Stony Brook University

The official electronic file of this thesis or dissertation is maintained by the University
Libraries on behalf of The Graduate School at Stony Brook University.

© All Rights Reserved by Author.



Modulation of Rodent Central Respiratory Network Dynamics
and Respiratory Phase Interactions
A Dissertation Presented
by
Tabitha Yun-Ching Shen
to
The Graduate School
in Partial Fulfillment of the
Requirements
for the Degree of
Doctor of Philosophy
in

Biomedical Engineering

Stony Brook University

December 2014



Stony Brook University

The Graduate School

Tabitha Yun-Ching Shen

We, the dissertation committee for the above candidate for the
Doctor of Philosophy degree, hereby recommend

acceptance of this dissertation.

Irene C. Solomon
Professor, Physiology and Biophysics

Emilia Entcheva
Professor, Biomedical Engineering

Leon Moore
Professor, Physiology and Biophysics

William F. Collins
Associate Professor, Neurobiology and Behavior

Brendan J. Canning
Associate Professor, Division of Allergy and Clinical Immunology, Johns Hopkins
University

This dissertation is accepted by the Graduate School

Charles Taber
Dean of the Graduate School

1



Abstract of the Dissertation
Modulation of Rodent Central Respiratory Network Dynamics
and Respiratory Phase Interactions
by
Tabitha Y. Shen
Doctor of Philosophy
in

Biomedical Engineering

Stony Brook University

2014

Modulation of the central neural control system governing breathing is a critical mechanism for
maintaining homeostasis of a functioning physiological system. Perturbations can be either
endogenous or exogenous to the respiratory control system, meaning there are factors that
modulate the respiratory control centers either directly (endogenously) or indirectly via feedback
mechanisms (exogenously). We hypothesized that perturbations to the neural controller would
cause changes in the configuration of the neural network, as evidenced by changes in slow and
fast oscillatory respiratory network dynamics. To test this hypothesis, we use both an in vitro and
an in vivo rat experimental preparation in conjunction with perturbations to disrupt homeostasis
endogenously and exogenously. In the in vitro preparation, we perturbed the respiratory system
endogenously by changing either the temperature or the K* concentration of the artificial cerebral
spinal fluid. In the in vivo preparation, we perturbed the system exogenously by eliciting sneeze
or micturition reflexes. We analyzed neurogram and/or electromyogram activity data from
multiple respiratory-related outputs to characterize and quantify timing, patterning, and phase-
related variability between respiratory outputs in order to gain insight on how the brainstem is
reorganized to intrinsically modulate control of the diaphragm and upper airways. Both
endogenous and exogenous perturbations altered the neural network resulting in modulation of
various aspects of respiratory-related discharge. Endogenous perturbations modified the
respiratory network components that govern respiratory burst generation and the relationship
between respiratory outputs, but respiratory rhythm was uninterrupted. Moreover, endogenously-
mediated changes in excitability produced same direction changes in the synchrony or
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orderliness of the network. In contrast, exogenous perturbations modified respiratory network
components that generate respiratory rhythm resulting in a disruption of fundamental underlying
respiratory behavior, which was evident by the production of dysrhythmia and altered phase-
timing between different respiratory-related outputs. In conclusion, the respiratory network is
dynamic on a breath-to-breath basis and reconfigures to maintain a functional physiological
system.
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Chapter 1: Introduction

Background and Significance

Homeostasis is necessary for maintaining function in mammals. The body must have
processes to sense and adapt to different perturbations, which might be endogenous or
exogenous. The respiratory system is a network of neurons designed to adapt to many states. It is
one of the systems responsible for maintaining key homeostatic levels such as arterial blood
gasses (PaO; and PaCO,) and autonomic nervous system balance (i.e., blood pressure, heart rate,
etc.) which all are key to maintaining an environment suitable for a functioning biological
system.

Respiratory activity in mammals is known to be generated and modulated by a network
of neurons in the dorsolateral pontine respiratory group and medullary ventrolateral respiratory
column (Smith, Abdala, Koizumi, Rybak, & Paton, 2007; St-John, 1998; St John, 1985; G.
Stella, 1938). Additionally, other areas of the midbrain, such as the periaqueductal grey, have
been shown to contribute to respiratory rhythm maintenance (Holstege, 2013). The area of the
brainstem essential to respiratory rhythm generation is in the lower brainstem (Lumsden, 1923)
and has been identified as the pre-Botzinger complex (pBC) (Rekling & Feldman, 1998; Smith,
Ellenberger, Ballanyi, Richter, & Feldman, 1991). To understand the control mechanisms of the
network that controls breathing, we can analyze signals from the neural output that controls the
pump muscles and airway resistance, which ultimately create the breathing behavior.

Temporal and spectral-domain dynamics have been used to characterize neural output
recorded from respiratory related nerves. Parameters such as breathing frequency, inspiratory
duration (Ty), expiratory duration (Tg), inspiratory duty cycle (Ti/Trota), are used to give an idea

of gross changes in respiratory drive or activity. However, because these nerves are a



compilation of multiple modulators, it is not readily apparent as to what is happening to the
neural network and/or how it is changing due to perturbations. Therefore, analysis in the spectral
and information domain may provide more insight into network dynamics by increasing
understanding of the fast-oscillatory rhythms within each neural burst.

Previous experiments in multiple animal models have shown that, when analyzed with a
power spectral density (PSD) estimation, fast-oscillatory respiratory rhythms within these neural
bursts exhibit characteristic peak frequencies in 2 ranges: a medium frequency oscillation (MFO)
between 40-50 Hz (Cohen, See, Christakos, & Sica, 1987; Richardson & Mitchell, 1982) and a
high frequency oscillation (HFO) between 90-110 Hz (Cohen et al., 1987). An additional higher
frequency (ultra high frequency oscillation; UHFO) at 130-150 Hz was also reported in a mouse
model (O'Neal, Spiegel, Chon, & Solomon, 2005). It has been suggested that HFO activity is
related to medullary or pontine inspiratory neuron activities while MFO activity is correlated
with respiratory motoneuron activities (Cohen, Piercey, Gootman, & Wolotsky, 1974; Funk &
Parkis, 2002). Because the two peaks perhaps arise from different control centers, the power
(amplitude) of the peak frequencies can give insight into how much either is contributing to the
network. However, because the respiratory system is a highly dynamic system, a time-invariant
spectral analysis may not be appropriate since those methods assume a stationary process. Time-
varying analysis techniques such as short-time Fourier transforms, wavelet analysis or a
smoothed-pseudo Wigner-Ville distribution (SPWD), can be used to estimate the timing of
frequency dynamics over time. The SPWD method provides a few advantages over the other
methods, namely its uniform resolution across time and frequency, and better time and frequency
resolution because the signal is not segmented into small segments, and therefore this was the

chosen method of time-frequency (TF) analysis.



Another strategy of gaining insight into the intrinsic network dynamics is to use a
nonlinear dynamical analysis of neural output in the complexity domain, which gives insight into
how complex a signal is. One such method is approximate entropy (ApEn) (Pincus & Huang,
1992), which provides a statistical index of regularity (orderliness) of a signal in the time
domain. This method can be used as an indicator of the number of components in the network
generating the signal and help quantify how these components are changing. While there other
methods exist that provide insight into the information domain (e.g., sample entropy and fuzzy
entropy), we have found that ApEn is the most appropriate to date for fast neurophysiological
signals (Chen, Solomon, & Chon, 2004).

Many anatomically distinct groups of neurons that contribute to the generation of
respiration, which enables the respiratory network to produce multiple patterns of respiratory
output. These groups include areas responsible for central chemoreception, afferent signal
processing, rhythm generation and motor pattern formation. There are a multitude of breathing
patterns and breath types, including apneusis, augmented breaths, hyper- and hypoventilation,
but for this project we will focus on eupnea and gasping.

Eupnea is defined as normal, unconscious breathing. While the definition of eupnea
varies between species, there are some characteristics that are conserved. Eupneic breathing can
be broken up into 3 phases: inspiration, post-inspiration and expiration (Richter, 1982; Richter,
Ballantyne, & Remmers, 1986; Smith et al., 2007; St-John, 1998; St John, 1985; G. Stella, 1938).
Inspiration generally is defined based on diaphragm or phrenic nerve activity, and the quiescent
periods are defined as expiration. Pre-inspiratory activity occurs during the end of the expiratory

phase but is activity associated with inspiratory related outputs (e.g., hypoglossal nerve output or



tongue electromyography (EMG) activity). For instance, the hypoglossal nerve has neural
activity prior to inspiration, as defined by the onset of phrenic nerve activity, that is associated
with the opening of the airways.

Nerves associated with the respiratory network that will be discussed here are the phrenic
nerve, the hypoglossal nerve (a.k.a. cranial nerve XII), the recurrent laryngeal (RLN) and the
abdominal nerve (ABD). The phrenic nerve, which when activated defines the inspiratory phase,
exits the spinal column at C3-C5 and is the sole nerve which innervates the diaphragm. The XII
nerve branches into two; the medial branch (associated with tongue protrusion), and the lateral
branch (associated with tongue retrusion). Unlike phrenic nerve activity, during eupnea, XII
nerve activity is present during both pre-inspiratory (prel) and inspiratory (I) respiratory phases.
The RLN is a branch of the Vagus nerve responsible for innervating all the intrinsic muscles of
the larynx except for the cricothyroid muscles. RLN activity spans both inspiratory and
expiratory phases but pauses at the end of phrenic activity and restarts in the early expiratory
phase. The ABD has many branches, all of which only show neural activity during active
expiration or reflexes such as sneezing and coughing.

There are two classes of perturbations that can disrupt homeostasis controlled by the
respiratory network: endogenous and exogenous. Endogenous perturbations can be defined as
conditions that change the excitability of neurons that control breathing by altering their intrinsic
properties; and exogenous perturbations can be defined as conditions that change the excitability
of neurons that control breathing by reflex/afferent input. There are many perturbations that can
disrupt homeostasis, but for the purpose of this project we will focus on two endogenous
perturbations, a change in temperature and extracellular K', and an exogenous perturbation, the

effects of the micturition reflex on respiration.



Preparations that are used to study respiratory behavior often are reduced preparations.
These reduced preparations, such as the en bloc preparation or transverse medullary slice
preparation, often are studied at non-physiological conditions. To decrease degradation of the
tissue, metabolism is decreased by maintaining the tissue at lower temperatures (as low as 28°C),
and to compensate for the decrease in metabolism, which affects the breathing frequency,
elevated extracellular K™ (which range from mostly range between 4.25 and 9 mM [K'],) levels
often are used. In order to understand findings from these different preparations it is important to
understand how changing temperature and [K '], alter intrinsic properties of the network that
generates breathing.

Elevating [K'], and temperature have similar affects in the temporal domain in that they
both increase breathing frequency, and yet the network by which the respiratory network is
modulated is different. In reduced preparations, increased K" increases the network excitability,
as evidenced by fictive breathing frequency (Okada, Kuwana, Kawai, Miickenhoff, & Scheid,
2005). Although not statistically significant, trends of increased drive (e.g., decreased T,
increased respiratory rate and a decreased time-to-peak) were seen as [K '], increased (St John,
1985). In addition to understanding the effects of elevating [K '], studying the effects of elevated
[K '], has physiological relevance. For instance, it is known that cerebral spinal fluid and plasma
K" levels differ, there are a variety of disorders that exhibit electrolyte imbalances, anoxic and
ischemic conditions will alter [K'], on the surface of the brain cortex (Hansen, 2008a, 2008b).

Because ion kinetics is temperature dependent, studying the effects of temperature has
both experimental and physiological relevance. An increase in temperature increases breathing
frequency, but it may also have an effect on network dynamics. It is known that HFO peak

frequency and temperature have a linear relationship of 5 Hz/ 'C in a decerebrate cat preparation



(Richardson & Mitchell, 1982). Rats appear to maintain ~4Hz/ "C linear relationship between
HFO and temperature (John & Leiter, 2003; Marchenko & Rogers, 2007), but the effects of
temperature on MFO activity is not known.

In addition to endogenous changes, perturbations that change the intrinsic dynamics by
changing the properties of the components of the respiratory rhythm generation center, there
exist exogenous perturbations such as spontaneously occurring reflexes like micturition. The
micturition reflex does share some muscle (external oblique) and neural components
(periaqueductal grey) of the respiratory network, and yet previous studies have suggested that
urinary bladder afferents can affect both respiration rate and amplitude (Gdovin, Knuth, &
Bartlett, 1994; Schondorf & Polosa, 1980). Studies that have characterized respiratory neural
output during spontaneous bladder contractions (SBCs) primarily have been conducted in
decerebrate cats, although one study in decerebrate rats was conducted (M. Stella, Knuth, &
Bartlett, 2000); thus, the relationship between SBCs and respiration is not well-characterized in
the rat model.

The micturition reflex consists of two main phases: storage (continence) and evacuation
(voiding, micturition). Sympathetic stimulation maintains internal urethral sphincter tone,
allowing for urine storage. Sympathetic stimulation peaks during the guarding reflex, which
occurs directly prior to active voiding. While filling, bladder stretch receptors activate afferents
that project into the spinal cord and activate segmental reflexes to inhibit bladder contraction and
stimulate EUS contraction. During active voiding the internal urethral sphincter relaxes due to
parasympathetic stimulation to the detrusor muscle, which manifests as a series of bursts. The
bladder also projects sensory information to the periaqueductal grey (PAG), which integrates

sensory information from higher brain centers with bladder information. Projections from the



PAG activate the pontine micturition center, and this area initiates the switch from continence to

active sustained contraction.



Specific Aims

Maintaining homeostasis is a necessity and non-trivial process for a properly functioning
mammalian system. The respiratory neural control system, located in the brainstem, is key to
maintaining homeostasis for important variables such as arterial blood gases and pH. To
maintain these variables relatively constant in response to the myriad of exogenous and
endogenous perturbations that can affect them, the respiratory control system produces and
orchestrates various respiratory-related behaviors.

In addition, in order to compensate for perturbations on a breath-to-breath basis, the
respiratory control system must be capable of making rapid adjustments, and it is therefore a
relatively dynamical system/network. This control system exhibits both long-time-scale features
that are associated with respiratory cycle timing (i.e., breathing frequency, fi,) and short-time-
scale features (i.e., fast oscillatory rhythms) that are associated with intrinsic respiratory-related
network interactions, which include inspiratory-related muscles, nerves and neurons. Thus,
together these long- and short-time-scale features can be used to more comprehensively form a
picture about the dynamics underlying various respiratory behaviors.

Perturbations to the respiratory network would be expected to produce a change in
network configuration in order to elicit the necessary changes in respiratory output. While a
variety of perturbations seemingly have a similar effect on respiratory modulation (e.g., increase
or decrease respiratory frequency), it is expected that the source of the modulation differs, and
the network configuration should change (e.g., recruiting, silencing, up-regulating or down-
regulating specific neural populations within the respiratory network) due to the mechanics of
the specific perturbation. Therefore, our overarching hypothesis is that perturbations cause a
change in the underlying dynamics of the respiratory network by differentially affecting network

reconfiguration.



To investigate this hypothesis, we present the following specific aims:

Specific Aim 1: Determine the effects of endogenous perturbations on the dynamics of the

rodent respiratory neural network.

e Sub-aim 1. Using a reduced rodent preparation, we will examine the effects of altaring
extracellular potassium concentration, which directly affects neuronal excitability, on
temporal, spectral and information domain characteristics. We will also evaluate the
phase relationship between multiple inspiratory neural outputs.

e Sub-aim 2. Using a reduced rodent preparation, we will investigate the effects of
gradated temperature, which affects ionic kinetics to change excitability, on temporal,

spectral and information domain characteristics of the respiratory neural network.

Specific Aim 2: Determine the effects of exogenous perturbations on the dynamics of the rodent

respiratory neural network.

e Using an in vivo adult rodent preparation, we will examine the relationship between
micturition and breathing; we will investigate the effects of micturition on breathing as

well as the effect of increased respiratory drive on micturition
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Chapter 2: Effects of Temperature and Potassium on the Respiratory Neural Network

Introduction

The intrinsic properties of breathing rhythm generation often is studied in reduced animal
preparations. These preparations are advantageous because they allow for increased control of
many parameters including temperature, extracellular environment, vascular pressure, afferent
and efferent contribution, etc. These preparations also allow specific networks to be selected as
well. For instance, brain slice preparations allow specific areas of the brain to be accessed and
tested while controlling inputs to the tissue or other variables such as temperature, extracellular
ion concentrations, etc. However, because the preparation is reduced and many of the systems
required to maintain viable tissue are removed, a variety of methods are used to alter the
excitability of the tissue and prolong the viability of the experimental model. Two common
methods of altering excitability are to lower tissue temperature and elevate [K'],.

Most reduced preparations are conducted at temperatures much lower than normal
physiological temperatures (~37°C) to reduce tissue degradation by decreasing metabolic
excitability and at potassium levels higher than normal physiological levels (~3.0 mM [K'],
(Somjen 2002)) to compensate for the reduced excitability. For example, in vitro brainstem-
spinal cord preparations and slice preparations are conducted in temperatures as low as 27°C and
are perfused with a solution where the [K'], typically is 9.0 mM, although it may be higher.

Elevating temperature and [K '], are known to increase excitability of the respiratory
network. Increasing either parameter alters metrics of fictive breathing in ways consistent with
increased drive to breathe (e.g., increased breathing frequency, decreased T; and decreased time-
to-peak activity) (Y. Okada, S. Kuwana, A. Kawai, K. Miickenhoff, & P. Scheid, 2005).
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However, while it may appear that increasing temperature and [K '], have similar effects, the
mechanism by which they modulate the respiratory network is not well-understood.

Increasing the temperature of the in situ perfusate increases fictive breathing frequency
(W. M. St-John & Leiter, 2003) and increases neuronal excitability, evidenced by a linear shift
HFO frequency by about 5 Hz/ ‘C in a decerebrate cat preparation (Richardson & Mitchell,
1982). Rats appear to maintain ~4Hz/ C linear relationship between HFO and temperature (W.
M. S. John & Leiter, 2003; Marchenko & Rogers, 2007), but the relationship between MFO and
temperature remains unknown. Whether or not the network is reconfigured remains unexplored.

In reduced preparations, a high [K'], is used to increase the basal level of network
excitability, although K" is known to have an important role in the generation of respiratory
behavior. For instance, persistent K" ion channels have been shown to be critical to the
respiratory pacemaker responsible for gasping (W. M. S.-. John, Rybak, & Paton, 2002) but is
suppressed during eupnea (Butera Jr, Rinzel, & Smith, 1999; Rybak, Paton, Rogers, & St-John,
2002), illustrating an important role for K" in respiratory behavior. In the in situ preparation,
while not statistically significant, trends of increased drive (e.g., decreased T; and increased fy,)
were observed as [K '], increased, (Y. Okada, S.-i. Kuwana, A. Kawai, K. Miickenhoff, & P.
Scheid, 2005; W. St-John, Rudkin, Harris, Leiter, & Paton, 2005), although a significant change
in expiratory duration, duty cycle or time-to-peak was not observed (W. St-John et al., 2005). It
is not clear how or if changes in [K'], affect spectral and complexity-domain characteristics.

In addition to being experimentally relevant to understand the effects of these parameters
on breathing with the purpose of understanding and interpreting literature, they also are
physiologically relevant parameters. For example, fevers and hypothermia are naturally

occurring situations where core body temperature is altered, and there exist a variety of disorders
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that exhibit electrolyte imbalances, and alter [K'], away from physiological range, (e.g., kidney
disease, diabetes, heart failure), and anoxic and ischemic conditions have been shown to alter
[K+]0 on the surface of the brain cortex (Hansen, 2008a, 2008Db).

In order to understand the effects of changes in temperature and [K '], on the respiratory
network, we selected the in situ arterially-perfused preparation. This preparation is advantageous
not only due to the presence of an intact brainstem but also because it allows for controlled and
precise alterations to both temperature and [K+]0 of the tissue, and, therefore, is suitable to test
the hypothesis that, because these two perturbations modulate general excitability of the neurons,

the underlying network and their connections will remain similar.

Methods

Methods for the changes in temperature studies
Experiments were conducted in 38 adolescent (~4-5 weeks old) Sprague-Dawley rats in a

modified arterially-perfused rat preparation (Paton). Adolescent (~4-5 weeks old; n=38)
Sprague-Dawley rats were deeply anesthetized using isoflurane (2-5%) via inhalation until
respiration ceased. After testing for the absence of a withdrawal reflex in response to a noxious
paw pinch, the rat rapidly was sub-diaphragmatically transected and submerged in an ice-cold
bath of artificial cerebral spinal fluid (aCSF (in mM): 125 NaCl, 24 NaHCO;3, 5.0 KCl, 2.5
CaCly, 1.25 MgS0y4, 1.25 KH,PO4, and 10 glucose) bubbled with % O,-5% CO,. The skull was
removed, the animal was decerebrated at the pre-collicular level, the skin and lungs were
removed, and the thoracic aorta was separated from the vertebral column. It should be noted that
a decerebration at this level removes the brain centers involved in the sensation and perception of
pain, and therefore no supplemental anesthesia is necessary. The preparation was moved to a

recording chamber where the descending thoracic aorta was cannulated with a double-lumen
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catheter; French 3.5). One lumen of the catheter was used to perfuse the preparation with a
modified aCSF (2.5% Ficoll, an oncotic agent, is added; Sigma Chemical, St. Louis, MO) by a
peristaltic pump (PeriStar, World Precision Instrument, Sarasota, FL). The perfusate was gassed
continuously with 95%0,-5%C0O,, warmed in a water bath such that the perfusate in the cranial
vault will be ~31°C, filtered through a nylon mesh (pore size: 40 um; Millipore, Bedford, MA)
and passed through a bubble trap to remove gas bubbles and mitigate pulsations due to the pump.
The other lumen of the catheter was connected to a pressure transducer to continuously measure
perfusion pressure. Pressure gradually was increased until phrenic nerve activity becomes
eupneic-like (i.e., "ramp-like"), and pressure was maintained throughout the remainder of the
experiment. Prior to recording, vecuronium bromide (2 mg) was added to the perfusate to

eliminate motor movements associated with respiratory efforts.

Recording protocol
Baseline phrenic and XII data was recorded at temperatures typical for in situ

preparations (~31°C) for at least 10 minutes and until the neural output was stable. Perfusate
temperature was cooled to the low temperature (LT) condition (~28°C), recovered back to basal
temperatures increased to the high temperature (HT) condition (~37°C) then recovered again
(Series 3: npy, =15, nx;=6),. Two other series of experiments were conducted: baseline data was
collected and then the perfusate either was decreased (Series 1: npp,=14, nxy=10) or increased
(Series 2: npy,=9, nx;=8), then allowed to recover. Temperature changes were achieved by
placing a heating coil in different temperature water baths. The LT and HT conditions were
recorded until the temperature of the cranial vault remained stable for at least 3 minutes (~10

minutes). Between conditions the preparation was allowed to recover for at least 20 minutes.
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Methods for changes in [K+]o series
Experiments were conducted in 49 adolescent (~4-5 weeks old) Sprague-Dawley rats in a

modified aterially-perfused rat preparation (Paton). Adolescent (~4-5 weeks old) Sprague-
Dawley rats were deeply anesthetized using isoflurane (2-5%) via inhalation until respiration
ceased. After testing for the absence of a withdrawal reflex in response to a noxious paw pinch,
the rat rapidly was sub-diaphragmatically transected and submerged in an ice-cold bath of
artificial cerebral spinal fluid (aCSF (in mM): 125 NaCl, 24 NaHCO;3, 2.5 CaCl,, 1.25 MgSOs,
1.25 KH;,PO4, and 10 glucose) containing the lowest concentration of K" used in the
experimental protocol and bubbled with % O,-5% CO,. Four solutions of aCSF comprising
different levels of total [K'] were used: 3.0, 4.25, 6.25, and 9.0 mM. In experiments using either
3.0 or 4.25 mM [K '], choline chloride was used to obtain a solution equimolar to the 6.25 mM
K. aCSF, and in experiments using aCSF with 9.0 mM [K],, additional KCI was added. The
osmolality of the solutions were measured (Advanced Instruments Osmometer Model 3320,
Norwood, MA) to ensure similar osmolality. The preparation was prepared in the aCSF
containing the lowest concentration of K™ used in the experimental protocol, the exception being
that experiments that used 9.0 mM K" were prepared in 6.25 mM K" aCSF. The skull was
removed, the animal was decerebrated at the pre-collicular level, the skin and lungs were
removed, and the thoracic aorta was separated from the vertebral column. It should be noted that
a decerebration at this level removes the brain centers involved in the sensation and perception of
pain, and therefore no supplemental anesthesia is necessary. The preparation was moved to a
recording chamber where the descending thoracic aorta was cannulated with a double-lumen
catheter; French 3.5). One lumen of the catheter was used to perfuse the preparation with a
modified aCSF (2.5% Ficoll, an oncotic agent, was added; Sigma Chemical, St. Louis, MO) by a

peristaltic pump (PeriStar, World Precision Instrument, Sarasota, FL). The perfusate was gassed
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continuously with 95%0,-5%C0O,, warmed in a water bath such that the perfusate in the cranial
vault will be ~31°C, filtered through a nylon mesh (pore size: 40 um; Millipore, Bedford, MA)
and passed through a bubble trap to remove gas bubbles and mitigate pulsations due to the pump.
The other lumen of the catheter was connected to a pressure transducer to continuously measure
perfusion pressure. Pressure gradually was increased until phrenic nerve activity becomes
eupneic-like (i.e., "ramp-like"), and pressure was maintained throughout the remainder of the
experiment. Prior to recording, vecuronium bromide (2 mg) was added to the perfusate to
eliminate motor movements associated with respiratory efforts

Two series of experiments were conducted. In the first series, four groups corresponding
to each level of [K'], were studied separately; the groups were: 3.0, 4.25, 6.25 and 9.0 mM
[K'1o(3.0 mM n=7; 4.25 mM n=7; 6.25 mM n=7; 9.0 mM n=6). In each experiment, baseline
PHR and XII nerve discharge were recorded, and the last 10 basal inspiratory bursts were used
for data analysis. In the second series, the effects of increasing the [K'], level were examined

using a paired experimental design with the following groups:

Group Baseline [K'], 2nd [K'],
3rd [K'], (mM)
(mM) (mM)
1 3.0 6.25 3.0
2 6.25 9.0 6.25
3 3.0 6.25 9.0

At least 10 minutes of baseline data was collected. The perfusate was switched to a flask with the

2nd aCSF until the preparation stabilized (about 15-20 minutes), and then the perfusate either
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was switched back and allowed to recover, or was switched to a higher K™ aCSF. To achieve
gasping behavior, a second series of experiments (3.0 mM n=7; 6.25 mM n=7; 9.0 mM n=7)
were conducted where only phrenic nerves were isolated, and the experiment was terminated by

an anoxic challenge achieved by rerouting the perfusate away from the animal.

Data acquisition
One or both phrenic nerves were dissected from the surrounding connective tissue and

sectioned at the insertion point on the diaphragm. Phrenic nerve activity was recorded using
bipolar hook. In a subset of these experiments XII nerve discharge simultaneously were isolated
and recorded. Phrenic and XII nerve discharged was be amplified (x10k) and filtered (10 Hz to 1
kHz) and a moving average obtained using a third-order Paynter filter with a 50 ms time
constant. Both raw and averaged phrenic nerve activity were recorded digitally (sampling rate of
2 kHz; Chart 4.0, PowerLab, ADInstruments, Colorado Springs, CO) and digital tape (DAT,
Cygnus, Delaware Water Gap, PA). Early data (Series 1: n=3, Series 3: n=7) collected in the
temperature-series of experiments included a 60 Hz notch filter. Due to concerns that the filter
was obscuring changes in MFO frequency, the filter was removed for subsequent experiments.
These data were included in temporal analyses but not included in spectral analyses. A 60 Hz

notch filter, however, was used for the potassium-series of experiments.

Data Analysis and Statistics
Tpnr, Te and Txp were calculated from phrenic nerve activity: Tpy was defined as the

duration of phrenic nerve activity; Tr was defined as the Tx;; was the duration of any XII
activity. Pre-inspiratory (Prel) activity is the difference between the onset of XII and phrenic
nerve activities. Approximate entropy (ApEn) values were calculated as previously published

(Pincus, 1991). Data are the average of the last 10 inspiratory bursts of each condition.
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Complexity-domain analysis was calculated using the approximate entropy (Pincus,
1991) algorithm where m=3 and r=0.3 (Lu, Chen, Kanters, Solomon, & Chon, 2008).

Frequency domain was performed with time-invariant and time-varying methods. These
data were segmented into lengths of 256 data points and zero-padded if necessary yielding 1.95
Hz resolution. The data then was digitally band-pass filtered between 20 (to minimize
frequencies associated with ECG) and 250 Hz using a Hanning window. Specifics for the power
spectral density (time-invariant) and smoothed-pseudo Wigner-Ville (time-varying) analyses
were performed as previously published (O'Neal III, Spiegel, Chon, Solomon, & Solomon,
2004).

Statistics for the Series 1 and 2 temperature experiments were performed using paired t-
test (a=0.05). Statistics for the Temperature Series 3 experiments were performed using a one-
way repeated measures ANOVA (0=0.05) with a Holm-Sidak post-hoc test. Statistics between
different levels of [K '], were performed using a one-way ANOVA (0=0.05). Statistics for
experiments where more than 1 level of [K'], was tested were performed using a one-way
repeated measures ANOVA (a=0.05). For both temperature and K experiments, a paired-t-test
was used to compare Phr and XII activity in the tested condition. All values are reported as
mean+SE. Coefficient of variation (CV) was calculated as the ratio of standard deviation over

the mean. All values are reported as mean+SE.

Results for temperature experiments

The temperatures for each series of temperature experiments were conducted at similar
temperatures for their conditions (Table 1). Raw traces from a single experiment (Figure 1) show
the effect of temperature on breathing. All experiments maintained a regular, augmenting

respiratory discharge pattern. It was noted that an increase in temperature increased the
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occurrence of non-respiratory-related XII neural discharge that recovered when temperature was
lowered. Temperature did not have a significant effect on the amplitude of Phr nerve discharge,
and in some cases it was observed that XII nerve amplitude decreased when in HT conditions.
The raw traces also show that breathing frequency (fi,) was altered by temperature as expected;
that is, breathing frequency increased as temperature increased and vice versa (LT=12, BLx16
and HT=27 bpm) (summarized in Figure 2). There is considerable overlap between the f;,
different temperature groups, and the change in f, can be attributed to decreases in both T;
(LT=0.92, BL=0.68 and HT=0.57 sec) and Tg (LT=4.42, BL~3.32 and HT=2.03 sec). While
the variability in the BL and LT groups are similar, but the variability for the HT group is larger,
and the variability is due to the increase in variability in both T; (CVr1=23.5%, CVpL~23.0%
and CVy1=~43.8%) and Tg (CVL1=41.6%, CVp*36.0% and CVyr=61.1%). Unlike Phr activity,
variability in XII activity (Txy) during the high temperature decreased significantly. Duty cycle
for both Phr and XII nerve output remained similar over the span of temperatures tested (Figure
3), which indicates that neither T nor Tg had a dominant role in changing fi,. Prel XII neural
activity was observed to be largely variable not only in duration but also in quality of the signal
during lower temperatures in particular; breaths with long Prel neural activity often had spurious
discharges of neural activity instead of more synchronized activity. Prel duration between LT
and NT were similar to each other, but both were significantly different from the HT group
(P<0.01), resulting in XII duty cycles between LT and NT being statistically significant (P<0.03)
from each other. Prel duration change was non-linear and may be the driving difference for the

non-linear change in XII duty cycle.
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Complexity
Summary ApEn values (Figure 4) for both phrenic and XII activity with respect to

temperature for the non-control experiments show that temperature has an effect on network
complexity. ApEn values for Phr nerve activity in for low and baseline temperatures were
significantly different from the high temperature group, but none of the ApEn values for XII
nerve activity were significantly different. However, like the temporal data, there is considerable
overlap between all the groups. When comparing ApEn values between nerves, ApEn values
were significantly different for the LT (Phr=0.78+0.01; X11=0.72+0.02) and BL (Phr=0.77+0.01;
XII=0.72+0.01) groups and not significant for the HT group (Phr=0.72+0.02; XI1=0.720+0.02),
and the difference between in ApEn values between the two nerves decreases as temperature
increases. In general, ApEn values for XII neural output was more variable for a given

temperature compared to Phr neural output, particularly in the LT and BL conditions.

Spectral Analysis
In addition to changes in the temporal and information domain, temperature changed

phrenic nerve output in the spectral domain (Figure 5). In the example power spectral density
(PSD) graph from a single experiment, two dominant peaks consistently were observed, the
lower being in the medium frequency oscillation (MFO) range (classically defined to be 40-50
Hz) and the higher being in the high frequency oscillation (HFO) range (classically defined as
90-110). In some cases, particularly in the HT group, more than one dominant peak in the HFO
range was observed, and in these cases the largest peak was used. Because temperature has an
effect on the frequency of the dominant peak, these ranges were expanded (MFO: 20-70Hz;
HFO:70-150Hz) to accommodate the change. The ratio of the powers of the MFO and HFO
dominant peaks a significant difference between the LT (1.30+0.15) and the other two groups

(BL=0.53+0.07; HT=0.53+0.20). This suggests that there is possibly is a shift from motoneuron-
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dominated rhythm generation to a more medullary-dominated rhythm generation as temperature
increases. With respect to the frequency of these dominant peaks, spectral analysis revealed that
a ~4.2 Hz/ C linear relationship exists between the HFO dominant peak and temperature for the
range of temperatures tested. The effect of temperature on the frequency of the MFO dominant
peaks is less clear. While the location (frequency) of the peak does not change significantly as a
group, the variability increases greatly as temperature increases. The MFO peak also does not
seem to increase linearly; a linear regression produves an R*-value of 0.12.

To provide insight into the non-stationary characteristics of Phr nerve discharge, we used
time-varying analysis to produce time-frequency (TF) spectrum. A TF spectrum was generated
for each breath, normalized to account for varying Tpy: In the TF spectrum heat maps, dark blue
is 0 activity and dark red is maximal activity. The top panel of Figure 6 shows the TF spectrum
on their own relative scale for the 3 temperature categories from a single experiment. The TF
spectrum echo the results seen in the PSD analysis: there is a trade-off in power from MFO
activity to HFO, and it also shows the increase in the frequency of HFO peak activity as
temperature increases. These TF spectrum reveal, however, that the HFO peak frequency shifts
to an earlier time within the burst as temperature increases, and that significant activity in the
high frequency range (60% and above; i.e., light green to red activity) becomes more
concentrated in both the time and frequency domains, potentially indicating a more synchronized
network. The bottom panel shows the TF spectrum normalized to the highest power of the entire
experiment. In this particular experiment HFO peak power was less than the MFO peak power.
Figure 8 shows the time course of the same experiment as Figure 7 and illustrates how dynamic
the system is. TF spectrum of the last 10 breaths for each minute normalized to the highest power

of the entire experiment was combined and presented to show the TF spectrum over the course of
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an entire experiment. Even though this experiment was conducted with a 60 Hz notch filter, the
dynamic nature of the preparation. HFO frequency is altered with temperature, and the ramping
of the frequency reflects the gradual change in temperature of the perfusate. This contour plot
more clearly shows the change in the spread of HFO activity; it is more dispersed in the LT
condition and more concentrated in the HT condition. The increase in MFO activity during the
LT condition and decrease in the MFO activity during the HT condition also is evident. It was
observed that, when the temperature increased, there was an initial overshoot in the response in
the HFO range, whether it be an overshoot in power or frequency, that recovers as the
temperature change stabilizes. For example, the initial minute of the recovery condition exhibits
a response to the change in temperature with a large increase in HFO power that ultimately
decreases as at the end of the recovery condition. The activity in the range of the MFO did not

exhibit an overshoot but did take time to stabilize.

Results: Effect of [K'], on Phrenic and XII output

Example traces of phrenic and XII activity recorded simultaneously under different
concentrations of [K'], (Figure 8) shows that changing the levels of K. had an effect on fb (3.0
mM: ~14,4.25 mM: ~17, 6.25 mM: ~17, 9.0 mM: ~ 22 bpm), although the change was slight
aside from the 9.0 mM group, which had a significantly higher f;, than the other groups. Altering
the [K'], did not alter the appearance of phrenic nerve output significantly: amplitude did not
change significantly in experiments with more than 1 level of [K+], and the bursts still exhibited
characteristics typical of respiratory neural discharge in an in situ preparation which include an
abrupt onset with regular, augmenting respiratory discharge pattern. The bottom panel shows an
example burst from each level of K+. XII burst shapes were rather variable even within groups,

but in general had a more gradual onset than a phrenic burst and varied between an augmenting
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and more square-wave type shape. Summary of burst durations (Table 2) of both Phr and XII,
where the latter has been split into the duration of just the prel period and the entire burst
activity. Pre-I duration (3.0: 796+42; 4.25: 684+29; 6.25: 718+41; 9.0: 595434 mS) was not
significantly different between any of the groups (3.0: 229+42; 4.25: 200+22; 6.25: 235+50; 9.0:
188432 mS), but the 3.0 and 6.25 mM groups were significantly different from the 9.0 mM
group for both Phr and XII nerve output, indicating that the difference in XII durations is driven
by inspiratory duration and not Prel. TE (3.0: 2.95+0.26; 4.25: 3.55+0.24; 6.25: 2.50+0.27; 9.0:
2.27+0.11 sec) was significantly different when comparing the 4.25 mM group to the 6.25 and
9.0 mM groups, which suggests that the significant change in fj, is driven mostly by changes in
Tr.

To gain insight into whether these changes in temporal characteristics were a result of
network configuration, time-invariant, time-varying spectral analyses and approximate entropy
calculations were performed. Unlike the temperature studies, example PSD and TF plots taken
from 2 different experiments (one that involved a flask switch from 3 mM to 6.25 mM [K'], and
another that involved a flask switch from 6.25 to 9.0 mM [K'],) showed that there was no
significant change in either spectral activity across K" levels (Figure 9). The top panels, which
are PSD overlays from Phr nerve data from the two conditions, show that not much changed in
the time-invariant spectral analyses; power, frequency nor width of the dominant medium
frequency oscillations (MFO; classically defined to be in the 40-50 Hz range) or high frequency
oscillations (HFO; classically defined to be in the 70-120 Hz range) had significant differences.
Spectral analysis was not performed on XII nerve output due to lack of consistent peaks akin to
MFO and HFO dominant peaks. The bottom panel, which shows the TF spectrum, illustrate that

the timing of when these dominant frequencies occur during a burst also are not significantly
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different; the activity of the dominant peak (red) occurs at similar times, and they also contain
similar background (green to light blue) activity in shape and concentration. These analysis could
indicate that the network is conserved when [K '], is changed.

ApEn values (Figure 10), however, indicate that there may be some network
configuration. ApEn values of the Phr nerve output to just the inspiratory portion of XII data
(X1Iy) for the unpaired series of data. When comparing ApEn values of Phr nerve activity (3.0:
0.82+0.01; 4.25: 0.78+0.01; 6.25: 0.79+0.01; 9.0: 0.75+0.01 mS), there were significant
differences (P<0.05) between the 3.0 and 4.25 mM, 3.0 and 9.0 mM, and 6.25 and 9.0 mM
groups. When comparing the XIIj, no statistical difference was detected between the groups, but
the 4.25 and 9.0 mM groups showed statistical difference between Phr and XII;. In all groups
ApEn values for Phr nerve output was lower than that of XII;, which indicates that the signal
from the Phr is more orderly than the inspiratory portion of XII nerve output. Figure 11 separates
and compares the XII burst into 3 components: Prel portion (XII,), inspiratory portion (XII;), and
the entire XII burst (XIIp:1). The ApEn values for the Prel portion was significantly lower
(P<0.001) regardless of [K'], than the ApEn values calculated for the other nerve phases,
suggesting that the Prel portion of a XII burst may have a different network than the inspiratory
part. The significantly lower ApEn values account for XIIp;; values being slightly lower than

X1lIp values.

Discussion

Our hypothesis, that changing the intrinsic properties of neurons such that they are more
or less excited will modify the output but not change the organization of the underlying
respiratory network, was partially correct; while [K'], did not appear to change the organization

of the underlying respiratory network, changes in temperature did. We explored this hypothesis
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under two different modes of excitability (temperature and [K'],) in 2 ways: we looked at the
effects of these perturbations on a given neural output, and we looked at the relationship between
the Phr and XII nerves. Within a given nerve, we saw that, while both perturbations resulted in
an overall excitatory effect, that is, as temperature or [K '], increased, both the orderliness of the
inspiratory breaths and breathing frequency increased, although it should be noted that a 3-fold
[K ], increase from physiological range was necessary to see a change in breathing frequency..
However, these two perturbations differed with respect to their effect on spectral characteristics;
whereas a change in temperature elicited a shift in HFO peak frequency and MFO and HFO
power contributions, a change in [K'], did not elicit a significant change in spectral dynamics.
Between nerves we saw that the temporal relationship between the onsets of Phr and XII nerve
activity were similar for temperatures well below physiological temperature but decreased at a
different rate when closer to the physiological range and remained largely unaffected by changes
in [K"],. With respect to the orderliness of inspiratory breaths, Phr and XII signal were
statistically different from each other under all conditions, but they did not did not respond
similarly to changes in temperature or [KJ,.

Our data is consistent with previous temperature experiments that have shown that
breathing frequency increases non-linearly in both cats and guinea pigs, with the rate of rise
increasing around 35°C (Barcroft & Izquierdo, 1931). Because the in situ preparation does not
involve feedback or use of the upper airways, this non-linear change is not fully explained by the
inhomogeneity of the upper airways or a chance in resistance or elasticity of the airways (Rubini
& Bosco, 2013), but instead is central in origin. Having a change in slope at 35°C is not
completely unexpected since this temperature generally is accepted to be the threshold for

hypothermia, where the temperature is not high enough to maintain normal metabolism.
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Furthermore, the ideal gas law indicates that kinetics of ions change linearly with temperature, so
this non-linear relationship may suggest that 35°C is a critical temperature for a channel to
remain thermally stable. The change in slope of breathing frequency across the temperature
range observed indicates that temperature does not simply change the basal level of excitability
of the respiratory network.

Further supporting the idea that temperature changes or reconfigures the respiratory
network is the change in MFO power relative to HFO power. Our data agree with previous
experiments in cats and rats (Marchenko & Rogers, 2007; Richardson & Mitchell, 1982; W. M.
St-John & Leiter, 2003) that there is a temperature-dependent shift in the frequency of the
dominant HFO peak, and the slope, in this case ~4Hz/°C, may be species dependent. A shift in
frequency, especially one driven by temperature, does not necessarily indicate that there has been
network reorganization, for temperature merely could be exciting the same network such that it
fires at a faster rate due to a temperature-dependent change in kinetic energy. However, the
change in dominant spectral activity between MFO and HFO ranges strongly suggests that some
network reorganization exists, since HFO and MFO peaks are believed to originate from
motoneuron and medullary contributions (Chritaakos, Cohen, See, & Barnhardt, 1988; Cohen,
See, Christakos, & Sica, 1987). It is possible that the decrease in complexity as temperature
increases is a result of the HFO dominance in the signal, since HFO peaks are much more
coherent than MFO peaks (Marchenko & Rogers, 2007). Further supporting the idea that there is
network reorganization is the change in frequencies present, i.e., the spread of the frequencies
active overall is larger at lower temperatures than it is at higher temperatures, and the spread in
both time and frequency of the peak activity follow the same pattern. Due to the similarities in

temporal characteristics between temperature groups, one possible interpretation of the spectral
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data is that the medullary and motoneurons work together as potentially compensatory
mechanisms to mitigate effects from perturbations to homeostasis.

Breathing frequency similarly is increased by increasing [K'], to modulate baseline
membrane potential and increase breathing frequency (Johnson, Koshiya, & Smith, 2001).
Studies have suggested that this method of increasing breathing frequency had very little effect
on other characteristics of eupnea, including burst shape and general functionality (Del Negro,
Kam, Hayes, & Feldman, 2009; W. St-John et al., 2005). Our results largely agree with these
findings. Temporal analysis revealed that both phrenic and XII burst timing remained similar
regardless of [K']o. Additionally, [K'], had even less of an effect on the prel duration of XII
nerve activity, although values at the 9.0 mM range do seem drop compared to the rest of the
data. We saw a general trend toward increasing f;, but the burst shapes largely remained similar,
and spectral characteristics for phrenic nerve activity also remained similar regardless of [K'], in
both the time-invariant and time-varying domains. These data suggest that using [K'], is a
suitable method for increasing respiratory frequency without changing the underlying dynamics
of the system significantly (i.e., K" changes the basal excitability of the neural network but may
not reorganize it).

Because we know the respiratory network is a dynamic process, we used ApEn to try to
capture some idea of the dynamic process. ApEn, which quantifies the predictability of a signal,
can give insight into whether new information is being added to the signal. At the lower
temperatures, ApEn values indicated that there was no significant change in information for the
lower temperatures, but compared to the more physiological temperature, there was a significant
change. The difference could be attributed to the metabolic changes due to hypothermia, and it

further supports the idea that 35°C is a critical temperature for the network. Our results with

28



respect to orderliness contradict the findings of Marchenko and Rogers (Marchenko & Rogers,
2007) who reported a dramatic increase in complexity with temperature when using spectral
entropy (Rezek & Roberts, 1998) as their method of assessing complexity. In our studies we
observed a decrease in complexity using ApEn analysis. It is difficult to assess the reliability of
their measure due to a lack of details on some parameters necessary for the algorithm. While
ApEn considers the predictability of the signal in the time domain, spectral entropy measures
how sinusoidal a signal is and not how regular or predictable the signal is, which is how the
authors incorrectly interpret their spectral entropy values. Therefore, an alternate interpretation
of their increase in spectral complexity is that, due to a more synchronized network, additional
peaks now are discernible.

Similarly, ApEn values suggest a trend that network complexity decreases in both neural
outputs (Phr and XIT) as [K'], levels increase. The difference in ApEn values is slight, however,
further supporting the idea that K' changes basal network excitability instead of reorganizing it.
While the change in ApEn decreases overall, the data show that the changes in information in the
signals is greater (and statistically significant) in phrenic nerve output compared to XII nerve
output, which may be due to the contribution of neurons activated during the Prel phase that
contribute less of a change in network dynamics, supporting the idea Phr and XII (J. Peever,
Shen, & Duffin, 2002) have different pre-motorneuron control since the spectral data indicate
that the change in breathing frequency is not a result of the contributions of medullary or
motoneuron components. The supposed discrepancy between the very similar spectral behavior
and increase in orderliness could potentially be due to inactivation of Na" channels due to the

elevated [K .
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The changes in the quality of the neural activity of the XII Pre-I during low temperatures
could be a result of a limitation of the study, which is the assumption that perfusion level remains
constant throughout the experiment. Due to temperature-dependent elasticity of the vasculature it
is possible that the brainstem became less perfused due to vasoconstriction. The changes in
physiological parameters affecting perfusion of the brainstem could also account for the inability
for the animal to recover after a HT perturbation. It should be noted that we are invoking changes
in temperature very quickly, which most likely is stimulating inflammatory responses,
particularly when increasing the temperature, which also will affect the elasticity of the
vasculature. While temporal analysis parameters for XII follow the same trend as Phr activity,
we saw an opposite trend in variability between the 2 neurons - while the variability of Phr
activity increased at higher temperatures, it decreased for XII - supporting the idea that XII and
Phr are differentially controlled (J. H. Peever, Mateika, & Duffin, 2001). While we do see some
changes in Pre-I activity qualitatively - the onset of XII activity in higher [K'], is more abrupt -

our analysis did not extrapolate any real significant difference.

Conclusion

While temperature and K both increased excitability of the respiratory network, that is,
they both increased breathing frequency, our data suggest that they modulate the respiratory
network differently. Even both perturbations are systemically induced, they do not merely
increase basal excitability. It is necessary to balance the different perturbations to excitability,
but it also is important to take note how these perturbations are functioning.

Our data suggest that specifics in the protocol for the in situ preparation are very
important to consider and can have important implications on the parameters that may change

with a perturbation (e.g., increasing vascular flow may change temperature of the perfusate).
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Because the in situ preparation has had much of the excitatory matter removed, there is tuning
that occurs before baseline recording which, in most cases, is not reported. While the in situ
preparation allows for more control over a variety of parameters, it also introduces an
experimenter's bias of what is a "normal" baseline. We suggest that more rigorous control and
reporting of parameters may be necessary to have a consistent baseline. Our data indicate that the
variability associated with all measurements related to phrenic nerve activity was larger in
temperatures greater than 35°C, therefore, we suggest that this temperature is the upper limit for
studying a regular system or the lower limit for studying a physiologically relevant system. Our
data also suggest that the in situ preparation withstands (i.e., recovers more completely and does
not exhibit an overshoot when adjusting to the new condition) decreases in temperature better
than increases in temperature. Lastly, our results suggest that there is a range of elevated [K '],
that is suitable and experimentally advantageous. We would suggest that a total concentration of
9.0 mM [K']is too high and may be altering the underlying network that generates respiration,

particularly for studying phrenic nerve discharge.
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Figure 1 Example in situ raw and integrated phrenic and XII neural recordings in response
to temperature.

Simultaneous recordings from both phrenic and XII nerve output from a single experiment. The
temperatures reported correspond to the temperature of the perfusate in the cranial vault. While
f, was altered in the direction of temperature change and recovered in response to the
perturbation, amplitude of either nerve was not affected by a change in temperature.
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Figure 2 Summary data of temporal characteristics of phrenic and XII activity across
temperatures.

Summary data from all experiments. f;, increases as temperature increases as a result of both Tpy,
and Ty decreasing. Txyr also decreases, but at a faster rate than Tpy,, which can be explained by
the slight decrease in Pre-I as temperature increases. Open circles denote data from Series 1 and
2; filled circles denote data from Series 3.
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Figure 3 Summary data of duty cycle for Phr and XII with respect to temperature

Solid black circles represent data from the baseline condition; open circles are taken from the
recovery period. The mean value and variability remains similar across temperatures studied.
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Figure 4 Phr and XII ApEn values with respect to temperature.

Individual and summary data from baseline, low temperature and high temperature conditions
from experiments that had all 3 temperature groups. Yellow diamonds show the average of the
phrenic data for a given temperature group; cyan diamonds show the average XII data for a given
temperature group. Low temperature and basal temperature ApEn values of Phr nerve activity
were significant compared to high temperature values for all 3 series of experiments. ApEn
values between . ApEn values between Phr and XII data were significant in the low and baseline
temperature groups. *P<0.05
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Figure 5 The effect of temperature on power spectral density and spectral analysis
characteristics.

Top left panel: Example normalized power spectral density plots from BL, LT and HT
conditions from the same experiment. For these data all temperature groups were treated as
independent groups. Blue denotes the low temperature group; black denotes baseline data; and
red denotes the high temperature group. Top right panel: Summary data of the ratio of the power
(amplitude) of the dominant MFO peak over the HFO peak. At lower temperatures, the MFO
peak is the dominant peak, and at higher temperatures, the HFO peak becomes more dominant.
Bottom panels: Summary data of the peak frequencies within the MFO and HFO ranges. HFO
frequency increases linearly with respect to temperature at ~4.2Hz/°C. * P<0.05
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Figure 6 Example TF spectrum for different temperature groups from a single experiment

The temperature denotes the temperature of the cranial vault. Top panel: Original TF spectrum
on their own relative scales (dark blue reflects 0 activity, and red reflects maximal activity
(a.u.)). Bottom panel: TF spectrum normalized to the highest power across the entire experiment.
TF spectral data confirms the patterns seen in time-invariant spectral analysis but shows that the
timing of maximal activity changes as temperature changes; specifically, a majority of the
dominant MFO and HFO activity appears earlier in the burst as temperature increases.

39



Figure 7 Composite TF spectrum in a contour plot from a single experiment

The dominant HFO activity changes in the same direction as the temperature. The power of
MFO activity changes in value opposite of the direction of the temperature change. At the point
of a temperature change, there is a large change in both MFO and HFO activity that recovers
slightly as the cranial vault temperature stabilizes.
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Figure 8 Example raw traces of integrated and raw phrenic and XII nerve output in
response to extracellular changes in potassium.

Top panel: Example 30 second simultaneous recordings from both phrenic and XII nerve output
from different experiments. The concentrations reported are that of the final K concentration of
the aCSF. f;, increases as[ K'], increases, but the amplitude remained unchanged. Bottom panel:
example bursts from each level of K'. The burst shapes and timing relationships between the two
nerves largely remains the same.
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Figure 9 The effect of changing [K'], on power spectral density in both time-invariant and
time-varying domains.

Left panel shows example spectral data from 1 experiment (3.0 mM baseline to 6.25 mM), and
the right panel shows example spectral data from a different experiment (6.25 mM baseline to 9
mM). The top panels show the power spectral densities of both conditions overlaid with each
other. No significant change due to K variation detected in the frequencies of the MFO or HFO
peaks or powers. The bottom panel are the respective TF plots normalized to the condition with
the higher power. No significant change was seen in the timing of when peak activity occurred
within the burst.
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Figure 10 Comparison of inspiratory-phase complexity in Phr and XII at different levels of
[K'To

ApEn values for both Phr nerve output and the inspiratory portion of the simultaneously recorded
XII nerve output. * denotes significant difference (P<0.05) between Phr and XII; ApEn values. f
denotes significance (P<0.05) between the two groups for Phr nerve output.
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Figure 11 Comparisons of complexity in XII output phases at different levels of [K'],

ApEn for XIlIp, XII; and XIIp; nerve discharge. from series 1 experiments. * denotes significant
difference between XlIIp and other nerve phases (P<0.001)
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Table 1 Summary temperature characteristics for the experimental groups
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Table 2 Burst durations in ms

* denotes significant difference between PHR, XIIp and XIIp.; (P<0.001) at each level of [K'],
1 denotes significant difference between 3.0 and 9.0 mM and between 6.25 and 9.0 mM
(P=0.010)

I denotes significant difference between 3.0 and 9.0 mM and between 6.25 and 9.0 mM
(P=0.035)
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Chapter 3: Functional Relationship between Respiration and the Micturition Reflex

Introduction

The respiratory system and micturition reflex both work to maintain homeostasis of very
different physiological systems; the respiratory system is involved in maintaining blood gas
homeostasis, and the micturition reflex is part of the system involved in maintaining water and
ion homeostasis. While their functions and mechanics are vastly different, parts of their systems
overlap in at least three areas: they are affected by overlapping neuromodulatory infleunces (e.g.,
5-HT, dopamine), involve the use of abdominal muscle, and changes in abdominal pressure
affect afferents in both the respiratory system and bladder stretch receptor feedback.

The micturition reflex consists of two main phases: storage (continence) and evacuation
(voiding, micturition). Sympathetic stimulation maintains internal and external urethral sphincter
tone and inhibits detrusor muscle contraction, allowing for urine storage. Sympathetic firing
peaks during the guarding reflex, which occurs directly prior to active voiding. When bladder
stretch reaches a threshold, ascending afferents pass through relay neurons in the periaqueductal
grey (PAG), which is involved in the switch from storage to voiding (Blok, De Weerd, &
Holstege, 1995; Fowler, Griffiths, & de Groat, 2008; Gert Holstege & Mouton, 2003), to the
pontine micturition center. During voiding, parasympathetic tone to the via the pelvic nerve
increases and sympathetic activity via the hypogastric nerve decreases which causes the internal
sphincter to relax and the bladder to contract. In the rat, the external urethral sphincter bursts
during active voiding.

Previous work has shown that there is some interaction between the respiratory system

and micturition reflex. In cats, breathing frequency was modulated during a micturition event
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(Sasaki, 1998), and the amplitude of phrenic and, more profoundly, hypoglossal nerve output
decreased during micturition (Bartlett Jr & Knuth, 2003; Gdovin, Knuth, & Bartlett, 1994; Stella,
Knuth, & Bartlett Jr, 2000). However, it is not clear how the level of respiratory drive may affect
this functional interaction since blood gases and ventilation parameters were not reported. Some
of our preliminary studies have indicated that micturition may have a greater effect on
respiratory rhythm generation at or near apneic threshold, and it is unclear from previous studies
whether or not the relationship between breathing and micturition changes as respiratory drive
changes. Additionally, the relationship of respiratory drive on micturition has not been
investigated. This study explores the effect of micturition and respiration, and the effect of
respiratory drive on the micturition reflex. We hypothesize that there is a mutual interaction
between the two systems, but that the interaction is subtle and may be more pronounced when
respiratory drive is low.

Methods

Anesthesia
Adult female Sprague-Dawley rats (n=8 ; Taconic, Hudson, NY) were inducted with

isoflurane (5%) and switched over to urethane to better control the depth of anesthesia. Urethane
has been shown to be the most suitable anesthetic for acute studies of reflex micturition in rats
(Matsuura & Downie, 2000), and has been used in the majority (>90%) of micturition studies in
anesthetized rodents (for review, see (Andersson, Soler, & Fiillhase, 2011)). Urethane also
commonly is used in respiration-related studies. A total dose of 1.4 g/kg urethane was
administered initially - 0.8 g/kg was administered sub-cutaneously just before surgery started,
and 0.4 g/kg slowly was administered intravenously over a period of 2 minutes; 5 or 10%
supplements were given i.v. as needed. Thereafter, the rat was weaned off of isoflurane over a

period of 30 minutes. Recording began no sooner than 1 hour after the cessation of isoflurane
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due to its reversible depressive effects on the micturition reflex(H.-Y. Chang & Havton, 2008;
Leung, Johnson, & Wrathall, 2007; Smith, DeAngelis, & Kuchel, 2012).
Surgical Procedure and Animal maintenance

Animal vitals and physiological parameters (temperature, blood pressure, blood gasses
and pH) were monitored and maintained close to physiological values throughout the
experiment. Body temperature was monitored through a temperature probe inserted into an
incision in the abdomen and maintained via a heat lamp and warm water bottles placed adjacent
to the body. Blood pressure was monitored by a pressure gauge connected to a catheter inserted
into the carotid artery. pH and blood gases were sampled from blood samples from the carotid
artery and measured by a blood gas analyzer (ABL800 FLEX; Radiometer, Bronshgj, Denmark).
To prevent metabolic acidosis, pH was maintained by an i.v. injection of NaHCOj3 (0.3cc of
8.4% NaHCO3 in saline) into the jugular vein as soon as the line was established. The animals
were vagotomized, tracheostomized and mechanically ventilated to control blood gases. The
animal was ventilated at about 36 breaths per minute with a gas mixture of 40% O,, N, balanced.

The bladder was exposed through an abdominal incision and catheterized through the
dome of the bladder (PE 90 tubing) to allow for controlled emptying and filling and was
connected to a pressure gauge for intravesical pressure recording.

EMG activity from respiratory- and micturition-related muscles was recorded (Figure
12). Electrical signals were recorded from the diaphragm (Dia; upper right quadrant) and
external urethral sphincter (EUS). EMG signals were also recorded from the styloglossus muscle
in the tongue (T) and external oblique (EO) but are not shown in the presented data. Bipolar
recordings using fine stainless steel wires inserted into the muscle were used for T, Dia and EO

recordings, and the splayed tips of fine braided stainless-steel wires were placed on the
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diaphragm for recordings. All data were recorded at 2k Hz; T, Dia and EO recordings were
filtered by a 10 to 1kHz bandpass filter and EUS data were filtered by a 100-1kHz bandpass

filter.

Experimental Protocol
Prior to recording the bladder was siphoned empty by opening the end of the catheter to

the air and maintained empty while apneic threshold was being established. Animals were driven
to apneic threshold, defined as the PaCO, where respiratory-related EMGs were silent for at least
4 minutes, by increasing the ventilator rate. Once apneic threshold was established, the ventilator
rate was adjusted such that the PaCO, was 3 mmHg above apneic threshold. Thereafter, the
bladder was filled with room temperature 0.09% saline at a constant rate (3-5 mL/hour) to
produce micturition events no more frequently than every 2 minutes, although in 3 of the
experiments the bladder was filled such that micturition events occurred as frequently as every
25 seconds. The recording protocol (Figure 13) comprised baseline data, a CO; challenge (7.2%
CO3, 40% O,, N, balance) and a recovery (40% O, N, balance) period. Each condition was split
into two parts (an early and a late period) by an arterial blood gas sample. The duration of each
condition was determined by number of micturition events; each early and late period had at

least 7 micturition events (~30 minutes).

Data Analysis and Statistical Tests
Bladder pressure and EUS data were downsampled to 100 Hz for analysis using IGOR

Pro (Wavemetrics, Portland, OR) (Figure 14). Measurements from each micturition event
included micturition threshold (the pressure at which the rate of pressure changed significantly),
maximum and minimum bladder pressure, inter-contraction interval (the interval between
micturition events), bladder contraction duration (the time between micturition threshold to the
minimum bladder pressure) (Figure 15), EUS bursting duration, EUS burst event number and
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frequency and EUS EMG area (i.e., integral of rectified EUS EMG activity) (Figure 16). The
first micturition event after a change in gas mixture or arterial blood gas sampling was not
included in analysis.

Breathing frequency was calculated in order to assess level of respiratory drive
behaviorally. For baseline breathing, breathing frequency (fi,) was reported as the number of
breaths of the last 2 minutes of the condition divided by the time. The average f;, for the CO,
challenge and recovery periods were calculated as the number of breaths of about 2 minutes of
data at the end of the early and late portion of their respective condition divided by the time.

To elucidate the effect of micturition on breathing frequency, histograms showing the
initiation of breaths relative to activation of micturition were generated. The time of the initiation
of breaths relative to the threshold for micturition were noted for a window of 30 seconds before
and after the threshold. These data were binned into 5 second bins centered around 0 seconds
(the time at which bladder pressure reached the micturition threshold), for a total of 13 bins. The
first and last bins were discarded to avoid edge effects. To give an index of whether the number
of breaths changed before and after micturition threshold, a ratio of the sum of breaths in bins 8-
11 were divided by the sum of breaths in bins 3-6. Experiments where micturition frequency
prevented binning breaths without overlap were excluded from these analysis.

A one-way repeated measures ANOVA was used to test for significance between
conditions, and where appropriate a Holm-Sidak post-hoc was used (o = 0.05). All values are

expressed as mean+SE.

Results: Effects of micturition on breathing
As expected, the addition of CO, to the inspired gas mixture significantly increased

breathing frequency (~31 to 44 bpm) and PaCO, (~35 to 64 mmHg) and significantly decreased
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pH (~7.41 to 7.16) (Table 3). Because the ventilated gas mixture is controlled, it is unexpected
that we saw an increase in PaO; (~197.6 to 227.6 mmHg), although the change is insignificant.
The data indicate that the animal recovered fully after the long-duration CO, challenge. The
increase in CO, did not change the basic characteristics of the micturition response; the 3 phases
of micturition - guarding reflex, phasic active voiding and sustained relaxation - were present
regardless of respiratory drive (Figure 17a). While subtle changes (e.g., there may be a trend of
micturition duration increasing with increased respiratory drive) in the micturition reflex may be
obscured by the large variability in the reflex (Figure 17b), the reflex is robust regardless of
respiratory drive. In fact, in other experiments (data not shown) normal-looking micturition
reflexes were observed even when the state of the rat was far outside physiological ranges.

At apneic threshold breathing was initiated once bladder filling resumed. In 5 rats,
initiation of breathing corresponded to the onset of a micturition event (Figure 18a). However,
micturition events were present prior first breathing efforts. Furthermore, once breathing was
initiated it was not necessarily maintained (Figure 18b). In 3 of these 5 rats, breathing efforts did
not return after bladder filling resumed; instead respiratory rhythm was initiated due to a
ventilator frequency change and not micturition. In 2 experiments, the bladder filling rate was
high and produced micturition events as frequently as every 25 seconds. These two experiments
yielded variable respiratory rhythm onset markers; while some respiratory initiation was
correlated with the onset of micturition, an equal amount was initiated between events,
particularly when the timing between the events were short. In 1 experiment, breathing was
initiated prior to a productive micturition event, although rapid non-voiding micturition events

were present, and respiration ceased at micturition event (Figure 18c)
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Figure 19a is an example histogram of initiation of breaths with respect to the threshold
point of micturition during the CO, challenge and recovery period overlain with a line-graph
representation of the histogram under baseline condition. During baseline conditions, there is a
difference in breathing frequency before and after the initiation of micturition that is not present
during addition of CO; and during the early recovery period, but does return during the late
recovery period. Summary histograms of 5 experiments are shown in Figure 19b, which shows
the relative change in frequency by reporting the ratio of number of breaths after an initiation of
micturition over the number of breaths before the initiation of micturition. Experiments where
micturition frequency prevented binning breaths without overlap were not included. The large
magnitude of the standard error in the baseline and Recy. conditions probably reflects an effect of

the animal being near the apneic threshold.

Discussion: Effects of micturition on breathing

In the present study, we explored the effects of the micturition reflex on breathing at
different levels of respiratory drive. We hypothesized that the contribution of micturition on
breathing would diminish as respiratory drive increased. Our results support this hypothesis: at
low levels of respiratory drive (at or near apneic threshold) bladder contractions mostly provided
an excitatory effect on the respiratory system, manifested primarily as an increase in breathing
frequency, but also in the initiation of breathing. At higher levels of respiratory drive, the effects
of bladder contractions on breathing were undetectable.

Data exploring the relationship between central reflex pathways to the lower urinary tract
and breathing has been studied primarily in the decerebrate cat. Due to the shift in literature
toward rodent models in both respiratory and micturition fields, we thought it necessary to

explore whether the relationship was species specific. Our results confirm the findings presented

53



in the only study on this reflex in rats. Stella et al.(Stella et al., 2000) reported that, unlike
decerebrate cats, micturition reflexes in artificially-ventilated decerebrate rats were not
associated with a decrease and amplitude of phrenic and XII nerve output. This study, however,
did not look at transient changes in breathing frequency. We observed a mostly excitatory
change in frequency associated with a micturition reflex, but only at or near apneic threshold,
which also can be seen in phase II of the micturition events in the Stella et al. study, indicating
that it is not an effect of anesthesia.

While SBCs contain a high degree of variability, they showed the same characteristic
pattern irrespective of the change in CO,, and they appear to be similar qualitatively to
micturition events in decerebrate rats. Subtle changes seem to exist, but they were not large
enough to be significant or perhaps our characterization measures were not sensitive enough to
detect these changes. We do not believe that the subtleties are a consequence of anesthesia,
because urethane has a low depressive effect on cardiorespiratory systems, and does not seem to
affect micturition events when compared to decerebrate rats (Yoshiyama, Roppolo, Takeda, & de
Groat, 2013).

The loss of breathing frequency change due to micturition (Figure 19) under higher
respiratory drive leads us to believe that the balance between LUT and respiratory feedback
tipped such that the LUT contribution to respiratory modulation is weaker at high respiratory
drive. Resolution of the histograms due to the increase in f;, as a result of added CO; to the
inhaled gas mixture was not a contributor to these conclusions; even at finer resolutions (as low
as 2 second bin sizes) the pattern was conserved. Additionally, the large variability in baseline
and Recy. period suggests that the contribution of micturition on the variability of f;, is highly

dependent on how close to apneic threshold we were. Establishing apneic threshold, and
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therefore a consistent baseline, while the bladder was distended or filling proved to be a
challenge. While apneic periods would appear, we observed that the apneic threshold while the
bladder was filling was lower than apneic threshold while the bladder was empty. We also
observed that hysteresis was larger during a filled or filling bladder when attempting to bring the
PaCO; to 2-3 mmHg. These observations also support the idea that LUT activity has a role in
respiratory excitability at apneic threshold.

These results suggest that an excitatory link exists between the neural circuits that control
micturition and breathing, however, the mechanism for this excitatory link cannot be elucidated
from this study. One possible explanation is that sensory pathways from the bladder converge
and directly modulate respiratory rhythm (G Holstege, 2013). If so, the likely point of
convergence is the periaqueductal grey (PAG), since neural circuits involved in both breathing
and the micturition reflex have synapses there (G Holstege, 2013; Gert Holstege & Mouton,
2003): the PAG has been shown to be a key area in converting basic breathing to behavioral
breathing (Subramanian, 2013; Subramanian, Balnave, & Holstege, 2008; Subramanian &
Holstege, 2010) and stimulation of the PAG has been shown to modulate preinspiratory neurons
in the pre-Botzinger complex by changing firing rate and altering the respiratory phases when
these neurons fire (Subramanian and Hostege 2013); the bladder projects afferent sensory
information to the PAG, which is thought to be the area of the brain responsible for activating the
pontine micturition center, thereby switching from continence to active sustained contraction
(Fowler et al., 2008). However, activation of areas in the PAG still could affect breathing
indirectly through its strong projections to the nucleus retroambiguus (G Holstege, 2013). A
second possible explanation for the two systems interact indirectly could be a result of the strong

parasympathetic nervous system activation during the switch from continence to micturition
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activates neuromodulatory systems (e.g., serotonin, dopamine), which then has an effect on
breathing. A third possible explanation is the recruitment of abdominal muscles during active
expiration. EO muscles, normally quiescent during eupnea and recruited during micturition (H.
H. Chang & Havton, 2012; Cruz & Downie, 2006), are recruited strongly during active
expiration, and large abdominal movements can be observed clearly. While the muscles may be
recruited, abdominal pressure change due to these movements can be ruled out as an explanation
due to the large opening in the abdomen to the atmosphere.

It may be advantageous that there is a shift such that micturition contributes to respiration
less as respiratory drive increases. In instances where respiratory drive is elevated due to a gas
exchange imbalance (e.g., exercise or pulmonary disease), the necessity for micturition becomes

much less important with respect to survivability.

Results: Effects of respiratory drive on micturition

Data collected from bladder pressure measurements included the contraction duration,
threshold pressure, peak pressure and the time between micturition events (intercontraction
interval (ICI)). The averages of each of these parameters were calculated and the results were
summarized in Table 3. Figure 20 shows the ratio of change for parameters associated with
bladder pressure. Compared to baseline, the addition of CO; significantly increased the bladder
threshold pressure. This change in threshold recovered when CO, was removed, but there was a
delay to full recovery and the parameter did not recover fully until the Recy period. This suggests
that prolonged increases in respiratory drive raises the bladder volume/threshold needed to elicit
a micturition event. Contraction duration may increase then recover due to the CO, challenge,
but due to large variability, these changes were not significant. Both a significant increase in

minimum bladder pressure between baseline and the Recg period and a large difference in
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variability between the CO, challenge and recovery were observed. Peak bladder pressure was
unaffected by the CO, challenge, and the inter-contraction interval (ICI) varied greatly and
resulted in no significant change as a result of the CO, challenge.

Measurements collected from EUS EMG signals normalized to their baselines are shown
in Figure 21. These measurements include burst duration, number of bursts, burst frequency and
area under the EUS EMG (an index of sustained EUS activity). During the CO; challenge, mean
EUS bursting duration increased (2.00 to 2.64 s) and the number of EUS burst events decreased
(14.5 to 13.1), although these changes were not statistically significant. EMG burst area
decreased (2873 — 2429 uV*s) during elevated respiratory drive and recovered after some time,
but the decrease was not significant. Burst frequency, however, decreased significantly during
the CO; challenge (7.22 Hz (BL) to 5.33 Hz (CO3g)) and returned to baseline levels during the

recovery period.

Discussion: Effects of respiratory drive on micturition

In the present study, we explored the effects of respiratory drive on the micturition reflex.
We hypothesized that respiratory drive would have very little effect on the overall micturition
reflex but may affect the timing of some of the phases. Overall, this study shows that the
micturition reflex is very robust, but a prolonged increase in respiratory drive by CO, does
changes characteristics of the micturition reflex, namely an increase in bladder threshold
pressure and EUS bursting frequency.

Because respiratory drive was increased by hypercapnia, there are at least 4 mechanisms
by which the increase in respiratory drive could affect micturition in the present study. First,

elevated CO, could have a direct effect on the neural control of micturition. For example,
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elevated CO, could decrease the sensitivity of neurons in or near the PAG or PMC producing an
increase in micturition threshold (Coates, Li, & Nattie, 1993). Second, it is possible that
hypercapnia could have an influence on bladder wall mechanoreceptors. CO, may have affected
the bladder wall directly by inhibiting slowly adapting stretch receptors (Bartlett Jr &
Sant'Ambrogio, 1976; Coates et al., 1993; Fedde, Kuhlmann, & Scheid, 1977; Mustafa &
Purves, 1972), or it may have acted on the detrusor muscle directly, since hypercapnia has been
shown to slightly increase the force of contraction in isolated strips of detrusor muscles (Liston,
Palfrey, Raimbach, & Fry, 1991) while unaffecting peak bladder pressures (Bartlett Jr & Knuth,
2003) which is consistent with our data. A third, and most likely possibility, is that increasing
respiratory drive activates neuromodulatory systems (e.g., serotonin, dopamine, norepinephrine)
that alter the neural control of LUT function. Additional studies are needed to differentiate
between these possible mechanisms. A fourth possibility is that the recruitment of abdominal
muscles during increased respiratory drive may have activated mechanoreceptors in the bladder
wall due to the movement or changes in pressure in the abdominal cavity. However, due to the
large opening in the abdomen, this is not a likely contributor in this study.

Changing respiratory drive may have had an impact on voiding efficiency. Given the
observed increase in bladder threshold pressure, one would expect that ICI should increase due
to a delay in the transition from continence to incontinence; however, we did not observe this.
Instead, we noted that ICI varied considerably throughout the experiments regardless of
respiratory drive, and no significant increase was detected. It is possible that the ICI did not
increase due to an increase in the minimum bladder pressure between micturition events. While
an increase in minimum bladder pressure normally would indicate that the void was less efficient

since the residual volume is greater, speculation on voiding efficiency is obscured by the
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increase in threshold pressure. Changing respiratory drive had no significant effect on peak
pressure during bladder contraction. However, the possibility of a ceiling effect cannot be ruled
out. The contraction duration appeared to increase with the change in respiratory drive, although,
due to the large degree of variability, the change was not significant. The decrease in EUS burst
frequency also may indicate that voiding efficiency changed.

The increase in respiratory drive likely has an effect on the micturition central pattern
generator (CPG). EUS burst frequency consistently and significantly decreased during
hypercapnia. Previous studies indicate that EUS bursting is due to activation of a central pattern
generator in the rostral lumbar spinal cord (L2-3) (H.-Y. Chang, Cheng, Chen, & de Groat, 2007;
Dolber et al., 2007). Therefore, it is likely that increased respiratory drive has an effect on this
EUS bursting CPG. With respect to voiding efficiency, frequency alone cannot determine
whether there was a change in voiding efficiency; if the decrease in bursting frequency is
accompanied by an increase in activation time (i.e., the duration of individual bursts are longer),
then void volume could be reduced; however, if the duration of individual bursts were
unchanged or shorter, then void volume could increase. Because data were not analyzed in such
a way, and because the volume of each void was not measured, further analysis and data

collection would be required in order to determine whether voiding efficiency was altered.

Conclusion

The respiratory system is a highly dynamic system, and the micturition reflex is a highly
robust reflex. The two systems share anatomy and are functionally connected, and there seems to
be a very subtle interplay between the micturition and respiratory system, which is more

apparent at the ends of the spectrum.
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Figure 12 Recording protocol.

Baseline condition was 2-3 mmHg above apneic threshold with the bladder filled at a constant
rate. CO,p and CO;: Early and late portion of the CO, challenge, respectively. Recg and Recy :
Early and late portion of the recovery period, respectively. ABG: arterial blood gas.
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Figure 13 Experimental EMG recording setup.

Schematic showing EMG recordings. It should be noted that a large incision wad made in the
abdomen and left open to record diaphragm EMGs. In most experiments femoral lines were
used, but in o
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Figure 14 Bladder and EUS data recording schematic and data analysis
pre-processing steps.

A Tllustration of simultaneous cystometry and EUS EMG recording during a
micturition event elicited by infusion of saline (4.0-5.2 ml/hr) into the dome
of the bladder. B: Records were rectified and resampled prior to making
measurements.
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Figure 15 Quantification of bladder pressure during a micturition event.

Sample bladder pressure trace during a micturition event denoting points of analysis to
characterize and measure a micturition event.
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Figure 16 Quantification of EUS activity during a micturition event.

Sample integrated EUS trace during a micturition event denoting points of analysis to
characterize and measure a micturition event.

66



Figure 13 Micturition reflex is robust regardless of level of respiratory drive.

Panel A: sample bladder pressure traces from each respiratory drive condition. Panel B:
Quantification of bladder pressure values.
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Figure 14 Micturition events alter respiratory drive at apneic threshold.

In most cases, at apneic threshold, the onset of respiration correlated with a micturition event
(Examples A and B) and subsequent respiratory behavior may continue or may have short apneic
periods. In 1 case the onset of respiratory behavior was not correlated with a micturition event
(Example C), and instead the start of a long apneic period was initiated at a micturition event. It
should be noted that the rate of bladder filling is much higher for Example C, which may be a
contributing factor for the anomaly.
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Figure 15 Representative histograms and summary relative f, change data.

Panel A: Representative histograms for the experimental conditions overlaid with baseline
histogram data, shown as a line-graph). Panel B: Summary data (n=5) showing the relative
change in f;, over the experimental conditions. At baseline and Recy, conditions there is an
increase in respiratory frequency after a micturition event initiation that is not present during the
CO; challenge. Data also shows the system requires some time to recover after such a long
perturbation.
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Figure 16. Summary data for characteristic bladder measurements during micturition.

Normalized means + standard deviations of bladder threshold pressure, contraction duration,
peak pressure, minimum pressure, and inter-contraction interval at different levels of inspired
CO;. Means normalized to 0% inspired CO, baseline (0% (pre)) for each rat (n=7). * indicates
significant difference compared to 0% (pre) (P<0.05).
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Figure 17. Summary data for characteristic bladder measurements during micturition.

Normalized means =+ standard deviations of EUS bursting duration, burst event number, burst
frequency, and EMG area at different levels of inspired CO,. Means normalized to 0% inspired
CO; baseline (0% (pre)) for each rat (n=5). * indicates significant difference compared to 0%

(pre) (p<0.05).
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Table 3 Table showing vitals monitoring.

Breathing frequency (f,) and amplitude (not shown) increased significantly (P<0.01) during the
CO; challenge. The significant change in PaCO, caused an acute respiratory acidosis as
expected.
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