTN may potentiate glutamatergic transmission, possibly
contributing to the hyperventilatory response of the first phase
of long-term hypercapnia.

The activation state of RTN neurons including the
ppGal+ subset was sustained by the continuous 10 days
exposure to 8% CO2. One limitation is that c-Fos is not an
appropriate marker for long-term neuroplasticity because its
protein expression peaks within 2 h of a stimulus challenge; it is
a marker for transient neuronal activation and does not reflect
long-term synaptic activity (Muller et al., 1984; Nestler et al.,
2001). In future, 1FosB, another member of the Fos family of
transcription factors (Nestler et al., 2001), can be used to detect
sustained changes in gene expression that persist long after
exposure. 1FosB accumulates during repeated activating stimuli
thus whether RTN neurons are continuously responsive to the
hypercapnia exposure over 10 days or not can be confirmed by
the accumulation of the transcription factor 1FosB.

Unlike RTN, the Responsiveness of NTS,
LC, and A1/C1 Neurons to Acute
Hypercapnia Challenge Is Blunted
Following Long-Term Hypercapnia
Our data demonstrating recruitment of cNTS neurons during
acute chemoreflex challenge is in concert with the previous
experiments conducted in rats where there was 10% increase
in activation of ppGal+ NTS neurons (Spirovski et al., 2012).
This might be due to either second order activation or intrinsic
acid sensing nature of the NTS neurons. Focal acidification by
CO2 dialysis with 25% CO2 increased ventilation in vivo (Nattie
and Li, 2002) and increased the firing rate of Phox2B+ NTS
neurons in vitro (Fu et al., 2017). Lesions of Phox2b containing
NTS neurons by injections of neurotoxin substance P-saporin

reduced minute ventilation and tidal volume during exposures
to 4–8% CO2 (Fu et al., 2017). This transient activation of cNTS
in response to acute hypercapnia chemoreflex challenge was lost
following long-term hypercapnia.

The responsiveness to acute hypercapnia challenge of LC
neurons was consistent with previous studies (Ritucci et al., 2005;
Biancardi et al., 2008; Spirovski et al., 2012). This responsiveness
is likely to be due to the intrinsic chemosensitive properties of the
LC neurons. Indeed, local dialysis with acetazolamide increased
ventilation (Biancardi et al., 2008), whereas focal deletion of
these neurons decreased hypercapnic ventilatory response in
unanesthetized rats (Biancardi et al., 2008). LC neurons are
exclusively TH+ (Pickel et al., 1975); most ppGal+ neurons
in the LC were TH+ as described previously (Dobbins and
Feldman, 1994). Although not specifically characterized, these
neurons may project to the VRC. Transsynaptic retrograde virus
injections into the phrenic nucleus show third order LC afferents
passing through the VRC (Holets et al., 1988). Similar to our
findings with the NTS, LC neurons were responsive to acute
hypercapnia chemoreflex challenge, and this responsiveness was
blunted following long-term hypercapnia.

Similarly, the responsiveness of A1/C1 neurons to acute
hypercapnia challenge following room air was consistent with
the results reported by Spirovski et al. (2012) and Haxhiu
et al. (1996). In rats, 52% of the ppGal+ neurons of the A1
population are activated by 2 h exposure to 10% CO2 even
following carotid denervation (Haxhiu et al., 1996). Although A1
neurons do not express ppGal in mice, they remain responsive
to acute hypercapnia challenge. Our data demonstrates for the
first time that like NTS and LC, the responsiveness of A1/C1
neurons to chemoreflex challenge is blunted following long-
term hypercapnia.

The blunting of respiratory related populations in response to
the acute chemoreflex suggests an adaptation of the chemoreflex
circuitry under chronic hypercapnic conditions. Our working
hypothesis is that this type of adaptation would be advantageous
for people with chronic respiratory diseases like COPD,
OHS, and OSA who normally live under chronic hypercapnic
conditions. The RTN was the only brain region assessed
that remained recruited following long-term hypercapnia; this
sustained chemoresponsiveness attests to its crucial role in
central regulation of breathing. The conservation of ppGal+RTN
neurons that retained chemoresponsiveness following long-term
hypercapnia suggests that the ppGal+ subpopulation is likely to
be modulated during the adaptation process.

CONCLUSION AND SIGNIFICANCE

Hypercapnia is a respiratory stressor that occurs in many
disease (e.g., COPD, OHS, OSA, etc.) or non-disease conditions
(e.g., miners, submarines, scuba divers, astronauts, hibernating
animals, deep sea creatures, etc.). While the physiologic
mechanism that underlies the central respiratory chemoreflex
response to long term hypoxia is well established, the mechanisms
underlying central neuroplastic changes that occur during long-
term hypercapnia are yet to be clarified. This is the first study
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assigning a role to the neuropeptides galanin, NMB and GRP in
the RTN to adaptive changes during long-term hypercapnia. The
major findings are as follows: (1) Neuropeptide gene expression
decreased after short-term hypercapnia and increased after long-
term hypercapnia with galanin showing the most prominent
changes. This supports the concept of a biphasic neuroplastic
contribution during adaptation to long-term hypercapnia. (2) For
the first time, GalR1 mRNA was shown to be present in the
BötC and preBötC supporting the existence of an RTN-VRC
galaninergic circuitry. (3) Finally, c-Fos studies showed that after
exposure to long-term hypercapnia, the responsiveness of the
NTS, LC and A1 populations to acute hypercapnia chemoreflex
challenge was blunted. In contrast RTN neurons including
galaninergic subpopulation retained their responsiveness to acute
hypercapnia. Co-release of galanin from RTN neurons may
(1) counterbalance glutamatergic inputs to the respiratory centers
in order to downscale energetically wasteful hyperventilation
in the first phase of chronic respiratory stress (hypercapnia)
(2) have a role in the second phase of adaptation to long-term
hypercapnia, contributing to the observed decrease in ventilation
through the inhibitory effects of galanin.
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Aim: We initially developed concurrent recording of muscle sympathetic nerve activity
(MSNA) and functional magnetic resonance imaging (fMRI) of the brain to functionally
identify the human homolog of the rostral ventrolateral medulla (RVLM). Here we
summarize the cortical and subcortical connections to the RVLM, as identified using
MSNA-coupled fMRI.

Methods: MSNA was recorded via tungsten microelectrodes inserted into the peroneal
nerve. Gradient echo, echo-planar fMRI was performed at 3T (Philips Achieva).
200 volumes (46 axial slices (TR = 8 s, TE = 4 s, flip angle = 90◦, raw voxel
size = 1.5 × 1.5 × 2.75 mm) were collected in a 4 s-ON, 4 s-OFF sparse sampling
protocol and MSNA measured in each 1 s epoch in the 4-s period between scans. Blood
oxygen level dependent (BOLD) signal intensity was measured in the corresponding 1 s
epoch 4 s later to account for peripheral neural conduction and central neurovascular
coupling delays.

Results: BOLD signal intensity was positively related to bursts of MSNA in the
RVLM, dorsomedial hypothalamus (DMH), ventromedial hypothalamus (VMH), insula,
dorsolateral prefrontal cortex (dlPFC), posterior cingulate cortex (PCC), and precuneus,
and negatively related in the caudal ventrolateral medulla (CVLM), nucleus tractus
solitarius (NTS), and the midbrain periaqueductal gray (PAG). During physiological
increases in MSNA (tonic muscle pain), MSNA-coupled BOLD signal intensity was
greater in RVLM, NTS, PAG, DMH, dlPFC, medial prefrontal cortex (mPFC), precuneus,
and anterior cingulate cortex (ACC) than at rest. During pathophysiological increases
in MSNA [obstructive sleep apnoea (OSA)] signal intensity was also higher in dlPFC,
mPFC, ACC, and precuneus than in controls. Conversely, signal intensity was lower in
RVLM in OSA than in controls, which we interpret as reflecting a withdrawal of active
inhibition of the RVLM.

Conclusion: These results suggest that multiple cortical and subcortical areas are
functionally coupled to the RVLM, which in turn is functionally coupled to the generation
of spontaneous bursts of MSNA and their augmentation during physiological and
pathophysiological increase in vasoconstrictor drive.

Keywords: muscle sympathetic nerve activity, functional magnetic resonance imaging, rostral ventrolateral
medulla, blood pressure, human
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THE ROLE OF THE RVLM IN THE
REGULATION OF BLOOD PRESSURE

From classic studies of decerebrate animals, it has long been
known that the control of blood pressure requires an intact
brainstem, in particular the medulla oblongata; section of the
spinal cord immediately below the medulla leads to a precipitous
fall in blood pressure, while section of the brainstem at the
pontomedullary junction does not. The maintenance of blood
pressure within a relatively narrow range depends on the
integrity of a simple reflex arc, the baroreflex. Baroreceptors –
mechanoreceptors located within the carotid sinus and aortic
arch that are sensitive to radial distension of the arterial
wall and hence to intraluminal pressure – detect the pulsatile
fluctuations in blood pressure and, via the glossopharyngeal
and vagus nerves, send excitatory synaptic projections to the
primary visceral sensory nucleus, the nucleus of the solitary
tract (NTS). Second-order neurones within NTS then send
excitatory projections to neurones of the caudal ventrolateral
medulla (CVLM), which exerts tonic inhibitory control of the
rostral ventrolateral medulla (RVLM) (Dampney et al., 2003a,b;
Guyenet, 2006). It is well known that the RVLM plays a critical

role in maintaining absolute levels of blood pressure, as well as
being essential for the beat-to-beat control of blood pressure:
almost all sympathetic vasoconstrictor neurones originate in the
RVLM and electrolytic lesions of the RVLM result in precipitous
falls in blood pressure (Kumada et al., 1979; Dampney and
Moon, 1980). However, there is evidence suggesting that this
view of the RVLM being critical to the maintenance of blood
pressure is incorrect. Recently, Wenker et al. (2017) showed that
laser-induced inhibition of archaerhodopsin-expressing RVLM
neurones failed to drop blood pressure significantly in conscious
rats. However, the authors do acknowledge that just over 50%
of the neurones expressed archaerhodopsin, so it is possible that
inadequate inhibition was produced during laser stimulation.

Given that the RVLM is the primary (albeit not exclusive)
output nucleus for sympathetic vasoconstrictor drive to
the muscle, splanchnic, and renal vascular beds (Dampney
and McAllen, 1988; McAllen et al., 1995), and thereby
plays an important role in the ongoing regulation of total
peripheral resistance and blood pressure, measuring sympathetic
vasoconstrictor nerve activity in the periphery can be used to
infer the state of activity of the RVLM, as well as other nuclei
with spinally projecting neurones – such as the paraventricular

FIGURE 1 | (A) Axial section of the rostral medulla showing bilateral increases in BOLD signal intensity in the dorsolateral medulla – the region of the human rostral
ventrolateral medulla (RVLM) – during sustained increases in MSNA during a set of three maximal inspiratory breath-holds in 15 participants. (B) Histochemical
identification of the human RVLM based on the high density of Angiotensin II receptor binding (data reproduced with permission from Allen et al., 1998). (C) Bilateral
increases in MSNA-coupled BOLD signal intensity in the region of the RVLM. (D) Covariation in total MSNA, shown as the total amplitude of MSNA measured in
each 1 s epoch, and BOLD signal intensity in the corresponding 1 s epochs, measured over 30 s in the region indicated in panel (C) for the same participant; an
expanded section is shown on the right. Reproduced, with permission, from Macefield and Henderson (2019).
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FIGURE 2 | Significant increases (warm color scale) and decreases (cool color scale) in functional magnetic resonance imaging (fMRI) signal intensity within the
brainstem correlated with spontaneous muscle sympathetic nerve activity (MSNA; total burst activity) in the resting state; data from seven experiments.
(A) Significant changes are overlaid onto sagittal and axial slices of a T1-weighted brainstem template, with slice locations in Montreal Neurological Institute space
indicated at the top right of each slice. (B) Equivalent histological sections. Note that spontaneous bursts of MSNA are associated with increases in signal intensity in
the regions of the rostral ventrolateral medulla (RVLM) and caudal pressor area (CPA) and decreases in the region of the caudal ventrolateral medulla (CVLM) and
nucleus tractus solitarius (NTS). Reproduced, with permission, from Macefield and Henderson (2019).

FIGURE 3 | Increases and decreases in functional magnetic resonance imaging (fMRI) signal intensity correlated with muscle sympathetic nerve activity (MSNA) in 14
healthy participants. The hot color scale indicates regions in which signal intensity was high during periods of high MSNA and low during low MSNA. Conversely, the
cool color scale indicates regions where signal intensity was high during low MSNA and low during high MSNA. Clusters are overlaid onto axial, coronal and sagittal
slices of an individual subject’s T1-weighted anatomical and slice locations in Montreal Neurological Space are shown at the top right of each section. Reproduced,
with permission, from James et al. (2013).
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FIGURE 4 | Brain regions in which signal intensity fluctuations at rest are
significantly positively coupled to those in the rostral ventrolateral medulla
(RVLM) in 29 healthy participants. Results from an analysis focused on rostral
brain sites are shown in panel (A) whereas panel (B) focusses on the
brainstem only. Significant positive signal couplings with the RVLM are
indicated with the hot color scale and overlaid onto and axial, coronal and
sagittal slices of a mean T1-weighted anatomical image. Slice locations in
Montreal Neurological Space are shown at the top right of each section.
Reproduced, with permission, from Macefield and Henderson (2019).

nucleus of the hypothalamus (PVN), which sends direct
projections to the spinal cord as well as to RVLM (Shafton
et al., 1998; Pyner and Coote, 2000). However, given that spinally
projecting PVN neurones do not respond to baroreceptor input
in the conscious rabbit (Dampney et al., 2003b) it is likely that
this nucleus contributes little to resting vasoconstrictor drive to
vascular beds involved in regulating total peripheral resistance,
such as those in skeletal muscle.

Sympathetic outflow to the muscle vascular bed can be
recorded directly in humans via a tungsten microelectrode
inserted percutaneously into an accessible peripheral nerve,
an invasive technique known as microneurography. Muscle
sympathetic nerve activity (MSNA) occurs as spontaneous bursts
that show a strong temporal coupling to the heart beat; bursts
occur in the intervals between heart beats, with longer cardiac
intervals being associated with lower diastolic pressures and a
greater incidence and amplitude of bursts of MSNA (Macefield,
2013). Although there is no association between resting MSNA
and blood pressure in normotensive humans (Joyner et al., 2010),
it is well established that elevated MSNA contributes to the

development of neurogenic hypertension (Wallin et al., 1973;
Grassi et al., 1998; Schlaich et al., 2004).

FUNCTIONAL IDENTIFICATION OF THE
HUMAN RVLM USING MSNA-COUPLED
fMRI

Nearly 10 years ago we published our first paper (Macefield
and Henderson, 2010) on MSNA-coupled functional magnetic
resonance imaging (fMRI), in which we combined direct
recordings of MSNA with fMRI of the brainstem. Our approach,
in which fluctuations in the incidence and amplitude of
spontaneous bursts of MSNA recorded in the periphery are used
to identify covarying fluctuations in BOLD (blood oxygen level
dependent) signal intensity, was used to identify individual nuclei
in the brainstem responsible for the generation of the signal. In
other words, recording the output signal at the same time as
imaging the brain allowed us to identify the central source of
the output signal. Given the technical difficulties of recording
small nerve signals in a large magnetic field (3 Tesla, and we
are now doing this at 7T), this had never before been attempted.
Details of our methodology can be found elsewhere (Macefield
and Henderson, 2010, 2016, 2019), but briefly spontaneous
bursts of MSNA were recorded via a tungsten microelectrode
inserted percutaneously into a muscle fascicle of the right
common peroneal nerve in supine participants, and neural
activity amplified, filtered (2 × 104, 0.3–5.0 kHz; NeuroAmpEx,
ADInstruments, Sydney, NSW, Australia) and sampled on
computer at 10 kHz (PowerLab 16S and LabChart 7 software,
ADInstruments). The head was enclosed in a 32-channel SENSE
head coil and a sparse gradient-gradient echo sampling protocol
was performed: 200 volumes (TR = 8 s, TE = 4 s, flip angle = 90◦,
raw voxel size = 1.5 × 1.5 × 2.75 mm) were acquired over
27 min, each volume comprising 46 axial slices collected in a
caudal to rostral direction and extending from the top of the
cervical spinal cord to the vertex. Each 8 s TR period was
composed of an initial 4 s “ON” phase during which the entire
fMRI volume was collected, followed by a non-scanning “OFF”
phase of 4 s, in which bursts of MSNA were measured in each of
the four 1-s epochs. BOLD signal intensity (SPM12, uncorrected
p < 0.001) was measured in each of the four 1-s epochs in
the subsequent 4-s period to account for the ∼1 s required for
arrival of the sympathetic volley at the peripheral recording site
(Fagius and Wallin, 1980) and the ∼5 s hemodynamic delay
between the neuronal activity and generation of the BOLD signal
(Logothetis et al., 2001). Importantly, we do not use a region-
of-interest approach: rather, areas of the brain are identified
as being involved in the regulation of MSNA because the
spontaneous fluctuations in BOLD signal intensity covaried with
the spontaneous fluctuations in burst amplitude of the MSNA
signal. In other words, these areas “popped out” because of their
temporal coupling to the bursts of MSNA.

Figure 1A shows a bilateral increase in BOLD signal intensity
in the medulla during three sets of maximal inspiratory breath
holds – a manoeuver that causes a sustained increase in
MSNA – in 15 participants (Macefield et al., 2006). We believe
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FIGURE 5 | (A) Brain regions in which increases in BOLD signal intensity were greater or lower during tonic muscle pain. Significant clusters are overlaid onto a
mean T1-weighted anatomical image set created from all 37 subjects. Slice locations in MNI space are indicated in the upper right of each image. The left side of the
image is the side contralateral to the noxious stimulus. (B) Plots of mean (±SEM) percentage changes, measured every 5 min, at baseline and during pain (gray
shading) in the increasing (orange) and decreasing (blue) groups. Reproduced, with permission, from Kobuch et al. (2017).

these clusters represent the human homolog of the RVLM: the
human RVLM is not located in the ventrolateral part of the
medulla, where it was first identified in the rabbit, but in the
dorsolateral aspect of the medulla (Figure 1B). This is because
the human RVLM, identified as such because of its high density
of angiotensin II type IA receptors (AT1AR), is displaced by the
large inferior olives in humans (Allen et al., 1998). In Figure 1C
we show for one participant bilateral increases in MSNA-coupled
BOLD signal intensity in these same areas: it can be seen that the

BOLD signal and MSNA signal covary over time, shown for a 30 s
sample for this same participant in Figure 1D.

Figure 2 shows average data from eight participants. MSNA-
coupled signal intensity was high in RVLM, yet low in the regions
corresponding to NTS and CVLM. This makes sense, given
that spontaneous bursts of MSNA only occur when diastolic
blood pressure is low and hence the excitatory input to NTS
from the arterial baroreceptors is also low. And, because NTS
sends an excitatory projection to CVLM, BOLD signal intensity
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FIGURE 6 | (A) Brainstem regions in which signal intensity increases were greater (hot color scale) or lower (cool color scale) in the increasing MSNA (n=20)
compared with the decreasing MSNA (n=10) group during tonic muscle pain. Significant clusters were overlaid onto a mean SUIT T1-weighted anatomical image set
created from 30 subjects. (B) Plots of mean (±SEM) percentage signal intensity changes during pain relative to the baseline period for significant clusters in the
increasing MSNA (orange) and decreasing MSNA groups (blue). RVLM, rostroventrolateral medulla; dlPons, dorsolateral pons; PAG, midbrain periaqueductal gray.
Reproduced, with permission, from Kobuch et al. (2017).

in this nucleus is also low. The opposite occurs when bursts
of MSNA are absent when diastolic pressure is high. As such,
these findings demonstrate the existence in humans of the serial
NTS-CVLM-RVLM baroreflex circuit identified in experimental
animals referred to above (Macefield and Henderson, 2010). It
can also be seen that there is a unilateral (left) caudal medullary
site in which BOLD signal intensity is high when bursts of MSNA
occur: we suggest that this cluster corresponds to the caudal
pressor area (CPA), an area known to send excitatory projections
to RVLM (Dampney et al., 2003a,b).

We have also used MSNA-coupled fMRI to identify structures
above the brainstem. As shown in Figure 3, MSNA-coupled
signal intensity was high in a number of discrete regions,
including the left insula, left and right dorsolateral prefrontal
cortex (dlPFC), posterior cingulate cortex (PCC), and precuneus.
There was also significant MSNA-coupled signal intensity
in the left dorsomedial hypothalamus (DMH) and both
the left and right ventromedial hypothalamus (VMH).
Neither DMH nor VMH send direct projections to the
spinal cord, with DMH influencing sympathetic outflow
via RVLM (DiMicco et al., 2002; Horiuchi et al., 2004;
Wang et al., 2010) and VMH acting via DMH, midbrain
periaqueductal gray (PAG), parabrachial nucleus, and NTS
(ter Horst and Luiten, 1986; Canteras et al., 1994; Jansen
et al., 1995). Note, however, that there was no signal in the
PVN which – as noted above – is the one hypothalamic
nucleus known to send direct projections to the spinal
cord in parallel to those to RVLM (Shafton et al., 1998;
Pyner and Coote, 2000).

In addition to these areas being functionally coupled to
bursts of MSNA, as shown in Figure 4 connectivity analysis
revealed that the RVLM is functionally coupled to the anterior

insula, PCC, precuneus, VMH and DMH, PAG, and dorsolateral
pons (dlPons). This means that each of these areas are all
functionally coupled to the generation of spontaneous bursts of
MSNA and hence are likely to be involved in the generation
of, and/or regulation of, MSNA at rest. We were surprised
to find that changes in signal intensity in certain areas –
including NTS, CVLM, CPA, DMH, and insula – were not
symmetrical, although changes in RVLM, VMH, dlPFC, PCC,
and precuneus were bilateral. We always recorded MSNA from
the right common peroneal nerve, but given that both the
incidence and amplitude of bursts of MSNA directed to the
left and right legs are symmetrical, as demonstrated during
bilateral recordings of MSNA (Sundlof and Wallin, 1977; El
Sayed et al., 2012), any attempt to explain these side-to-side
differences would be purely speculative. We direct the reader
to our recent review in which we consider the functional
significance of the sympathetic connectome we have identified
(Macefield and Henderson, 2019).

CHANGES IN MSNA-COUPLED BOLD
SIGNAL INTENSITY DURING
PHYSIOLOGICAL INCREASES IN MSNA

We had already shown that BOLD signal intensity increases
in RVLM during a maximal inspiratory breath-hold (see
Figure 1A) while signal intensity in NTS and CVLM goes
down (Macefield et al., 2006), and have shown that signal
intensity increases in both NTS and RVLM during activation of
metaboreceptors by inducing 6 min of post-exercise ischemia
following 4 min of static handgrip exercise (Sander et al.,
2010). Earlier studies had also shown that BOLD signal
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intensity increased in the medulla and dorsal pons during
a Valsalva maneuver (Harper et al., 2000; Henderson et al.,
2002), with increases in signal intensity in NTS and the
parabrachial nucleus (to which NTS projects) being reported
during a maximal inspiratory effort, isometric handgrip
exercise and the Valsalva maneuver (Topolovec et al., 2004).
However, in none of these studies had MSNA been recorded
at the same time.

We recently examined functional changes in the brain during
experimental muscle pain, induced by a 40-min infusion of
hypertonic saline into a leg muscle, which causes a sustained
increase in MSNA in some participants but a sustained
decrease in others; the pattern is reproducible in a given
individual and we recently showed that those in whom MSNA
increased during tonic muscle pain exhibited increases in BOLD
signal intensity in several areas (Kobuch et al., 2017, 2018),
including the anterior insula and anterior medial prefrontal
cortex (mPFC) on the left, and dlPFC and anterior cingulate
cortex (ACC) on the right, while signal intensity decreased in
the mPFC and dlPFC on the left (Figure 5). We also saw
an increase in signal intensity in the left DMH, which fits
with the role of this nucleus in the generation of autonomic
responses to stress (DiMicco et al., 2002; Fontes et al., 2017).
A brainstem-specific analysis also showed differential responses,
with increases in BOLD signal intensity in RVLM and dlPons,
as well as NTS (not shown), in the group exhibiting an
increase in MSNA, while activity in the midbrain PAG only
showed a sustained increase in the group in whom MSNA
fell (Figure 6).

Because MSNA was recorded at the same time as we scanned
the brain we could then correlate BOLD signal intensity to
the pain-evoked changes in amplitude of MSNA. At rest,
BOLD signal intensity was strongly coupled to bursts of
MSNA in the RVLM, insula, dlPFC, PCC, and precuneus,
and decreased in the region of the midbrain PAG. During
pain, MSNA-coupled BOLD signal intensity was significantly
higher in the region of the NTS and ventrolateral PAG on
the right, dlPFC and ACC on the right, and insula and
mPFC on the left; conversely, MSNA-coupled signal intensity
decreased during pain in parts of the left dlPFC and mPFC
(Kobuch et al., 2018). Mean data, showing the correlations
between the change in BOLD signal intensity and change in
MSNA burst amplitude, from 37 participants are illustrated in
Figure 7. These results indicate that several areas of the brain
are engaged in a burst-to-burst manner, with the magnitudes
of these changes in signal intensity being correlated to the
overall change in MSNA amplitude during tonic muscle pain
(Kobuch et al., 2018). Interestingly, some important brain
regions did not display pain-related changes. For example,
while we had found that the RVLM and precuneus displayed
strong coupling to MSNA at rest, during tonic muscle pain
neither of these regions showed changes in signal intensity
as a function of MSNA burst intensity. However, as noted
above both of these regions displayed sustained signal intensity
increases in the increasing MSNA group, and decreases in
the decreasing MSNA group, suggesting that both RVLM
and precuneus may provide a tonic modulatory role rather

FIGURE 7 | Plots of MSNA-coupled BOLD signal intensity during tonic pain in
all 37 participants. In all regions there is a significant linear relationship
between the change in BOLD signal intensity and the change in burst
amplitude of MSNA. Reproduced, with permission, from Kobuch et al. (2018).

than changing in a burst-to-burst fashion during muscle pain
(Kobuch et al., 2018).

CHANGES IN MSNA-COUPLED BOLD
SIGNAL INTENSITY DURING
PATHOPHYSIOLOGICAL INCREASES IN
MSNA

Patients with obstructive sleep apnoea (OSA) have markedly
elevated MSNA at rest, due to the repetitive episodes of
nocturnal hypoxemia associated with collapse of the upper
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FIGURE 8 | Brain regions in which MSNA-coupled changes in BOLD signal intensity were significantly different in OSA than controls. The dark shading indicates
brain regions not included in the analysis. ACC, anterior cingulate cortex; dlPFC, dorsolateral prefrontal cortex; mPFC, medial prefrontal cortex; RSC, retrosplenial
cortex. Reproduced, with permission, from Fatouleh et al. (2014).

airways, which leads to neurogenic hypertension. This then is a
pathophysiological model of high MSNA. As shown in Figure 8,
MSNA-coupled BOLD signal intensity was higher in OSA than
in controls in the following areas: dlPFC and mPFC bilaterally,
dorsal precuneus, ACC, retrosplenial cortex (RSC), and caudate
nucleus (Fatouleh et al., 2014). These data suggest that the
elevated MSNA may be driven by changes in higher cortical
regions, possibly through influences on brainstem nuclei.

Indeed, as shown in Figure 9, high-resolution scanning of
the brainstem revealed significant coupling between spontaneous
bursts of MSNA and BOLD signal intensity in a number
of brainstem regions, including the medullary raphé, RVLM,
dlPons, and midbrain, and significant increases in gray matter
volume in the same areas (Lundblad et al., 2014). Although
several mechanisms may lead to this increase in gray matter
volume, it is possible that these changes are brought about
by astrocytic activation and modulation of synaptic activity
through altered gliotransmission. Indeed, it has been reported

FIGURE 9 | Brainstem regions in which MSNA-coupled BOLD signal intensity
was significantly different in OSA and controls. Signal intensity increased in
controls but decreased in OSA. Reproduced, with permission, from Lundblad
et al. (2014).

that chronic intermittent hypoxia is associated with activation of
astrocytes in cortical regions such as the hippocampus (Aviles-
Reyes et al., 2010). It is possible that repeated hypoxic events
somehow evoke astrocyte activation in the raphe, dlPons and
the RVLM which is consistent with increased gray matter
density. Curiously, despite this increase in gray matter volume,
MSNA-coupled BOLD signal intensity was actually lower in
OSA than in controls, as shown in Figure 9. It is possible that
reduced tonic inhibitory drive on rostral ventrolateral medullary
premotor sympathetic neurones by the dlPons and medullary
raphe leads to the increase in resting MSNA in OSA. Given
that the BOLD signal is believed to reflect synaptic energy-
dependent processes (Logothetis et al., 2001), a reduction in
signal intensity within RVLM, despite an increase in output from
this nucleus (MSNA was higher), may reflect a reduction in active
inhibition onto the RVLM. Activation of astrocytes might then
alter synaptic dynamics through the release of gliotransmitters
such as glutamate, ATP or even GABA (Halassa et al., 2007;
Ben Achour and Pascual, 2012). Regardless of the underlying
mechanisms, our data show that there are changes in the brain
that may be responsible for the increase in MSNA and blood
pressure in OSA. In other words, pathophysiological changes
within the brain lead to one of the clinical features of OSA – the
hypertension. If this was true, we might expect that treatment of
the condition would reverse these changes. Indeed, we showed
that 6 months of continuous positive airway pressure (CPAP),
which produced a significant fall in MSNA, caused reversal
of the functional changes seen in OSA (Fatouleh et al., 2015;
Lundblad et al., 2015).

CONCLUSION

Muscle sympathetic nerve activity-coupled fMRI has allowed us
to functionally identify the human RVLM and shown that its
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ongoing activity is coupled to several cortical and subcortical
structures at rest. Moreover, the strength of this coupling
can be modified by physiological or pathophysiological
processes that lead to increases in MSNA. While physiological
increases in MSNA may result in an increase in BOLD signal
intensity of the RVLM, in the pathophysiological increase
in MSNA seen in OSA it would appear that BOLD signal
goes down, which we interpret as being due to a reduction
in ongoing inhibition. Indeed, we suggest that the output
of the human RVLM at rest is held in check by active
inhibition, withdrawal of which can lead to increases in
MSNA and blood pressure. Of course, we cannot exclude
the possibility that other brainstem or hypothalamic areas
contribute to the physiological or pathophysiological increases
in MSNA, but the fact that we are seeing significant
changes in RVLM, which receives inputs from many other
brainstem and hypothalamic areas, leads us to conclude
that much of what we see is indeed due to changes
within RVLM.
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Background: We previously reported that bilateral sympathetic stellate ganglionectomy
attenuated cardiac remodeling and fibrosis in rats with chronic volume overload.
Transforming growth factor beta 1 (TGF-β1) is a polypeptide member of the transforming
growth factor beta superfamily of cytokines and actively involved in many pathological
processes of cardiovascular diseases. The present study explored the impact of bilateral
sympathetic stellate ganglionectomy on the TGF-β1 pathway in this model.

Methods and Results: Male Sprague–Dawley rats were randomly divided into sham
(S) group, abdominal aorta-cava fistula (AV) group, and bilateral sympathetic stellate
ganglionectomy after abdominal aorta-cava fistula (AD) group. Twelve weeks after the
abdominal aorta-cava fistula surgery, the myocardial expressions of norepinephrine (NE)
and hydroxyproline were significantly higher, while acetylcholine was downregulated
in the AV group compared to the S group; the above changes were partly reversed
in the AD group. The myocardial expression of TGF-β1 and activity of Smad2/3
phosphorylation were also upregulated in the AV group compared to the S group,
which could be reversed by bilateral sympathetic stellate ganglionectomy. In vitro, the
TGF-β1 expression in cultured myocardial fibroblasts and the proliferation of myocardial
fibroblasts were significantly increased post-stimulation with NE in a dose-dependent
manner, and these effects could be blunted by co-treatment with a TGF-β1 inhibitor.

Conclusion: Our study results indicate that stellate ganglionectomy decreases cardiac
norepinephrine release, which leads to decreased TGF-β1 release and reduced fibrosis
in rats with chronic volume overload.

Keywords: transforming growth factor beta 1, bilateral sympathetic stellate ganglionectomy, sympathetic
neurohormone, cardiac fibrosis, chronic volume overload

Abbreviations: ACF, abdominal aorta-cava fistula; ACh, acetylcholine; ECM, extracellular matrix; IPP, Image ProPlus; LV,
left ventricle; NE, norepinephrine; RV, right ventricle; SGX, sympathetic stellate ganglionectomy; TGF-β1, transforming
growth factor beta 1.
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INTRODUCTION

Heart failure is a process of progressively pathological disorder,
cardiac remodeling and secondary injury after compensatory
adaptations, belong to the pathological features of heart failure
(Mann and Bristow, 2005). Neurohormone compensation plays
an important role in the process of cardiac remodeling,
which manifests as sympathetic/parasympathetic imbalance,
i.e., an activated sympathetic nervous system accompanied
with withdrawal of parasympathetic activity (Packer, 1992;
Louridas and Lourida, 2012; Fukuda et al., 2015). Restoring
the sympathetic/parasympathetic balance serves as one of the
emerging therapy options for heart failure (De Ferrari and
Schwartz, 2014; Schrodl et al., 2014; Floras and Ponikowski,
2015). A clinical study of cardiac sympathetic denervation is
ongoing for patients of heart failure with reduced ejection
fraction (HFrEF), aiming to test whether this strategy could delay
the progression of heart failure (Chin et al., 2017). Our previous
study found that bilateral sympathetic stellate ganglionectomy
(SGX; inferior cervical and T1 ganglia) attenuated cardiac
remodeling and fibrosis in rats with chronic volume overload
(Zhang et al., 2019). However, the signaling mechanism
remains elusive.

Cardiac remodeling is characterized by changes in myocardial
mass, size, shape, and accumulation of fibrosis in cardiac
ECM in the failing heart (Dhalla et al., 2009). Cardiac
fibroblasts are major components of the ECM, which play
an important role in cardiac remodeling (Porter and Turner,
2009). Cardiac fibroblasts respond to hormones (such as
norepinephrine, NE) and cytokines (such as TGF-β), and
the levels of NE and TGF-β are further increased in the
myocardial remodeling process. Many of the functional effects
of cardiac fibroblasts are mediated through the differentiation
of cardiac fibroblasts to myofibroblasts (Yuan et al., 2019).
Myofibroblasts play an important role in cardiac ECM
remodeling. A previous study showed that a reduction of
myofibroblasts could delay the process of cardiac ECM
remodeling (Liguori et al., 2019).

Transforming growth factor betas (TGF-βs) are a widely
expressed fibrosis regulator factor. TGF-βs include three
mammalian isoforms (TGF-β1, TGF-β2, and TGF-β3). The
TGF-β subtypes demonstrate sequence homology and have
similar mechanisms for processing and activation. TGF-
β1 signaling pathways play critical roles in cardiovascular
diseases, which might be a potential therapeutic target
(Doetschman et al., 2012). TGF-β1 binds to their receptors
and related protein and induces cardiac fibroblasts to activate
and differentiate into myofibroblasts. Canonical TGF-β
signaling promotes cardiac fibrosis by activating Smad2/3
transcription factors through upregulating gene expression
(Khalil et al., 2017). The impact of bilateral SGX on the
TGF-β1 signaling pathway in the setting of chronic volume
overload in a rat model is not fully understood. The aim
of this study was therefore to investigate the impact of
bilateral SGX on the TGF-β1 signaling pathway and the levels
of sympathetic/vagal neurohormones in rats with chronic
volume overload.

MATERIALS AND METHODS

Experimental Animal Preparation
Male Sprague–Dawley rats (180–200 g) were subjected to
either sham or ACF surgery as described previously in our
laboratory (Wu et al., 2015, 2016; Zhang M. J. et al., 2016).
“Partial cardiac denervation” was performed by bilateral SGX.
That was to say, 7 days after ACF operation, some rats
underwent right stellate ganglion and branching resection. After
being anesthetized, the rats were intubated endotracheally and
connected to an ALCOTT rodent ventilator (model ALC-V8S,
China), and then the second rib was cut off on the right
to expose the inferior cervical and T1 sympathetic ganglia,
known as the stellate ganglion. The stellate ganglion and its
nerve branches running into the ganglion were separated from
the tissue and cut by micro-forceps. The chest was closed in
three separate layers by suturing and a negative intrathoracic
pressure was reestablished after surgery. The same group of
rats underwent left stellate ganglion and branch resection by
the same method after another 7 days (Yoshimoto et al.,
2008; Zhang et al., 2019). All procedures were approved and
performed according to the Animal Care Committee of Wuhan
Fourth Hospital. Animals were kept according to the Guide
for the Care and Use of Laboratory Animals published by the
United States National Institutes of Health (NIH Publication,
8th edition, 2011). One moribund rat in the aortocaval fistula
with bilateral SGX group (AD group) died due to cardiac
dysfunction. Data from seven rats in the sham group (S group)
and aortocaval fistula group (AV group) and eight rats in the AD
group were analyzed.

Plasma and Myocardial Tissue
Biochemistry Examination and
Enzyme-Linked Immunosorbent Assay
Twelve weeks after ACF, the rats were sacrificed under deep
anesthesia (70 mg/kg sodium pentobarbital, intraperitoneally)
after vena cava blood collection. Three rat hearts were randomly
selected from each group and longitudinally divided into
two portions, then embedded in paraffin for histological
examinations. The remaining hearts of each group were divided
in their anatomical parts (atria, right and left ventricles with
the septum). All samples and tissues were frozen and stored
at −80◦C for future examinations. The blood was centrifuged
at 3,000 × g and plasma drawn up into some tubes by
pipette for future examinations. Three hundred fifty milligrams

TABLE 1 | RT-PCR forward/reverse (F/R) primer sequences.

Forward/Reverse Sequence (5′–3′)

GAPDH F: 5′-CGCTAACATCAAATGGGGTG-3′ R:
5′-TTGCTGACAATCTTGAGGGAG-3′

TGF-β1 F: 5′-AAGGAGACGGAATACAGGGCT-3′ R:
5′-ACCTCGACGTTTGGGACTGA-3′

GAPDH, glyceraldehyde-3-phosphate-dehydrogenase; TGF-β1, transforming
growth factor beta 1.

Frontiers in Physiology | www.frontiersin.org 2 May 2020 | Volume 11 | Article 375169

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00375 May 12, 2020 Time: 19:54 # 3

Zhang et al. Impact of SGX on TGF-β1

FIGURE 1 | Expressions of norepinephrine (NE) and acetylcholine (ACh) in the
plasma, right ventricle (RV), and left ventricle (LV) by ELISA. (A) The expression
of NE was significantly increased in the abdominal aorta-cava fistula (AV)
group and decreased in the bilateral sympathetic stellate ganglionectomy after
abdominal aorta-cava fistula (AD) group in the plasma, RV, and LV. (B) The
expression of ACh was significantly decreased in the AV group and increased
in the AD group in the RV (*P < 0.05, **P < 0.01) (three replicate experiments
were performed).

of myocardial tissues of the LV and RV, respectively, were
placed into a centrifuge tube and added with 700 µl sterile
PBS (pH 7.4), the myocardial tissues homogenated, centrifuged
at 3,000 × g, and the supernatant drawn up by pipette into
some tubes for future examinations. Homogenate samples of
the plasma, RV, and LV were extracted and acylated using
the NE ELISA kit (Abnova, KA1891, Taiwan, China) following
the manufacturer’s instructions. NE concentrations of the
plasma, RV, and LV were determined with the ELISA kit
following the manufacturer’s instructions. The absorbance was
recorded at 450 nm. Acetylcholine (ACh) concentrations of
the plasma, RV, and LV were determined with the ELISA kit
(BioVision, E4454-100, Milpitas, CA, United States) following
the manufacturer’s instructions. The absorbance was recorded
at 450 nm. We drew up 100 µl plasma into a centrifuge
tube and added 200 µl hydrolysate. Twenty micrograms
of myocardial tissues of the RV and LV, respectively, was
added with 200 µl hydrolysate into a centrifuge tube. Bathed
plasma and myocardial tissue with hydrolysate were placed

FIGURE 2 | Expression of hydroxyproline in the plasma, RV, and LV by ELISA.
The expression of hydroxyproline was significantly increased in the abdominal
aorta-cava fistula (AV) group in the plasma and RV (*P < 0.05, **P < 0.01)
and significantly reduced in the bilateral sympathetic stellate ganglionectomy
after abdominal aorta-cava fistula (AD) group in the RV (**P < 0.01) (three
replicate experiments were performed).

into a centrifuge tube at 95◦C for 20 min and the hydrolysis
mixture tube mixed once every 10 min to make sure it
hydrolyzes sufficiently. The hydroxyproline of the plasma and
myocardial tissue was measured following the manufacturer’s
instructions (njjcbio, A030-2, Nanjing, China). The absorbance
was recorded at 550 nm.

Quantitation of mRNA Levels
Total RNA was extracted from the LV and RV with the
RNeasy Mini Kit (Qiagen, 74104, Hilden, Germany), following
the manufacturer’s instructions. PrimeScript RT Master Mix
Perfect Real Time (Takara, RR036A, Kusatsu, Shiga, Japan) was
used for reverse transcription and cDNA synthesis. Expression
of TGF-β1 was detected by QuantiFast SYBR Green PCR
Kit (Qiagen, 204057, Hilden, Germany) and Bio-Rad CFX96
(Bio-Rad, C1000, Hercules, CA, United States), following the
manufacturer’s instructions. Computation of fold changes in
the messenger RNA (mRNA) levels from CT values was done
using 2−11CT methods. GAPDH mRNA levels were used as
an internal reference standard. Primer sequences are provided
in Table 1.

Western Blotting
Total proteins were extracted from the LV and RV and protein
concentrations were determined through the bicinchoninic acid
method. The primary antibodies were as follows: anti-TGF-β1
monoclonal antibody (1:500; Abcam, ab190503, Cambridge,
United Kingdom), anti-Smad2/3 monoclonal antibody (1:1,000;
Abcam, ab202445, Cambridge, United Kingdom), and anti-
pSmad2/3 polyclonal antibody (1:500; Abcam, ab63399,
Cambridge, United Kingdom). Secondary antibodies were goat
anti-rabbit and goat anti-mouse (KPL, Milford, MA, United
States). The images were captured and semi-quantitatively
analyzed by the ChemiDoc XRS + System (Bio-Rad, Hercules,
CA, United States).
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FIGURE 3 | mRNA and protein expressions of TGF-β1 of the myocardial tissue in the right (RV) and left (LV) ventricles. The mRNA and protein expression of TGF-β1
in the RV were significantly increased in the abdominal aorta-cava fistula (AV) group compared to the sham (S) group (P < 0.05) and tended to be higher in the LV
(P = 0.087). The mRNA expression of TGF-β1 tended to be downregulated in the bilateral sympathetic stellate ganglionectomy after abdominal aorta-cava fistula
(AD) group compared to the AV group in both the RV and LV (P = 0.107 and P = 0.052, respectively) (three replicate experiments were performed). *P < 0.05.

Cultured Cardiac Fibroblasts in vitro,
WST-8 Assay, and Cellular
Immunofluorescence
Cardiac fibroblasts purchased from iCell Bioscience (RAT-iCell-
c002, Shanghai, China) were cultured in PriMed-iCELL-003
(Shanghai, China) supplemented with 10% fetal bovine serum,
10% fibroblast growth factor, 100 U/ml penicillin, and 100 mg/ml
streptomycin in a humidified atmosphere of 5% CO2 at 37◦C.
The cells were treated with NE (TargetMol, T7044-1, United
States) 0, 5, 10, and 20 µM, respectively, and cultured for 6, 12,
and 24 h, respectively, in order to choose the most appropriate
concentration and time of NE stimulation.

NE-treated cells were co-cultured with 5 ng/ml TGF-β1
inhibitors (MCE, HY-N0158, China). The cells were seeded at a
density of 5× 103 cells in a 96-well plate and then treated with NE
or co-cultured with NE and a TGF-β1 inhibitor to quantify cell
proliferation. The water-soluble tetrazolium (WST)-8 assay using
a sulfonated tetrazolium salt (Cell Counting Kit-8, Biosharp,
China) was performed as recommended in the manufacturer’s
instructions. The absorbance was recorded at 450 nm.

Cells were seeded in a 12-well plate with the slides of cells
and then treated with NE or co-cultured with NE and a TGF-β1
inhibitor for 12 h. After the supernatant was discarded, the cells

were fixed with paraformaldehyde, then treated with Triton X-
100, and blocked with serum. After incubation with the first
antibody (TGF-β1, 1:200; Abcam, ab190503, United Kingdom)
and the second antibody, the cells were then treated with DAPI
and observed using a fluorescence microscope.

Statistical Analysis
Data were shown as the mean ± SD. All data were evaluated
for normal distribution using the Shapiro–Wilk test. A non-
parametric test was used to analyze non-normal distribution of
the data. One-way ANOVA, Tukey’s post hoc test, or Games–
Howell test was performed to test for differences among the
means of various groups. P < 0.05 was considered as statistically
significant (SPSS Statistics 21.0).

RESULTS

Effect of Bilateral SGX on the Expression
of Neurohormones in Rats With Chronic
Volume Overload
The expression of NE was significantly upregulated in the
AV group compared to the S group in the plasma, RV, and
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FIGURE 4 | Protein expression of Smad2/3 phosphorylation in cardiac extracellular matrix (ECM) remodeling. In the RV (A–D), the protein expression of pSmad2/3
and the ratio of pSmad2/3 to Smad2/3 were significantly upregulated in the abdominal aorta-cava fistula (AV) group compared to the sham (S) group (both P < 0.01)
and significantly downregulated in the bilateral sympathetic stellate ganglionectomy after abdominal aorta-cava fistula (AD) group compared to the AV group
(P < 0.05 and P < 0.01, respectively). The protein expression of Smad2/3 was similar among groups in the RV. In the LV (E–H), the protein expression of pSmad2/3
and the ratio of pSmad2/3 to Smad2/3 were significantly upregulated in the AV group (P < 0.01 and P < 0.05, respectively) and pSmad2/3 was significantly reduced
in the AD group (P < 0.05). The protein expression of Smad2/3 in the LV was similar among groups (six replicate experiments were performed). *P < 0.05,
**P < 0.01.

FIGURE 5 | Proliferation of cardiac fibroblasts in vitro. (A) Cardiac fibroblasts were stimulated with different concentrations of norepinephrine (NE) for 6, 12, and 24 h.
The strongest cell proliferation was induced by 20 µM NE at 12 h (four replicate experiments were performed). (B) The proliferation of cardiac fibroblasts was higher
with 20 µM NE than that of 10 µM NE at 12 h (P < 0.01), and this effect could be blunted by co-treatment with a TGF-β1 inhibitor. (§§ P < 0.01, NE 10 µM vs.
20 µM) (four replicate experiments were performed).

LV (P < 0.05, P < 0.01, and P < 0.05, respectively) and
downregulated in the AD group compared to the AV group
in both RV and LV (P < 0.05). The expression of ACh was
significantly downregulated in the AV group (P < 0.01) and
upregulated in the AD group (P < 0.05) in the RV (Figure 1).

Impact of Bilateral SGX on
Hydroxyproline and TGF-β1 Expression
The expression of hydroxyproline was significantly increased
in the AV group compared to the S group in the plasma

and RV (P < 0.05 and P < 0.01, respectively) and tended
to be increased in the LV. It was significantly reduced in the
AD group compared to the AV group in the RV (P < 0.01)
and tended to be reduced in the plasma and LV (Figure 2).
The mRNA and protein expression of TGF-β1 in the RV
were significantly increased in the AV group compared to
the S group (P < 0.05) and tended to be higher in the
LV (P = 0.087). The mRNA expression of TGF-β1 tended
to be downregulated in the AD group compared to the AV
group in both the RV and LV (P = 0.107 and P = 0.052,
respectively) (Figure 3).
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FIGURE 6 | Expression of TGF-β1 in cardiac fibroblasts in vitro. The integrated option density (IOD) of TGF-β1 was significantly higher in the norepinephrine (NE)
20 µM group than in the NE 10 µM group (P < 0.01), and the IOD of TGF-β1 was reduced after co-treatment with a TGF-β1 inhibitor (P < 0.05) in vitro (NE 0 vs.
10 µM: **P < 0.01; NE 0 vs. 20 µM: ##P < 0.01; NE 10 µM vs. NE 10 µM + TGF-β1 inhibitor: †P < 0.05; NE 10 µM + TGF-β1 inhibitor vs. NE 20 µM + TGF-β1
inhibitor: ¶ P < 0.05) (four replicate experiments were performed).

Myocardial Protein Expression of
Smad2/3 Phosphorylation
In the RV, the protein expression of pSmad2/3 and the ratio
of pSmad2/3 to Smad2/3 were significantly upregulated in the
AV group compared to the S group (both P < 0.01) and
significantly downregulated in the AD group compared to the
AV group (P < 0.05 and P < 0.01, respectively). The protein
expression of Smad2/3 was similar among groups in the RV.
In the LV, the protein expression of pSmad2/3 and the ratio
of pSmad2/3 to Smad2/3 was significantly upregulated in the
AV group (P < 0.01 and P < 0.05, respectively). pSmad2/3
was significantly reduced in the AD group (P < 0.05). The
protein expression of Smad2/3 in the LV was similar among
groups (Figure 4).

Proliferation of Cardiac Fibroblasts and
Expression of TGF-β1 in vitro
In vitro, cardiac fibroblasts were stimulated with different
concentrations of NE at various time intervals and the cell
proliferation capacity was detected by the WST-8 assay. The
results showed that the strongest cell proliferation was induced
by 20 µM NE at 12 h (Figure 5A). This effect could be blunted by
co-treatment with a TGF-β1 inhibitor (Figure 5B).

The immunofluorescence results showed that TGF-β1 was
significantly upregulated after stimulation with NE in cardiac
fibroblasts in vitro. The integrated option density (IOD) of TGF-
β1 was significantly higher in the NE 20 µM group than in the
NE 10 µM group (P< 0.01), and the IOD of TGF-β1 was reduced
after co-treatment with a TGF-β1 inhibitor (P< 0.05) (Figure 6).
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FIGURE 7 | Potential mechanism of bilateral sympathetic stellate ganglionectomy (SGX) on cardiac ECM remodeling in rats with chronic volume overload.

DISCUSSION

The major findings of the present study were as follows. (1) The
secretion of sympathetic neurohormone was increased and vagal
neurohormone was decreased in the hearts of rats with chronic
volume overload, indicating sympathetic activation in this model.
TGF-β1 signaling was also activated in this model. (2) The above
changes could be partly reversed by bilateral SGX, suggesting
that the previously observed beneficial effects of bilateral SGX
in this model (Zhang et al., 2019) were at least partly mediated
by downregulating TGF-β1 signaling. (3) In vitro results further
evidenced the positive causal relationship among NE, TGF-
β1, and myocardial fibroblast proliferation. To the best of our
knowledge, this is the first report on the impact of bilateral SGX
on the TGF-β1 signaling pathway in rats with chronic volume
overload (Figure 7).

Effect of Bilateral SGX on Cardiac ECM
Remodeling-Related Signaling Under
Chronic Volume Overload
The level of sympathetic neurohormone was closely related to
ECM. Briest et al. (2003) showed that NE injection resulted in

ECM remodeling in the LV. A previous study also found that
sympathetic nerve activity was increased in rats post-myocardial
infarction and that dexamethasone could reduce sympathetic
innervation and myocardial reactive fibrosis in the myocardial
infarction area (El-Helou et al., 2008). We previously showed
that bilateral SGX attenuated cardiac remodeling and fibrosis
under chronic volume overload. Our previous results showed
that the weights of the left and right ventricles and the heart-
to-body ratio were increased under chronic volume overload,
which were decreased by bilateral stellate ganglionectomy (Zhang
et al., 2019). The collagen of heart tissue sections was detected
by Sirius red staining. The results showed that the collagen
deposition was obviously increased under chronic volume
overload and decreased after bilateral stellate ganglionectomy
(Zhang et al., 2019). The efferent sympathetic nerve that
controls the heart includes the superior cervical ganglia, middle
cervical ganglia, stellate ganglion (inferior cervical ganglia and
the T1 ganglion fusion), and thoracic sympathetic ganglion
II to IV, known as the cardiac sympathetic nerve (Schwartz,
2014). To our surprise, bilateral stellate ganglion denervation
resulted in a large decrease in the plasma norepinephrine levels
compared to the levels measured in normal rats in this study.
The potential reason might be that bilateral stellate ganglion
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resection induced not only the decrease of norepinephrine
secretion but also the decrease of sympathetic activity due
to the influence on other vascular beds (such as kidneys) in
the setting of volume expansion. The results of the present
study evidenced the sympathetic activation in this model, in
which sympathetic neurohormone was upregulated and vagal
neurohormone was downregulated. These changes were joined
by increased hydroxyproline, a characteristic component of
collagen (Meng et al., 2019), while bilateral SGX could partly
reverse the above changes. Our results thus hinted that the
direct anti-sympathetic effects of bilateral SGX could lead to
a reduced ECM remodeling. The sympathetic nerve and vagus
nerve in the autonomic nerve are a pair of equilibrium bodies.
Cerati et al. showed that left stellectomy is accompanied by
a reflex increase in cardiac vagal efferent nerve activity and
pulse synchronous activity (Cerati and Schwartz, 1991). Li
et al. demonstrated that increased vagal activity with chronic
electrical stimulation of the vagus nerve could reduce the
expression of NE and attenuate cardiac remodeling in heart
failure rats (Li et al., 2004). Taken together, strategies aiming
to upregulate vagal activity and/or downregulate sympathetic
tone, as in the case of bilateral SGX, could effectively reduce
cardiac ECM remodeling.

Impact of Bilateral SGX on TGF-β1
Signaling Pathways in the Setting of
Chronic Volume Overload
Transforming growth factor betas were a multifunctional
cytokine secreted by a variety of cells with multiple physiological
and pathological functions (Doetschman et al., 2012). The
close relationship between TGF-β activity and sympathetic
activity serves as a focus in recent research. Vega et al.
(2009) showed that superior cervical ganglionectomy (SCGX)
could downregulate TGF-β and reduce ocular sympathetic
nerve activity. TGF-β receptors are widely distributed on the
membrane of myofibroblasts and could bind to TGF-β, mediating
the downstream signaling pathways involved in cardiac ECM
remodeling and fibrosis (Fix et al., 2019). Smad2/3 is one of
the signaling pathways regulated by TGF-β1, and TGF-β1 could
mediate the phosphorylated activity of Smad2/3 and participate
in ECM remodeling (Zhang F. et al., 2016; Han et al., 2018).
Our study demonstrated the upregulated expression of TGF-β1
and Smad2/3 phosphorylation in this chronic volume overload
model. It is known that activated Smad2/3 phosphorylation
signaling pathway could promote collagen synthesis (Khalil et al.,
2017). After bilateral SGX, the expression levels of both TGF-β1
and phosphorylated Smad2/3 were significantly downregulated
in this chronic volume overload model. The above results
suggested that the beneficial effects of bilateral SGX in this model
are partly mediated by downregulating the upregulated TGF-β1
expression and Smad2/3 phosphorylation.

Changes of Cardiac Fibroblasts
Stimulated by NE
To verify the causal relationship between NE stimulation
and TGF-β1 signaling, we stimulated the cardiac fibroblasts

in vitro with NE of various concentrations at different
time intervals. The results showed that the proliferation
capacity of cardiac fibroblasts and TGF-β1 expression in
these cells were increased after being cultured with NE,
while the TGF-β1 inhibitor could blunt the above changes
in vitro, indicating the causal relationship between NE,
TGF-β1, and cardiac fibroblast proliferation. A previous
study by Akiyama-Uchida et al. (2002) demonstrated that
NE enhanced cardiac fibrosis through TGF-β1 post-receptor
signaling, predominantly via the p38 MAP kinase pathway.
NE enhances fibrosis mediated by TGF-β in cardiac fibroblasts
(Akiyama-Uchida et al., 2002).

Study Limitations
There were some study limitations in this study. Firstly, bilateral
sympathetic stellate ganglionectomy was not performed in
sham animals as the control group because the members of
the Ethics Committee of our hospital did not approve this
operation in normal animals. They argued that this adds
extra harm to animals without clinical significance. Therefore,
we had to focus on the impact of bilateral sympathetic
stellate ganglionectomy on the TGF-β1 signaling pathway
of rats with volume overload. Secondly, it is important to
measure the hemodynamics data to show the effects of stellate
ganglionectomy. Future study is warranted to clarify this issue.
Thirdly, TGF-β1 knockout rats were not used due to technical
limitations. The expression of TGF-β1 was inhibited only by
the chemical reagent in this study. Future study is warranted
to use genetic methods such as miRNA, siRNA, etc., to inhibit
TGF-β1 gene expression and protein synthesis to define the
related mechanisms.

CONCLUSION

In conclusion, our study indicates that the activation of
the sympathetic nervous system is one of the mechanisms
in a failing heart induced by chronic volume overload.
Bilateral SGX could reduce the expression of sympathetic
neurohormone. This effect is partly mediated by downregulating
TGF-β1 as well as Smad2/3 phosphorylation in rats with
chronic volume overload. Our findings provide experimental
and molecular evidence for the treatment of heart failure
by bilateral SGX.
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The carotid body is a highly vascularized organ designed to monitor oxygen levels.
Reducing oxygen levels in blood results in increased activity of the carotid body
cells and reflex increases in sympathetic nerve activity. A key contributor to elevated
sympathetic nerve activity in neurogenic forms of hypertension is enhanced peripheral
chemoreceptor activity. Hypertension commonly occurs in metabolic disorders, like
obesity. Such metabolic diseases are serious global health problems. Yet, the
mechanisms contributing to increased sympathetic nerve activity and hypertension in
obesity are not fully understood and a better understanding is urgently required. In this
review, we examine the literature that suggests that overactivity of the carotid body may
also contribute to metabolic disturbances. The purine ATP is an important chemical
mediator influencing the activity of the carotid body and the role of purines in the
overactivity of the carotid body is explored. We will conclude with the suggestion that
tonic overactivity of the carotid body may be a common denominator that contributes
to the hypertension and metabolic dysfunction seen in conditions in which metabolic
disease exists such as obesity or insulin resistance induced by high caloric intake.
Therapeutic treatment targeting the carotid bodies may be a viable treatment since
translation to the clinic could be more easily performed than expected via repurposing
antagonists of purinergic receptors currently in clinical practice, and the use of other
minimally invasive techniques that reduce the overactivity of the carotid bodies which
may be developed for such clinical use.

Keywords: carotid body, chemoreceptors, hypoxia, hypertension, ventilation, glucose utilization

INTRODUCTION

The carotid body was primarily regarded as a chemoreceptor organ that regulated oxygen
levels in the blood. Recent evidence is now showing that in addition to respiratory regulatory
functions, the carotid bodies also contribute to hypertension both essential and that associated
with chronic hypoxia. Even more recently, evidence is accumulating to suggest that carotid bodies
are contributing to glucose utilization and insulin resistance. This review discusses the evidence
that the carotid bodies may be a common denominator that contributes to the dysregulation of
cardiovascular, respiratory and glucose homeostasis in conditions of metabolic dysfunction such
as obesity. We also hypothesize that purinergic receptors of the P2X3 subtype may be novel targets
that could redress the impaired regulation of the cardiovascular and respiratory systems and glucose
utilization in such conditions.
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CAROTID BODY ANATOMY

The carotid body is an oxygen-sensing organ of sympatho-
adrenal lineage. It is located near the carotid sinus and the
bifurcation of the common carotid artery, but may vary between
species (Clarke and de Burgh Daly, 1981). It is a small organ
(in humans it is approximately 4 mm in diameter and weighing
just over 10 gm) that is highly vascularized and receives its
blood supply from a branch of nearby arteries (Clarke and de
Burgh Daly, 1981). Sensory fibers, originating from cell bodies
in the petrosal ganglion, innervate the oxygen sensing cells in
the carotid body.

The carotid body consists primarily of two types of cells
known as the glomus or Type I cells and the sustentacular or
Type II cells (Biscoe, 1971). Glomus cells are the oxygen sensing
cells and are activated by hypoxia through inhibition of oxygen-
sensitive potassium channels. Sustentacular cells are glia-like cells
that wrap around glomus cells. The functions of the sustentacular
cells were believed to be primarily related to supporting glomus
cells but recent evidence is appearing to suggest that sustentacular
cells can form synaptic-like specializations with glomus cells
(Platero-Luengo et al., 2014) which suggests these cells may be
playing a key role in the sensory signaling process (Tse et al., 2012;
Nurse, 2014). There is also evidence that sustentacular cells are
stem cells that can replace/increase the pool of glomus cells in the
carotid body (Pardal et al., 2007). These new glomus cells show
all the characteristics, and respond, just like glomus cells already
present in the carotid body.

PRIMARY FUNCTION OF THE CAROTID
BODIES: PROTECTION FROM HYPOXIA

The primary function of the carotid body is in sensing oxygen
levels in the blood. In addition to this sensory stimulus,
hypercapnia, pH, hypoglycemia, inflammatory mediators, and
circulating hormones can influence the afferent information
arising from the carotid body through activation of the glomus
cells (see later sections for further discussion) (Gonzalez et al.,
1994; Nurse, 2005, 2014; Garcia-Fernandez et al., 2007; Zhang
M. et al., 2007; Zhang X.J. et al., 2007; Del Rio et al., 2011,
2012; Kumar and Prabhakar, 2012). The mechanisms involved
in transmitting low oxygen levels and the activation of the
glomus cell are still unclear. Most likely the mitochondrial
electron transport chain plays a key part since inhibitors of the
mitochondrial electron transport chain mimic the actions of
hypoxia. The likely mechanism involves reduced oxygen levels
eliciting increased levels of the reduced form of the mitochondrial
complex IV which causes a build-up of reactive oxygen species
and NADH resulting in a reduction in background K-channel
conductance and depolarization of the cell membrane (Buckler,
2015; Fernandez-Aguera et al., 2015; Lopez-Barneo et al., 2016;
Prabhakar and Semenza, 2016). An excellent review on the
physiology of the carotid body deals with this in much more detail
(Ortega-Saenz and Lopez-Barneo, 2019).

What is not in doubt, however, is the essential role of ion
channels, particularly potassium channels, of which several have

been identified on glomus cells and it is likely that many of
these potassium channels contribute to the depolarization of the
glomus cells that occurs when oxygen levels fall. Depolarization
of the glomus cells induces the opening of calcium channels
and the resultant increase in intracellular calcium elicits the
exocytotic release of neurotransmitters from granules within
the glomus cells.

THE CHEMORECEPTOR REFLEX
RESPONSE TO ACUTE HYPOXIA

When the body is subjected to a stimulus that reduces oxygen
levels, the chemoreceptors in the carotid body and aortic arch are
activated, although, other regions of the body may also contain
oxygen sensors (Deane et al., 1975). The most well-studied, of
course, are those that emanate from the carotid body and activate
afferents in the carotid sinus nerve that relay information to
the nucleus tractus solitarius in the medulla oblongata in the
brainstem (Finley and Katz, 1992; Finley et al., 1992).

The efferent responses to an acute hypoxic stimulus result in
increases in blood pressure and ventilation, responses designed
to counteract the initial stimulus. The elevated blood pressure
results from rapid increases in sympathetic nerve discharge to
the majority of vascular tissues including the renal, adrenal,
splanchnic, muscle and cardiac beds (Marshall, 1994; Cao
and Morrison, 2001). By contrast, sympathetic discharge to
brown adipose tissue is reduced in response to acute hypoxia
(Madden and Morrison, 2005).

CHRONIC INTERMITTENT HYPOXIA

The cardiovascular and ventilatory responses to acute hypoxia
are augmented by prior exposure to chronic episodes of
intermittent hypoxia (Greenberg et al., 1999; Dick et al.,
2007; Marcus et al., 2010; Del Rio et al., 2014). In patients
with newly diagnosed obstructive sleep apnea, augmented
cardiovascular and respiratory responses to hypoxia are also
observed (Narkiewicz et al., 1999). These findings suggest
that chronic intermittent hypoxia-induced activation of the
chemoreceptor reflex could potentially contribute to pathological
cardiovascular and respiratory complications.

Intermittent hypoxia is associated with transient interruption
to breathing resulting in transient cycles of oxygen desaturation
and re-oxygenation, and can result from obstruction of airway
passages and altered respiratory rhythm. Continued intermittent
hypoxia chronically over time has deleterious effects as shown
by the population cohort that suffers from obstructive sleep
apnea (Neubauer, 2001; Wszedybyl-Winklewska et al., 2018).
This cohort has been estimated to be 13% of the adult population
(Peppard et al., 2013) and the resultant co-morbidities, including
cardiovascular dysregulation and hypertension, contribute to
poor prognosis and increased mortality (Lavie and Lavie, 2008).

Obstructive sleep apnea is associated with hypertension such
that at least 30% of people diagnosed with hypertension suffer
from obstructive sleep apnea and this proportion almost triples
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in those with drug-resistant hypertension (Muxfeldt et al., 2015).
Furthermore, the degree of hypertension correlates with the
severity of obstructive sleep apnea and male caucasians appear
to be most prevalent within the cohort (Hou et al., 2018).

Activation of the carotid bodies during hypoxia induces
increased sympathetic nerve activity, and elevated sympathetic
outflow is known to contribute to hypertension. Cutting the
carotid sinus nerve has been found to reduce blood pressure in
spontaneously hypertensive rats suggesting that activated carotid
body activity contributes to essential hypertension (McBryde
et al., 2017; Niewinski et al., 2017; Paton, 2017). More recently,
selective resection of the carotid bodies, and sparing arterial
baroreceptor function, also lowered blood pressure in the
spontaneously hypertensive rat, strongly implicating overactivity
of the carotid bodies as a key contributor to chronic high blood
pressure (Pijacka et al., 2018).

Increased sympathetic nerve activity is a contributing cause
of the hypertension seen in patients with obstructive sleep apnea
(Grassi, 2010; Shell et al., 2016), and in animal models of
chronic intermittent hypoxia which develop hypertension (Peng
et al., 2014; Takahashi et al., 2018). Overactivity of the carotid
bodies may play a key role in the development of hypertension
in response to chronic intermittent hypoxia as evidenced by
studies showing that ablation of the carotid bodies reduce chronic
intermittent hypoxia-induced hypertension (Del Rio et al., 2016).

The overactivation of the carotid bodies induced by chronic
intermittent hypoxia and the resultant hypertension may result
from increased production of reactive oxygen species (ROS).
Following chronic intermittent hypoxia, overexpression of pro-
oxidant enzymes like NADPH Oxidase-2 and reduced expression
of anti-oxidant enzymes like superoxide dismutase have been
detected in the glomus cells and in the brain medullary
regions that form part of the central pathways mediating
the chemoreceptor reflex [i.e., the nucleus tractus solitarii
(NTS) and the rostral ventrolateral medulla (RVLM)] (Peng
et al., 2009, 2014). Furthermore, the adrenal gland showed
similar changes in the expression of those enzymes suggesting
that increased oxidative stress may also occur in the efferent
sympathetic outflow and eliciting increased blood pressure.
This is supported by the findings that show that scavengers
of ROS can reduce the increased blood pressure elicited by
chronic intermittent hypoxia in rodents (Iturriaga et al., 2016),
and reduce the overexpression of pro-oxidant enzymes and
restores the expression of anti-oxidant enzymes in the glomus
cells, brainstem, and adrenal gland suggesting a key link
between hyperactive carotid bodies, excessive ROS production
and elevated sympathetic nerve activity. Strong support for this
link has been shown by studies from Prabhakar’s laboratory
where the mechanism mediating the increase in ROS and
carotid body overactivity has been investigated. Following
chronic intermittent hypoxia, that resulted in oxygen levels that
simulated sleep apnea, the increased ROS production correlated
with DNA methylation that repressed anti-oxidant enzyme
genes (Nanduri et al., 2018). Treatment with ROS scavengers
prevented the DNA methylation, and ablation of the carotid body
prevented the DNA methylation in the NTS and RVLM (Nanduri
et al., 2018). Finally, treatment of rats that prevented DNA

methylation resulted in normalization of plasma catecholamines
and hypertension that occurred following chronic intermittent
hypoxia (Nanduri et al., 2018). Taken together the data suggest
that DNA methylation and ROS production may be critical in the
dysfunction that results from overactivation of the carotid bodies
following chronic intermittent hypoxia. Whether the role of DNA
methylation contributes to the metabolic disturbances in addition
to cardiovascular dysfunction that can accompany carotid body
over-activation will be an interesting avenue of research.

CHRONIC INTERMITTENT HYPOXIA,
OBESITY, AND METABOLIC
DYSFUNCTION

With chronic intermittent hypoxia, evidence suggests that the
effects on glucose homeostasis are detrimental. This is evidenced
by increased fasting blood glucose, increased insulin resistance
and reduced glucose tolerance as well as impaired pancreatic
beta cell function (Polak et al., 2013). The duration of the
hypoxia may be correlated to the reduction in insulin sensitivity
(Sacramento et al., 2016). Furthermore, although blood glucose
may return to normal following cessation of the intermittent
hypoxia, continued impairment of glucose tolerance, insulin
resistance, and beta cell function can still be observed (Polak
et al., 2013), and this may contribute to the detrimental long-term
metabolic effects induced by chronic intermittent hypoxia.

Patients suffering from obstructive sleep apnea also show
dysfunctional metabolism, including reduced glucose tolerance
and elevated risk of type 2 diabetes. Since chronic intermittent
hypoxia is a characteristic of obstructive sleep apnea, it would
suggest that the chronic intermittent hypoxia may contribute
to the detrimental glucose regulation observed in obstructive
sleep apnea. There is a close association between obesity and
obstructive sleep apnea which may complicate the relationship
between dysfunctional glucose metabolism and obstructive sleep
apnea. However, even accounting for obesity, obstructive sleep
apnea is still an independent risk factor for impaired glucose
utilization and type 2 diabetes (Drager et al., 2013). It has
also been demonstrated that obese patients with obstructive
sleep apnea may have an increased risk of developing metabolic
syndrome and higher levels of serum lipids, fasting glucose, and
insulin resistance than obese subjects who did not suffer from
sleep apnea (Basoglu et al., 2011).

Taken together, the evidence suggests that chronic activation
of the carotid bodies may contribute to impaired glucose
utilization and thus may be a key factor that links metabolic
dysfunction and chronic intermittent hypoxia?

THE CAROTID BODIES AND METABOLIC
DYSFUNCTION

Emerging evidence supports the hypothesis that overactivation of
the carotid bodies contributes to metabolic dysfunction including
the elevated fasting blood glucose and insulin resistance. The
mechanisms that link overactivation of the carotid bodies and
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insulin resistance are not clear but the increase in sympathetic
nerve activity and the resultant lipolysis and increased levels of
free fatty acids are likely contributors to the insulin resistance
(Boden, 2011; Conde et al., 2017).

Denervation of the carotid bodies by cutting the carotid
sinus nerve improved insulin sensitivity in mice subjected to
chronic intermittent hypoxia suggesting that activity of the
carotid bodies can influence glucose homeostasis (Shin et al.,
2014). Furthermore, in animal models of diet-induced insulin
resistance, there is over activation of the carotid bodies, and
when the carotid sinus nerves were cut the sensitivity to
insulin was improved and fasting blood glucose was reduced
(Ribeiro et al., 2013; Sacramento et al., 2017). More recently,
bioelectric modulation to reversibly reduce carotid sinus nerve
activity in rats fed a high fat plus high sucrose diet restored
insulin sensitivity whilst carotid sinus nerve activity was reduced.
However, the impaired insulin sensitivity returned when carotid
sinus nerve activity was allowed to return to its abnormally
elevated level (Sacramento et al., 2018).

Thus, elevated carotid sinus nerve activity may be an
important contributor to the development of insulin resistance
and impaired glucose utilization, characteristics of type 2
diabetes. This does not preclude other causes of insulin
resistance and impaired glucose tolerance such as the view that
hyperinsulinemia is the product of obesity and excess food
intake and the concomitant development of insulin resistance
(Landsberg and Young, 1978; Reaven, 2004), or the view that
increased sympathetic nerve activity decreases glucose uptake
and utilization in skeletal muscle resulting in hyperinsulinemia
(Masuo et al., 1997; Flaa et al., 2008).

Nonetheless, given the evidence, together with the studies
showing that elevated carotid body activity may contribute to the
increased sympathetic nerve activity in hypertension; could over-
activation of the carotid body be a common factor in dysfunction
of glucose utilization and hypertension in conditions in which
chronic intermittent hypoxia is a feature?

CAROTID BODIES AND GLUCOSE
SENSING

Although oxygen sensing is a key function of the carotid
bodies, there is evidence indicating that the carotid bodies
have additional monitoring capabilities, including responding
to glucose levels, which further supports a role of the carotid
bodies in glucose homeostasis. In contrast to the pancreatic
beta cells in which elevated glucose depolarizes the cells, glomus
cells are depolarized by low glucose (Lopez-Barneo, 2003).
The mechanisms involved still need to be clarified, however,
activation of TRPC3/6 channel subtypes appear to be involved
(Garcia-Fernandez et al., 2007). Furthermore, glucose sensing by
the glomus cells does not appear to depend on GLUT-2 mediated
membrane transport and evidence suggests that metabolites of
glucose, independent of hexokinase since this enzyme does not
appear to be required in glomus cells, are sensed by the glomus
cells (Garcia-Fernandez et al., 2007). Ultimately, the glucose-
sensing mechanisms involved in glomus cells involve opening of

voltage-dependent calcium channels mediated via the closing of
voltage dependent potassium channels and opening of sodium
channels (Pardal and Lopez-Barneo, 2002; Lopez-Barneo, 2003).

Activation of the carotid body increases sympathetic nerve
activity resulting in increased hepatic glucose release as a counter-
regulatory mechanism to counteract hypoglycemia. Such a
mechanism also appears to explain the increase in plasma glucose
induced in response to intermittent hypoxia seen in animals
and humans (Wehrwein et al., 2015; Newhouse et al., 2017).
Hypoxia and hypoglycemia have additive effects on the activity
of the glomus cells (Pardal and Lopez-Barneo, 2002). Conversely,
one would expect that hypoxia and hyperglycemia would have
antagonistic actions on glomus cell activity. Since hypoxia and
hypoglycemia appear to mediate their excitatory action on
glomus cells via independent mechanisms (Garcia-Fernandez
et al., 2007), an opportunity may exist to reduce overactivity of
the carotid bodies by selectively reducing the influence of hypoxia
in conditions in which hypoxia and hyperglycemia are prevalent
(i.e., metabolic syndrome and sleep apnea).

WHAT ARE THE POTENTIAL
TRANSMITTERS THAT CAN REGULATE
CAROTID BODY SENSORY ACTIVITY

As mentioned earlier, the carotid body is made up of type
I glomus cells, sustentacular (type II cells) and the afferent
terminals of the petrosal ganglion sensory neurons. Each of these
structures are closely apposed to each other and can produce and
release potential transmitters and/or express receptors that can
be activated. In the following paragraphs we briefly highlight the
potentially rich microenvironment that is capable of regulating
the afferent sensory responses to hypoxic stimuli. The reader is
referred to reviews on this topic for detailed information (Nurse,
2005, 2014; Kumar and Prabhakar, 2012; Nurse and Piskuric,
2013; Zera et al., 2019).

Glomus cells contain many potential chemical transmitters.
Acetylcholine, dopamine, histamine, serotonin, adenosine
triphosphate (ATP) are amongst the most concentrated within
the glomus cells. Acetylcholine and ATP are candidates that
appear to be the primary neurotransmitters activating afferent
sensory nerves in the carotid body and inhibition of both
nicotinic and purinergic receptors, in combination, can prevent
the hypoxia-induced responses (Zhang et al., 2000; Zhou et al.,
2016). There are species differences, for example, in humans,
ACh and ATP also appear to be main mediators of the hypoxic
signaling response (Kahlin et al., 2014), just as in rodents
and rabbits (Iturriaga and Alcayaga, 2004). However, in the
cat dopamine may also play an important role (Iturriaga and
Alcayaga, 2004). It should also be noted ACh is inhibitory via
muscarinic receptors but excitatory via nicotinic ACh receptors
in the rabbit carotid body (Iturriaga and Alcayaga, 2004; Jonsson
et al., 2004). Furthermore, transcriptomic studies have compared
the human and mouse carotid body transcriptome and shown
marked similarities but there were also striking differences
in the expression of genes involved in oxygen sensing and
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cytokine production in the carotid body (Mkrtchian et al., 2012;
Kahlin et al., 2014).

Neuropeptides like Substance P, enkephalins, endothelin, and
angiotensin II are also present in glomus cells, and so are
gaseous neurotransmitters. The glomus cells contain the enzymes
required for the synthesis of H2S and CO (Peng et al., 2010, 2017,
2019). The generation of H2S in glomus cells appears to be a very
important mediator in the chemosensory function of the carotid
body as highlighted by studies in which the prevention of the
generation of H2S resulted in the impairment of the respiratory
responses induced by hypoxia (Peng et al., 2010, 2017). It has
been hypothesized that hypoxia induces a reduction of CO
production within the glomus cells and this enables increased
production of H2S. This appears to contribute to the activation
of glomus cells following hypoxic but not anoxic conditions
(Peng et al., 2019).

Clearly, such a diverse grouping of neurochemicals involved
in influencing the glomus cells and/or the afferent nerve
terminals of the sensory fibers, raises the possibility that they
have neuromodulatory roles and may contribute to the afferent
information depending upon the physiological stimulus.

The activity of glomus cells also may be influenced by the
activation of the receptors expressed by the cells. Single cell
RNA sequencing techniques have identified several G-protein
coupled receptors that are highly expressed on glomus cells
(Zhou et al., 2016). These receptors include the olfactory receptor
78, adenosine A2A, purinergic P2Y12, cannabinoid type 1,
and pituitary adenylate cyclase-activating peptide type 1. Less
frequently found receptors were the angiotensin type, dopamine
D2, endothelin A and glutamatergic AMPA and NMDA subtypes.
Inhibitory ligand-gated ion channel receptors activated by glycine
and GABA were also identified (Zhou et al., 2016).

Afferent sensory terminals in the carotid body are also
known to express a broad variety of receptors. These include
purinergic P2X, A2A and nicotinic ACh receptors, dopaminergic
receptors, serotonergic receptors, neurotrophic receptors (TRK),
and TRPV1 receptors, which upon activation can influence
afferent activity (Nurse, 2014; Leonard et al., 2018). In
addition to potential transmitters produced within the carotid
bodies, circulating hormones may also influence carotid body
activity, including hormones involved in glucose homeostasis
such as insulin and leptin, the renin-angiotensin system and
inflammatory mediators.

Insulin receptors have been identified in rat carotid bodies
and are functional since insulin increases carotid body activity
resulting in increased reflex ventilatory responses and increased
blood pressure (Ribeiro et al., 2013). Furthermore, in rats that
were insulin resistant due to a high caloric diet, the increase in
circulating catecholamines normally observed, was attenuated by
denervation of the carotid bodies. The insulin sensitivity was
restored to normal and the hypertension seen in rats on the
hypercaloric diet was also reduced following the denervation
of the carotid bodies (Ribeiro et al., 2013). These experiments
provide strong support for a physiological role of the carotid
bodies in glucose homeostasis and suggest that circulating insulin
can activate the carotid bodies. In humans, the physiological
role of insulin on carotid body function still needs to be

clarified, Infusions of insulin have been shown to increase muscle
sympathetic nerve activity, but this could not be attenuated by
low dose dopamine and/or hyperoxia suggesting acute insulin
infusion does not affect carotid body function (Limberg et al.,
2020). However, in chronic conditions like diabetes, insulin may
well have an important role in glucose homeostasis mediated by
the carotid bodies (Vera-Cruz et al., 2015).

Leptin receptors have also been identified on glomus cells
and their activation by leptin results in increased glomus cell
activity (Porzionato et al., 2011; Messenger and Ciriello, 2013).
Interestingly, leptin is expressed within glomus cells suggesting
that both locally produced and systemic leptin may influence
carotid body activity. Furthermore, the leptin receptors are
downregulated by intermittent hypoxia but the expression of
leptin itself in the carotid body is upregulated by intermittent
hypoxia (Messenger and Ciriello, 2013), suggesting a complex
inter-relationship between intermittent hypoxia and leptin on
carotid body activity. This issue has been addressed by an
interesting recent study that found up to 74% of glomus cells
in mice expressed the leptin receptor and that the hypoxia-
induced increase in the activity of the carotid sinus nerve was
enhanced by leptin administration (Caballero-Eraso et al., 2019).
Furthermore, this study also showed that in mice deficient in the
leptin receptor (i.e., db/db mice), re-introduction of the leptin
receptor in the carotid bodies of these mice increased minute
volume and the ventilatory response to hypoxia (Caballero-Eraso
et al., 2019), confirming that leptin is playing a key physiological
role in carotid body function.

Leptin’s role in carotid body function does not appear to be
restricted to respiratory regulation. Leptin administration is well-
known to induce increases in blood pressure, and in hypertension
associated with obesity, it has been long recognized that the
cardiovascular responses to leptin are not reduced which is
in stark contrast to the effects on dietary intake which were
diminished compared to lean controls. Such observations led to
the concept of “selective leptin resistance” (Prior et al., 2010;
Mark, 2013).

A recent exciting study has now highlighted a key role
for leptin in the carotid body (Shin et al., 2019). In that
study, peripheral leptin administration induced increases in
blood pressure in lean mice and the effect was prevented by
carotid body denervation. The hypertensive response initiated
by the activation of leptin receptors was mediated by TRPM7
calcium channels. Furthermore, overexpression of the leptin
receptor selectively in the carotid body of leptin receptor-
deficient mice enhanced TRPM7 gene expression and induced
hypertension (Shin et al., 2019). Thus, taken together, the findings
suggest that leptin acting within the carotid body is playing
a major role in the cardiovascular and respiratory function.
The contribution of leptin within the carotid body to glucose
homeostasis clearly needs investigation and potentially would
support the hypothesis linking the carotid body activity as a
common mediator regulating cardiovascular, respiratory and
glucose homeostasis. The role of TRPM7 channels would be
an exciting focus.

The peptide hormone, angiotensin, can also influence carotid
body activity. The angiotensin II type I receptor (ATIR) is
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found on glomus cells in the carotid body and angiotensin II
predominantly stimulates the carotid body as determined from
electrophysiological recordings of the carotid sinus nerve (Allen,
1998). The expression of AT1R in the carotid body is increased
by chronic intermittent hypoxia and this may contribute to
the increase in sympathetic nerve activity elicited by chronic
intermittent hypoxia (Marcus et al., 2010; Takahashi et al., 2018).
Furthermore, the enhanced activation of lumbar sympathetic
nerve activity in rats following chronic intermittent hypoxia was
prevented with treatment using the ATIR antagonist, losartan,
suggesting angiotensin II activation of the carotid body played an
important role in sympathetic nerve activity responses induced
by chronic intermittent hypoxia (Marcus et al., 2010).

In obesity, the renin-angiotensin-aldosterone system may
take on more importance since adipose cells can produce
angiotensinogen (Cassis et al., 1988), and overexpression of
angiotensinogen in adipose tissue can contribute to hypertension
and adipose tissue development (Massiera et al., 2001). In
humans, obstructive sleep apnea has been reported to increase the
activity of the renin-angiotensin-aldosterone system (Goodfriend
and Calhoun, 2004). Thus, angiotensin II may be an important
link between obesity and chronic intermittent hypoxia and
overactivity of the carotid body.

Evidence also suggests that inflammatory mediators within the
chemosensory pathways are key mediators of cardiorespiratory
dysfunction. Studies using human carotid bodies (taken from
patients undergoing surgical procedures for head and neck
tumors) show that hypoxia can induce the release of cytokines
(Kahlin et al., 2014). Furthermore, chronic intermittent hypoxia
in rats induces increased production of pro-inflammatory
cytokines in the carotid body and in the nucleus tractus
solitarii (Del Rio et al., 2011). This increased production of
pro-inflammatory cytokines and the resultant cardiorespiratory
responses can be prevented by pretreatment with the non-
steroidal anti-inflammatory drug, ibuprofen (Del Rio et al., 2012).
Since obesity is associated with abnormally elevated sympathetic
nerve activity, elevated levels of cytokines, adipokines and
obstructive sleep apnea (Lambert et al., 2010; Armitage et al.,
2012), and the observation that intermittent hypoxia has been
reported to induce inflammation in adipose tissue (Poulain
et al., 2017), the evidence suggests that increased levels of
pro-inflammatory cytokines within the peripheral and central
components of the chemosensory pathways contribute to the
cardiovascular and respiratory dysfunction seen in conditions
like obesity that involve chronic intermittent hypoxia.

IS THERE A ROLE FOR PURINES IN THE
CAROTID BODY IN THE REGULATION
OF GLUCOSE HOMEOSTASIS?

To date, there have been no reports directly investigating
whether inhibition of purinergic function can influence
glucose homeostasis. However, the following evidence provides
circumstantial evidence in support of such a hypothesis.

The release of ATP in response to hypoxia is well-recognized.
ATP and adenosine (which can be produced through the

metabolism of ATP) activate sensory afferent neurons in the
carotid body through P2X and A2A purinergic receptors (Zhang
and Nurse, 2004; Conde et al., 2006), which results in increased
activity of the carotid sinus nerve. Inhibition of P2X2/3 and
A2A purinergic receptors can reduce carotid sinus nerve activity,
and the resultant reflex ventilatory responses (Zhang et al., 2000,
2018; Conde et al., 2006). Thus, activation of the carotid body in
response to hypoxia involves purinergic receptor activation.

In addition to mediating reflex respiratory function, the
increased carotid sinus nerve activity induced by carotid
body activation also results in increased sympathetic nerve
activity and blood pressure, as indicated earlier. There is good
evidence indicating a role of P2X3 receptors in mediating
this cardiovascular reflex response. In an extensive study
by Pijacka and colleagues, they showed that spontaneously
hypertensive rats have a hyper-reflexive response to acute
stimulation of the carotid body chemoreceptors and this is
associated with upregulation of the P2X3 receptors in the carotid
body (note P2X2 and P2X3 receptors can heterodimerize to
form functional purinergic P2X2/3 receptors). Furthermore,
antagonism of P2X3 receptors with a selective antagonist
reduced sympathetic nerve activity and blood pressure in
the spontaneously hypertensive rat (Pijacka et al., 2016).
There was no effect in the normotensive control rats. This
led the authors to suggest that using the P2X3 receptor
antagonist may reduce overactivity of the carotid body and
this was supported by the finding that petrosal ganglion
neurons (cell bodies of the carotid body afferent fibers)
from Spontaneously Hypertensive rats were sensitized to
purinergic receptor activation but this was not observed in
normotensive Wistar rats. Furthermore, the activity of the
petrosal ganglion neurons from Spontaneously Hypertensive
rats was normalized by P2X3 receptor antagonism (Pijacka
et al., 2016). Taken together, the findings suggest that normal
function of the carotid body chemoreceptors may not be
markedly affected by administration of purinergic P2X3
receptor antagonists but overactivity of those chemoreceptors
may be attenuated.

Thus, respiratory and cardiovascular function can be
influenced by purinergic P2X3 receptor antagonism, whether
regulation of glucose homeostasis can be added to this action has
not been reported to date. However, the circumstantial evidence
available points to such a possibility. Very interesting work
emanating from Conde and colleagues has shown that there is
increased sympathetic nerve activity in rats fed high caloric diets
that have hypertension, hyperinsulinemia and hyperglycemia.
In these rats, carotid body denervation reduced sympathetic
nerve activity, blood pressure and restored insulin sensitivity
and glucose utilization (Ribeiro et al., 2013). Externally applied,
bioelectric modulation has recently been used to reversibly
reduce carotid sinus nerve activity in rats fed high caloric diets
and restore insulin sensitivity (Sacramento et al., 2018). Whether
purinergic P2X3 receptor antagonism could induce similar
positive effects on insulin sensitivity needs to be investigated.
Interestingly, a positive finding may be readily translatable to
clinical situations since P2X3 receptor antagonists have been
developed and one is currently in phase III trials for persistent
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FIGURE 1 | This simple schematic highlights the possibility that chronic intermittent hypoxia and hyper-insulinemia and hyperleptinemia inflammation and elevated
renin -angiotensin aldosterone system (RAS) that may be observed in metabolic conditions like obesity or metabolic syndrome, activate the carotid bodies. The result
includes increase sympathetic nerve activity, hyperglycemia, and hypertension. Activation of the carotid body can result from many chemicals and receptors that
were discussed in the text. The schematic highlights ATP released from glomus cells and acting on purinergic receptors (P2X3) which we suggest is particularly
important in contributing to the activation of the afferent pathways initiated by chronic intermittent hypoxia. We also highlight new findings suggesting that stimulation
of leptin receptors activates TRPM7 ion channels. Thus, overactivity of the carotid body may be a common denominator involved in the cardiovascular and
metabolic disturbances seen in metabolic disorders. Reducing the overactivity of carotid bodies, for example using P2X2/3 antagonists which are in clinical practice,
may prove to be a novel therapeutic treatment regime, or developing non-invasive bioelectric modulation techniques may prove useful therapeutic strategies.

cough (ClinicalTrials.gov Identifier: NCT03449134) and may be
useful in other hyper-reflexive states (Richards et al., 2019).

CLINICAL TRANSLATION

Unilateral and bilateral carotid body removal have been
utilized in small clinical studies of patients with drug-resistant
hypertension and in patients with low ejection fraction heart
failure. In about half of the hypertensive patients, blood pressure
was reduced even up to 12 months post-unilateral carotid
body resection. The responders were those that had enhanced
ventilatory responses to chemoreceptor stimulation prior to
the procedure (Narkiewicz et al., 2016). In the heart failure
patients, the quality of life was improved but given the size
of the cohort, much more work is needed, particularly since
bilateral carotid body resection was often associated with poorer
nocturnal oxygen saturation content suggesting an increase in
sleep apnea (Niewinski et al., 2017). Therefore, bilateral carotid
body resection may not be an entirely safe viable therapeutic
option for most patients. However, modulating the activity of
the carotid sinus nerve by targeting specific receptors (e.g.,
purinergic P2X3) or ion channels (e.g., TRPM7) could prove to
be a useful therapeutic intervention. Bioelectric modulation of
neuronal activity is another relatively non-invasive mechanism
that could be explored (Iturriaga et al., 2016).

SUMMARY AND CONCLUSION

The carotid bodies are small organs that are exquisitely sensitive
to the level of oxygen in the blood and initiate a response

to hypoxia that includes increased sympathetic nerve activity,
increased blood pressure and increased ventilation and increased
glucose production due to catecholaminergic actions on the
liver. Chronic intermittent hypoxia is associated with obesity
and overactivity of the carotid bodies has been described
in this metabolic condition (Figure 1). Thus, reducing this
overactivity may be beneficial for the cardiovascular, respiratory
and hyperglycemia present in obesity and other conditions
of metabolic dysfunction. There is evidence supporting this.
Therefore, the carotid bodies may be a common link and thus
an attractive potential target to tackle the cardiorespiratory
and metabolic dysfunction that are observed in obesity and
metabolic syndrome. Potential approaches to therapy include
the development of antagonists to TRPM7 channels and P2X3
receptors which may contribute to the increase in sympathetic
nerve activity in response to hypoxia (Figure 1). Antagonists to
P2X3 receptors are already in late clinical trials (for persistent
cough) which may make translation to other clinical conditions
more practicable. Bioelectric modulation, which is a relatively
non-invasive technique to lower carotid sinus nerve activity, may
also find translation into the clinical setting more readily.
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