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Abstract

Development, generation and origin of synchronous oscillations in the brainstem
respiratory network

Joy Yoshiko Sebe

Chair of the Supervisory Committee:
Professor Albert J. Berger
Department of Physiology and Biophysics

Neurons within the intact respiratory network are synchronized on long and
short time scales to generate respiratory rhythm and synchronous oscillations in spike
firing during inspiration (Figure 1.1), respectively. Such oscillations shape the pattern
of inspiratory activity that leads to contractions of the inspiratory muscles. By
recording inspiratory activity from the rhythmically mouse medullary slice, |
investigated synchronous oscillations during postnatal development (P0-11), the role
of inhibitory synaptic transmission in generating oscillations and examined where in
the slice oscillations are produced.

| found that average oscillation frequency significantly increased with postnatal
development. Bath application of GABAA and GlyR antagonists significantly reduced
synchronous oscillation power and increased peak integrated activity of inspiratory
bursts in both neonates and juveniles. Bath application of Substance P alone, while
increasing peak integrated activity, had no significant effect on oscillation power.
Prolonging the time course of GABAergic synaptic currents with zolpidem decreased
the median oscillation frequency. These data demonstrate that oscillation frequency

increases with postnatal development and that both GABAergic and glycinergic



transmission contribute to synchronization of motoneuron activity. Further, the time
course of synaptic GABAergic currents is a determinant of oscillation frequency.
Next, | tested the PreBotzinger Complex (PBC) and the Xll nucleus as
candidate regions in which oscillations are produced. Unilateral excitation of the
PBC, via local perfusion of ACSF containing high K, increased inspiratory burst
frequency bilaterally, but had no effect on oscillation power recorded bilaterally. In
contrast, unilateral excitation of the Xil nucleus increased peak integrated activity
bilaterally and oscillation power in the ipsilateral Xl rootlet. Crosscorrelation
analysis of control inspiratory activity recorded from the left and right Xli rootlets
produced crosscorrelation histograms with broad, significant peaks centered
around a time lag of zero and no harmonic peaks. Coherence analysis of control
left and right Xl rootlet recordings demonstrated that oscillations are only weakly
coherent. Together these data indicate that inspiratory-phase synchronous
oscillations are generated in or immediately upstream of the Xil motor nucleus.
Collectively, my thesis research demonstrates a mechanism underlying the
generation of synchronous oscillations and proposes a region of the simplified

respiratory network in which these oscillations are produced.
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Chapter 1: General Introduction

Synchronous oscillations of brain activity have been described almost
ubiquitously in the mammalian brain and span a wide range of time scales. Synchrony
on a millisecond time scale, which generates 2-100 Hz oscillations, has been implicated
in a myriad of functions, such as memory (Seager et al., 2002; Kahana 2006) and
sensory processing (Stopfer et al., 1997; Gelperin 2006), sleep (Steriade et al., 1993)
and movement (Baker and Baker 2003). On a longer time scale, neurons within the
brainstem and spinal cord generate slower rhythms that are critical for vital bodily
functions such as respiration. Inspiratory motoneurons within the brainstem respiratory
network exhibit both fast and slow oscillations that are a product of short and long time
scale synchrony, respectively. Inspiratory rhythm is characterized by regularly
occurring bursts of action potentials, or inspiratory bursts, that are each followed by a
period of quiescence. Not only are these bursts a product of long time scale synchrony,
but they are bilaterally synchronized to yield contractions in the left and right sides of
the inspiratory muscles. Inspiratory neurons are further synchronized on a short time
scale to generate fast oscillations that occur within an inspiratory burst.

| have examined short time scale, long time scale and bilateral synchrony
exhibited by inspiratory motoneurons of the in vitro rodent brainstem respiratory
network. | elucidated a synaptic mechanism underlying the generation and time course
of short time scale synchrony and have examined this during postnatal development.

In the latter part of my thesis work, | determined which neuronal populations within the
in vitro respiratory network play an important role in enhancing short time scale

synchrony and investigated the bilateral synchrony of inspiratory-phase discharge.



Synchrony, Oscillations and Synchronous Oscillations

Synchrony, oscillations and synchronous oscillations are three distinct forms of
neural activity although these terms are sometimes used synonymously. Synchrony
does not imply oscillatory activity and oscillations are not necessarily synchronous
across multiple neurons. Synchrony occurs when 2 or more neurons that are
electrically and/or chemically coupled exhibit the same changes in membrane potential
such as subthreshold depolarizations and hyperpolarizations and spike firing.
Oscillations are either subthreshold or suprathreshold changes in membrane potentials,
exhibited by a single neuron, within a particular frequency range. Synchronous
oscillations are produced when 2 or more neurons that are electrically and chemically
coupled exhibit temporally correlated subthreshold or suprathreshold changes in their
membrane potentials. Due to the widespread nature of synchronous oscillations in the
mammalian brain, the term oscillations is commonly used to refer to synchronous

oscillations.

Long Time Scale, Short Time Scale and Bilateral Synchrony

In my thesis work, | have investigated three different forms of neural synchrony
in the inspiratory network that are termed long time scale, short time scale and bilateral
synchrony. Long time scale synchrony refers to the synchronized spike firing and
periods of quiescence exhibited by inspiratory neurons on a time scale of hundreds of
milliseconds to several seconds. Inspiratory rhythm is produced by inspiratory neurons
that are synchronized on a long time scale to fire bursts of action potentials that are
separated by regular intervals of no activity (Figure 2.6A and B). Short time scale

synchrony refers to the spike firing and periods of little or no activity that occurs on a



millisecond time scale. During an inspiratory burst, inspiratory motoneuron firing is
synchronized on a short time scale to produce regularly recurring clusters of action
potentials that are separated by periods of little or no activity (Figure 1.1). This pattern
of inspiratory phase firing is referred to as inspiratory-phase synchronous oscillations.
Bilateral synchrony occurs on both long and short time scales in the inspiratory network.
That is, inspiratory rhythm (Figure 3.1B and 3.2B) and synchronous oscillations (Cohen
et al., 1997) recorded from the left and right sides of the inspiratory network, often from
the inspiratory nerves, are temporally correlated. The inspiratory network serves as an
excellent model with which to study neural synchrony, and the one which | have chosen
for my thesis research, because long time scale, short time scale and bilateral
synchrony have exclusively been observed during the inspiratory phase of the

respiratory rhythm (Mitchell and Herbert 1974; Smith et al., 1991; Li et al., 2003).

A

[ N4

Raw
Xi

[Xi

Figure 1.1 Inspiratory-phase synchronous oscillations. A. The raw hypoglossal nerve recording
(Raw XIll) shows the clusters of action potentials that are separated by gaps of little or no
activity. B. The corresponding rectified and integrated trace (JXII) reveals the oscillatory nature
of this synchronous activity within an inspiratory burst. Note the periodic waves that ride on the
overall envelope of the rectified and integrated hypoglossal nerve trace are a consequence of
these synchronous oscillations.



Inspiratory Rhythm Generation

We depend on our respiratory system to live, yet the majority of us seldomly
think about the neural activity responsible for respiration. Mammalian respiration is
driven by a composite of multiple neural rhythms (ie. inspiratory, post-inspiratory,
expiratory) (Richter 1982) but the most commonly discussed are the inspiratory and
expiratory rhythms. Inspiratory rhythm is generated in the brainstem, propagated to
inspiratory motoneurons in the brainstem and spinal cord, and leads to contractions of
inspiratory muscles such as the diaphragm and tohgue. Expiration also arises from the
brainstem, but is out of phase with respect to inspiration and leads to contractions in
expiratory muscles such as the internal intercostal muscles of the ribcage (Hlastala and
Berger 2001). For centuries, the region of the brainstem that generates inspiratory
rhythm eluded scientific discovery. In 1991, Smith and colleagues (Smith et al., 1991)
reported that they had found the locus of mammalian respiratory rhythm generation in
the ventral medulla. They named this region the PreBétzinger Complex (PBC) and
hypothesized that respiratory rhythm is driven by pacemaker neurons in the PBC. In
subsequent studies, Smith’s laboratory further supported this conclusion by
demonstrating that inspiratory rhythm is driven by pacemaker neurons, within the PBC,
that express a riluzole sensitive persistent Na* current (Inar) (Del Negro et al., 2002).
We now know that inspiratory rhythm is generated by two types of PBC pacemakers
neurons, those expressing Inap and another population of neurons that expresses a
cadmium sensitive inward current (Thoby-Brisson and Ramirez 2001; Del Negro et al,,
2005). Although many studies of the PBC aim to characterize pacemaker neuron |
properties, the PBC is also composed of inspiratory non-pacemaker neurons. In fact,

electrophysiological sampling of individual PBC neurons have shown that less than



10% of sampled PBC neurons are pacemaker neurons (Del Negro et al., 2002; Pena et
al., 2004).

Until recently, it was widely accepted that inspiratory rhythm generated in the
PBC drives the multiple rhythms that compose respiratory rhythm. According to this
theory, expiratory neurons are inhibited during inspiration and fire during the quiescent
phase of inspiratory rhythm when expiratory neurons are released from synaptic
inhibition. Recently, two independent research groups have presented new conflicting
theories with regard to the source of respiratory rhythm generation. Since 2003,
Feldman has posited that two different but coupled oscillators in the PBC and the
parafacial respiratory group (pFRG) generate the inspiratory and expiratory rhythms,
respectively (Mellen et al., 2003; Janczewski and Feldman 2006). Homma, on the
other hand, purports that the pre-inspiratory neurons of the pFRG, located rostral to the
PBC, generates the respiratory rhythm to which the inspiratory rhythm is entrained
(Onimaru et al., 2006). Although both groups refer to overlapping publications (Mellen

et al., 2003; Onimaru et al., 20086), it is interesting how different their conclusions are.

Rostral —3» 123458 78 ¢ 1011 Caudal
TTTT

Dorsal

Ventral

Pre-Botzinger Complex

Figure 1.2. Sagittal view of the medulla showing the location of the Botzinger Complex, PreBétzinger
Complex (PBC) and the neighboring regions (SO, superior olive; 7, facial nucleus; pFRG, parafacial
respiratory group; LRN, lateral reticular nucleus; RFN, retrofacial nucleus; rVRG, rostral ventral
respiratory group; cNA, caudal (semicompact division) of nucleus ambiguus). The rhythmically active
medullary slice preparation must include the hatched rectangular area which indicates the region
necessary for inspiratory rhythmogenesis. Taken from Smith et al. (1991)



Neither group has presented conclusive evidence that disproves the theory, established
over fifteen year period of sound publications, that the PBC is the inspiratory rhythm

generator.

In Vitro Approaches to Studying Inspiratory Activity

The foundational research in respiratory neurobiology was performed using in
vivo preparations such as the anesthetized cat, dog and rabbit (von Euler 1986). One
of the goals of these in vivo studies was to determine the location of the central pattern
generator for respiratory. rhythm. By employing lesions, brainstem transections,
antidromic stimulation of respiratory nerves and microelectrode recordings, pioneers in
the field were able to conclude that a central pattern generator (CPG) for respiratory
rhythm was bilaterally located in the medulla. However, using in vivo preparations, it
was difficult to identify the CPG in finer detail. By developing the rhythmically active
medullary slice preparation, which | will later describe in detail, Smith et al. were able to
identify the PBC as the locus of inspiratory rhythm generation (Smith et al., 1991). By
sectioning the brainstem caudally, from the pontomedullary junction, and rostrally, from
the spinomedullary junction, Smith et al. found that the brainstem slice generated
inspiratory rhythm only if it contained a population of neurons located caudal to the so-
called Boétzinger Complex (Figure 1.2). They named this region containing inspiratory
rhythm generating neurons the PreBotzinger Complex. They went on to record from
individual PBC neurons and identified neurons that exhibited voltage-dependent
pacemaker properties. Electrophysiological studies have also demonstrated that the
PBC contains pacemaker heurons that continue to generate inspiratory rhythm in the

absence of synaptic inputs (Thoby-Brisson and Ramirez 2001; Tryba et al., 2003).



Subsequent studies in which the PBC was pharmacologically manipulated in vivo
(Koshiya and Guyenet 1996; Pierrefiche et al., 1998) have confirmed this region as the
inspiratory rhythm generator in the intact animal.

The development of two rodent in vitro preparations containing simplified
respiratory networks substantially facilitated the study of inspiratory-phase activity. The
first of these respiratory-related in vitro preparations, the brainstem-spinal cord
preparation, was introduced by Suzue in 1984 (Suzue 1984). Then in 1991, Smith et al.
presented the rhythmically active medullary slice preparation (Smith et al., 1991). In
comparison to the in vivo experimental models, these in vitro preparations have
enabled many more methodological approaches and have thus served as powerful
tools with which to study the mammalian respiratory network. Aside from the obvious
reason that a mouse preparation is amenable to genetic studies, the in vitro
preparations have made neurons that are part of the respiratory network more
accessible to intracellular recording, pharmacological manipulation and optical imaging.

In vivo versus in vitro studies also differ in the age of animals that are used.

-Most of the in vivo work, with the exception of a few developmental studies (Paton and
Richter 1995a; Paton and Richter 1995b), have utilized adult animals (von Euler 1986;
Ramirez et al., 2002). In contrast, the in vitro preparations have facilitated study of the
developing respiratory network (Ramirez et al., 2002), because only small, and thereby
young, animals can be used for these preparations. By using young rodents it is
possible to include the essential components of the respiratory network in a thinner
section of tissue that can be adequately oxygenéted and from which metabolically
produced carbon dioxide can be readily removed. Typically only perinatal rodents and

rodents in the first two weeks of postnatal development are used for in vitro



preparations. In addition to the differences between in vivo and in vitro approaches to
studying respiratory activity, there are also distinctions between the two different in vitro
preparations.

The brainstem-spinal cord preparation and rhythmically active medulléry slice
preparation each possess unique advantages that tailor one or the other to different
kinds of experiments. As the name implies, the basic brainstem-spinal cord
preparation, contains parts of the brainstem and spinal cord, more specifically from the
rostral pons to the sacral regions of the cord (Smith and Feldman 1987). Unlike the
rhythmically active medullary slice preparation, the brainstem-spinal cord preparation
contains multiple sets of inspiratory nerves of which the most commonly used to record
inspiratory activity are the hypoglossal (Xll) and phrenic (C4) nerves, that innervate the
tongue and diaphragm, respectively. Therefore, the brainstem-spinal cord preparation
can be used when one wants to record inspiratory-phase activity from phrenic
motoneurons or nerves in vitro (Bou-Flores and Berger 2001; Parkis et al., 2003). The
brainstem-spinal cord preparation is also rhythmically active at a physiological K*
concentration (3 mM), unlike the medullary slice preparation, which requires bath
application of elevated K* (8 mM) ACSF to sustain prolonged rhythmic activity (Smith et
al., 1991; Ruangkittisakul et al., 2008). In contrast to the brainstem-spinal cord
preparation, the medullary slice preparation is a thin section of the medulla (500-700
um) (Smith et al., 1991; Sebe et al., 2006). The slice preparation is composed of a
simpler circuit than the brainstem-spinal cord preparation and can be used to record
inspiratory-phase activity from the PBC neurons, XII motoneurons (HMs) or Xl nerves.
| used the rhythmically active medullary slice to examine inspiratory-phase activity

exhibited by the XlI rootlets because of the advantages afforded by the reduced nature



of the preparation. Because the slice preparation is thinner and therefore less sensitive
to hypoxia, it can be used to study the simplified respiratory network over a broader
developmental age range than that permitted by the brainstem-spinal cord preparation.
The thinner rhythmically active slice preparation also allows oxygen, pharmacological
agents, and other compounds in the bath solution to readily penetrate the preparation.
Regions such as the PBC and XlI nucleus are located at the surface of the slice and
therefore accessible to localized application of pharmacological agents. Lastly, due to
the simpler circuitry in the slice preparation it is_ easier to determine the connections
underlying synchrony in the Xl motor output.

The medullary slice preparation contains the PBC, a potential intermediate
premotor area, the XlI nucleus, and the Xl rootlets. Together, these regions form a
simplified network that propagates inspiratory rhythm from the PBC to the Xl nerves
that innervate the tongue. A comkbination of immunohistochemical, imaging and
electrophysiological studies have elucidated the location of and connectivity between
the bilaterally located PBCs. NK1 receptor (NK1R) labeling of the slice (Gray et al.,
1999) and electrophysiological recordings (Johnson et al., 2001; Li et al., 2003) have
shown that the PBC is bilaterally located in the ventral lateral region of the slice.
Calcium imaging has shown that PBCs on either side of the midline are synchronized
by bilateral glutamatergic projections crossing near the ventral border of the slice
(Koshiya and Smith 1999). Therefore, it is likely that inspiratory rhythm is bilaterally
synchronized at the level of the PBC.

From the PBC, inspiratory activity propagates dorsally to the XlI nucleus. The
left and right sides of the XII nucleus flank the central canal and the ventral tip of the 4"

ventricle. Anatomical examination of HMs have shown that the axons project ventrally
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to form the Xl nerve, but lack recurrent axon collateral projections (Viana et al., 1990).

However, some of the HM dendrites, which project radially from the soma, cross the
midline of the slice and project into the contralateral Xll nucleus (Nunez-Abades et al.,
1994). Tracer studies have shown that HMs in the left and right XII nuclei are coupled,
likely via dendrodendritic or dendrosomatic junctions (Mazza et al., 1992). Itis
therefore possible that electrical coupling of HMs, mediated by midline crossing
dendrites, underlies some form of bilateral synchrony.

Using the rhythmically active slice preparation, | have recorded inspiratory-
phase activity from the Xll rootlets to study the connections underlying bilateral
synchronization. | have also examined the synchrony that results in long time scale
patterns such as inspiratory rhythm, which | have already described, and short time

scale patterns such as the oscillations within an inspiratory burst.

Short Time Scale Synchrony in the Inspiratory Network

On a short time-scale, respiratory motoneurons synchronously fire at a particular
frequency during inspiration (Cohen et al., 1997; Funk and Parkis 2002) creating a
pattern of activity that | refer to as synchronous oscillations. Dittler and Garten first
reported respiratory-related synchronous oscillations in 1912 using string galvanometer
recordings of cat phrenic nerve activity. Many years after these initial recordings,
Cohen (Cohen 1973; Cohen et al., 1997) and others (Sears and Stagg 1976) pioneered
an extensive investigation of inspiratory-phase short time scale synchrony using a
range of analysis techniques (i.e. power spectral, coherence, crosscorrelation analysis).

Inspiratory-phase synchronous oscillations have now been recorded in vivo

(Cohen et al., 1997) and in vitro (Funk and Parkis 2002) and from several inspiratory
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motor nerves including those that innervate the diaphragm (Cohen et al., 1974;
Richardson and Mitchell 1982; O'Neal, Ill et aI.‘, 2005), tongue (Cohen et al., 1987; Bou-
Flores and Berger 2001), and laryngeal muscles (Richardson'and Mitchell 1982). The
properties of synchronous oscillations, such as their frequency, amplitude and
coherence across different neuronal populations, have been well characterized.

In the 15-120 Hz range within which synchronous oscillations occur, there are
two categories of oscillations, medium and high frequency oscillations (MFOs and
HFOs, respectively). Oscillations can be differentiated into one of these two categories
according to their frequency range and, more reliably, by the region of the brainstem or
spinal cord in which they are generated (Cohen et al., 1997; Funk and Parkis 2002).
According to the former criterion, MFOs are observed within the 15-50 Hz frequency
range whereas HFOs are usually recorded within the 50-120 Hz range. However,
oscillation frequency is dependent upon changes in temperature (Dittler and Garten
1912; Richardson and Mitchell 1982), hypercapnia, anesthetics, on the preparation
used (Funk and Parkis 2002) and the age of the animal studied (Suthers et al., 1977).
With respect to the latter criterion, HFOs recorded bilaterally in the same inspiratory
motoneuron population (ie. left and right phrenic nerves) and across different inspiratory
nerves (ie. phrenic vs. recurrent laryngeal) show strong coherence, suggesting that they
are generated by common inputs from medullary neurons (Richardson and Mitchell
1982). In contrast, MFOs show little or no coherence when recorded from bilateral
nerves from the same motoneuron population and no coherence when recorded from
different inspiratory nerves, which indicates that they are generated at or immediately

upstream of the motoneuron level (Cohen et al., 1987). Therefore, it is probable that
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HFOs and MFOs are generated in different, yet to be identified, regions of the
respiratory network.

Despite our extensive knowledge regarding inspiratory-phase synchronous
‘oscillation properties, we know less about the synaptic connections and neural
mechanisms by which they are generated. Insight into the potential neural mechanisms
underlying synchronous oscillations in the respiratory network can be gained from

studies of oscillations in other brain regions.

Mechanisms Underlying Synchronous Oscillations

The mechanisms by which synchronous oscillations are generated have been
examined in many brain regions, including the hippocampus (Mann et al., 2005),
thalamus (Steriade 1999), and olfactory system (Gelperin 2008; Schoppa 2006). These
studies have demonstrated that GABAergic and glutamatergic transmission, as well as
electrical coupling, are involved in the generation of synchronous oscillations. Of these
three mechanisms, GABA, receptor (GABAR) -mediated synaptic transmission plays
the most critical role.

Hippocampal and olfactory bulb studies have provided direct evidence that
GABAergic transmission is sufficient to initiate oscillations and is able to synchronize
rhythmic spike firing. In the hippocampus, where network oscillations coincide with
exploratory behavior, unitary IPSPs, produced by GABAergic interneuron stimulation,
initiate subthreshold oscillations in CA1 pyramidal cells (Cobb et al., 1995). Rhythmic
unitary GABAergic IPSPs are able to evoke and synchronize spike firing in
simultaneously recorded pyramidal cells via post-inhibitory rebound firing. Recovery

from GABAergic IPSPs also results in oscillations and spike synchrony in
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simultaneously recorded mitral cells of the olfactory bulb (Schoppa 2006). In both
cases, membrane hyperpolarization mediated by GABAergic IPSPs and recovery from
IPSPs underlie oscillations in membrane potential. Further, GABAergic IPSPs were
able to synchronize spike firing in simultaneously recorded principal neurons. Previous
work from our laboratory has also shown that GABAergic and glycinergic synaptic
inhibition are important in generating inspiratory-phase synchronous oscillations
recorded from XlI nerves of the neonatal respiratory network (Bou-Flores and Berger
2001).

In the hippocampus, GABAergic and glutamatergic synaptic transmission are
required for the generation of cholinergically induced 40 Hz oscillations (Fisahn et al.,
1998). Such oscillations persist in the presence of metabotropic glutamate and NMDA
receptor (mGlu and NMDAR) antagonists, but are blocked following application of either
GABA4R or AMPA receptor (AMPAR) antagonists. The synaptic connections between
GABAergic and glutamatergic neurons that produce synchronous oscillations are still
unknown. However, data from in vitro experiments (Fisahn et al., 1998) and
hippocampal network models (Mann et al., 2005) suggest that synchronous oscillations
are generated by synaptic recurrent feedback loops between excitatory principal
neurons and inhibitory interneurons. An example of recurrent feedback loops that may
generate synchronous oscillations in the inspiratory network is shown in Figure 1.3.
According to this model, inspiratory neurons are activated during inspiration, possibly by
inputs originating from pacemaker neurons, and send excitatory synaptic inputs to
multiple inhibitory interneurons. These interneurons, in turn, inhibit the excitatory

neurons. The alternating excitation and inhibition produced by this recurrent feedback
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loop produces the clusters of action potentials and periods of no activity, respectively,

that compose inspiratory-phase synchronous oscillations.

Raw
Xl

C 100 ms

[ Xl

Hypoglossal Nerve Motor Output

Figure 1.3 Hypothetical Model for the Generation of Synchronous Oscillations. A. During an
inspiratory burst, inspiratory neurons are activated and send excitatory inputs to multiple
inhibitory interneurons that, in turn, transiently inhibit inspiratory neurons. Multiple inspiratory
neurons synchronously exhibit this cycle of alternating excitation and inhibition that occurs
during inspiration and can be recorded from the hypoglossal nerve motor output. B. The raw
hypoglossal nerve recording (Raw Xll) showing inspiratory-phase synchronous oscillations. C.
The corresponding rectified and integrated trace ([Xil) reveals the oscillatory nature of this
synchronous activity within an inspiratory burst.

Unlike chemical synaptic transmission, electrical transmission is not required for
the generation of oscillations, but is important in regulating the magnitude of
synchronous oscillations. To examine the role of electrical coupling in generating
hippocampal oscillations, connexin-36 knockout mice were developed that lack
electrical coupling between pairs of interneurons recorded in both the dentate gyrus and
CAZ3 region. In such mice, gamma frequency (30-80 Hz) oscillations persisted, but the
amplitude of these oscillations was substantially reduced (Hormuzdi et al., 2001).
Within the respiratory neural network, gap junctions blockers elicit conflicting effects on
synchronous oscillations recorded from inspiratory motoneurons in neonate versus

adult rodents. In the neonatal respiratory netWork, gap junction blockade increases the
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power of synchronous oscillations (Bou-Flores and Berger 2001) but decreases the
power of oscillations in the adult rodent (Solomon et al., 2003). Although the effects of
gap junction blockers on inspiratory motoneuron synchronization may be
developmentally and preparation dependent, both studies show that electrical coupling
is involved in synchronizing inspiratory motoneuron oscillatory activity.

Based on previous studies demonstrating the need for GABAergic transmission
in generating oscillations (Cobb et al., 1995; Bou-Flores and Berger 2001; Schoppa
2006), | have investigated the role of GABAergic and glycinergic transmission in

generating inspiratory-phase synchronous oscillations during postnatal development.

Functional Signiﬁcancé of Synchronous Oscillations

Given the prominence of oscillations within the brain, one cannot help but
wonder what functions these oscillations serve. One study in the honeybee olfactory
system has demonstrated that synchronous oscillations are required for fine odor
discrimination (Stopfer et al., 1997). Honeybees are usually able to discriminate
between similar odors (i.e. 1-hexanol and 1-octanol) and dissimilar odors (i.e. an
alcoholic scent from a floral scent) (Stopfer et al., 1997). When oscillations in the
honeybee olfactory system are desynchronized, via application of a GABA4R antagonist
(MacLeod and Laurent 1996), honeybees are no longer able to discriminate between
similar odors (Stopfer et al., 1997). The discrimination of dissimilar odors, however,
does not change.

The search for the functional significance of synchronous oscillations in more
complex nervous systems is ongoing. Numerous experiments, using animals and

humans, have demonstrated that oscillations are consistently associated with particular
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behaviors depending on the brain region examined. In the thalamus, synchronous
oscillations of varying frequency ranges and strengths are associated with different
sleep stages and arousal states. For example, EEG recordings have shown that
thalamic neurons oscillate at a frequency of 7-14 Hz during the early stage of sleep.
As sleep deepens, the frequency of these oscillations decreases. During rapid eye
movement sleep and dreaming episodes, low frequency oscillations are abolished and
cellular excitability increases, much like during wakefulness (Steriade et al., 1993).

EEG recordings of the human brain further support the correlation between
oscillations and activity. In the’human sensorimotor cortex, synchronous oscillations
are strongest during periods of steady contraction, but not as prominent during
relaxation and in the transition from relaxation to contraction (Baker and Baker 2002).
In the human hippocampus and cortex, the power of oscillations in the 4-8 Hz range
increases during exploration and navigation (Ekstrom et al 2005, Caplan et al. 2003).

These and other work demonstrate an intriguing connection between oscillations
and complex behaviors; however, the relationship between the two remains correlative.
Although determining the physiological significance of oscillations has proved
challenging, it has’been easier to determine the function of oscillations with respect to
simple behaviors. One study in the rabbit has shown that hippocampal oscillations can
facilitate associative learning in the mammalian brain (Seager et al., 2002). Using a
standard classical conditioning paradigm, Seager et al. trained one group of rabbits
when they exhibited hippocampal theta oscillations and another group of rabbits when
they did not. They found that rabbits trained during oscillatory activity learned in half as
many trials relative to rabbits trained during non-oscillatory abtivity. This work by

Seager et al. has demonstrated that oscillations can accelerate a simple form of
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learning. However, much work is necessary to determine whether and how oscillations

are involved in higher brain functions such as sleep, exploration and navigation.

Physiological Relevance of Oscillations in the Respiratory Network

The function of inspiratory-phase synchronous oscillations in the brainstem has
also been investigated, although to a lesser extent relative to oscillations observed in
other brain regions. Inspiratory-phase synchronous oscillations are not required for
respiratory rhythm generation, but they are important in generating the pattern of
inspiratory discharge. At the motoneuron level, oscillations increase the input-output
efficiency of inspiratory motoneurons and the precision of spike timing. Parkis et al.
recorded inspiratory-phase oscillations from rhythmically active phrenic motoneurons
and injected these oscillatory currents into the same phrenic MNs (Parkis et al., 2003).
They found that these endogenous current oscillations increase the number of spikes
fired. Oscillatory inputs also increased the precision of phrenic motoneuron spike
~ timing by raising the membrane potential near threshold and triggering action potentials
that were coincident with oscillation peaks. Excitatory neuromodulators such as
Substance P increase motoneuron excitability (Rekling et al., 2000; Yasuda et al.,
2001). However, endogenous oscillatory inputs injected in the presence of a
noradrenergic receptor agonist are able to constrain phrenic motoneuron firing
frequency to that of control (Parkis et al., 2003). From these data, it is evident that
oscillations shape the pattern of inspiratory-phase activity.

Synchronous firing of inspiratory motoneurons may also.serve to increase
muscle force output. Baker et al. developed a computer model in which they simulated

+ the effect of synchronous oscillatory EPSP inputs injected into motoneurons on
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electromyograms (EMGs) (Baker et al., 1999). They determined that muscle force
increased as the synchrony of oscillatory inputs increased. The physiological relevance
of synchronous oscillations with respect to muscle output has not been tested

experimentally, but future work in this research arena will be of great interest.

Specific Aims

In the following work, | have investigated several aspects of inspiratory-phase
short time scale synchrony, or synchronous oscillations, exhibited by XII nerve rootlets
in vitro. In the first part of my thesis research, | examined changes in these
synchronous oscillations during postnatal development and studied a mechanism
underlying the generation and time course of these oscillations. In the latter part of my
thesis research, | used the relative simplicity of the neural circuit within the rhythmically
active medullary slice preparation to my advantage and determined a region in the slice
within which oscillations are likely to be generated.

In the first set of experiments, | focused on the synaptic mechanisms underlying
synchronous oscillations. Previous work by Bou-Flores and Berger demonstrated that
inhibitory synaptic transmission is reqUired to generate inspiratory-phase synchronous
oscillations within the first week of postnatal life. Due to the changes in inhibitory
synaptic transmission that occur over development, | extended this work to examine the
role of inhibitory synaptic transmission in generating short time scale synchrony during
a longer period of postnatal development. In studying synchronous oscillations during
postnatal development, my first step was to assess changes in oscillations recorded in
control condition in postnatal day 0-11 (P0-11) mice. Previous investigation of

inspiratory-phase oscillation frequency in kittens and puppies demonstrated that
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- oscillation frequency increases as the animal develops. Therefore, | hypothesized that
oscillation frequency in my preparation would increase with postnatal development.

Next, | focused on the role of inhibitory synaptic transmission in generating
synchronous oscillations. Consistent with previous in vitro work by Bou-Flores and
Berger, | hypothesized that GABAergic and glycinergic transmission are required to
generate synchronous oscillations during postnatal development. To test this
hypothesis, | assessed the effect of bath application of GABAA and glycine receptor
(GlyR) antagonists on the power of inspiratory-phase synchronous oscillations recorded
from XlI nerve rootlets. Studies in the hippocampus and olfactory system have shown
that GABAergic IPSPs are responsible for the trough phase of an oscillation and that
the peak occurs in response to rebound from membrane hyperpolarization. If
GABAergic transmission generates oscillations in the inspiratory network in the same
manner (Figure 1.3), | hypothesized that prolonging the time course of inhibitory
transmission would decrease oscillation frequency. To test this hypothesis, | prolonged
the time course of GABAergic currents via bath application of zolpidem and measured
changes in oscillation frequency. Together, these questions were aimed at
understanding synchronous oscillations during postnatal development and the role of
inhibitory synaptic transmission in their generation.

Having investigated a mechanism by which inspiratory-phase oscillations are
generated, | next sought to determine the origin of synchronous oscillations within the
slice. To do this, | employed a combination of experimental tests and data analysis
techniques. First, | recorded bilateral inspiratory-phase activity from Xli rootlets and
unilaterally increased neuronal excitability in either the PBC or Xil nucleus. Increasing

the excitability of neurons in the PBC or XlI nucleus should increase the number of
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neurons that fire action potentials in response to oscillatory synaptic input thereby
increasing the power of oscillations recorded in the XII motor output. If synchronous
oscillations are generated in the PBC, locally increasing the excitability of PBC neurons
should increase the power of oscillations. Given this effect, oscillation power should
increase bilaterally if the connections between the left and right PBCs can synchronize
activity on a short time scale. If oscillations are generated within or immediately
upstream of the XII nucleus, unilateral excitation of the XIl nucleus should increase the
power of oscillations. Further, if the left and right XIl nuclei are bilaterally connected,
oscillation power should increase in the Xll rootlets ipsilateral and contralateral to the
side of unilateral excitation.

Next, | applied crosscorrelation and coherence analysis to categorize whether or
not synchronous oscillations in the slice are temporally coincident and occur at the
same frequency, respectively. If oscillations recorded from the left and right Xl rootlets
are temporally coincident and occur at the same frequency, they are generated by a
common input source that is capable of synchronizing oscillations bilaterally (Kirkwood
et al., 1982; Cohen et al., 1997). Within the rhythmic slice, this common input source
corresponds to the PBC. If oscillations recorded from the left and right XlIl rootlets are
not temporally coincident and do not occur at the same frequency, they are generated
individually in the left and right hypoglossal nuclei or in the left and right premotor
regions, which lie immediately upstream of the hypoglossal nuclei (Kirkwood et al.,

1982; Cohen et al., 1997).
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Chapter 2: Inhibitory Synaptic Transmission Governs
Inspiratory Motoneuron Synchronization

Introduction

GABAergic and glycinergic neurons are present throughout the brainstem
respiratory network where they play a prominent role in inspiratory pattern generation
(Paton and Richter 1995b; Ramirez et al., 1996; Shao and Feldman 1997; Tryba et al.,
2003). Although inspiratory rhythm persists in the absence of GABAergic and
glycinergic transmission, GABA4 and GIyR blockade significantly disrupt inspiratory
rhythm in vivo and in vitro in multiple ways, such as changing inspiratory burst
frequency and inducing seizure-like bursting and tonic firing (Ramirez et al., 1996;
Pierrefiche et al., 1998; Busselberg et al., 2001). Within the respiratory network, GABA
and glycine serve multiple functions. In the Bétzinger Complex, which is located rostral
to the PBC (Figure 1.2), GABAergic and glycinergic expiratory neurons fire during
expiration and mediate expiratory-phase inhibition. Inspiratory GABAergic neurons
(Kuwana et al., 2006) and GlyR immunoreactive (Liu and Wong-Riley 2002) neurons
are also found in the PBC, where inhibitory synaptic transmission is thought to regulate
excitability by providing tonic inhibition during inspiratory activity (Johnson et al., 2001).
Further caudally in the respiratory network, premotor GABAergic and glycinergic
neurons project to the Xl nucleus (Li et al., 1997), which also contains inhibitory
interneurons. Some of these GABAergic and/or glycinergic neurons may be the source
of the inspiratory-phase inhibitory synaptic inputs that HMs receive and that have been
shown to shape the pattern of HM inspiratory-phase a‘ctivity (Saywell and Feldman
2004). Given the importance of inhibitory synaptic transmission in shaping the pattern

of inspiratory-phase discharge and in generating synchronous oscillations in other brain
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regions, | investigated the role of GABA and glycine in synchronizing inspiratory-phase
activity on a shorter time scale.

Previous work from our laboratory has shown that GABAergic and glycinergic
transmission are important in generating synchronous oscillations recorded from motor
nerves of the neonatal brainstem respiratory network (Bou-Flores and Berger 2001). In
the present study, | extended this work by examining inspiratory-phase synchronous
oscillations during postnatal development. In particular, | recorded inspiratory-phase
activity from XII nerves of neonatal and juvenile mice in order to measure synchronous
oscillation frequency and to examine the role of GABA and glycine in generating
oscillations. To further probe the mechanisms by which oscillations are produced, |
investigated how oscillation frequency is modulated by prolonging the time course of

GABAergic inhibition.

Methods
Slice Preparations

In vitro experiments were performed on either the rhythmically active (Figure
2.1) or the non-rhythmically active medullary slice preparations from Swiss-Webster
mice (P0-11). For experiments in which | measured oscillation frequency over postnatal
development (Figure 2.2), | used P0-11 mice. However, in all other figures, | divided
the mice into two age groups: neonates (P0-6) and juveniles (P7-10) to divide the
sample population into the first and second weeks of postnatal development,
respectively. Mice were anesthetized with halothane and sacrificed by decapitation in
accordance with the regulations of the University of Washington Institutional Animal

Care and Use Committee (IACUC).
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Methods uéed in dissecting the rhythmically active medullary slice preparation
have been described previously (Funk et al., 1993). In brief, the medulla and cervical
spinal cord were isolated and removed from the mouse. The brainstem and spinal cord
were pinned onto a Sylgard® block and the block was mounted into a vibratome
platform (Pelco 101 Series 1000, Redding, CA). Brainstem slices were then cut from

i rostral to caudal. After the facial nucleus was no longer visible, another 200 um slice
was cut prior to cutting the rhythmic slice. The thickness of the rhythmic slice was
increased from 500-700 um according to the age of mouse. Slices from younger mice
were thinner than those obtained from older mice. This slice was placed into the
recording chamber and superfused for at least 20 minutes with 8 mM K* ACSF before

recording began.
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Figure 2.1. Mouse rhythmically active medullary slice preparation. A. This slice preparation
contains inspiratory rhythm generating neurons in the PreBotzinger Complex (PBC) that
transmit inspiratory-phase activity, possibly through a premotor area, to motoneurons of the
hypoglossal nucleus (Xll). Hypoglossal nerve roots exit the ventral surface of the brainstem
slice and exhibit inspiratory-phase activity (B, top trace). Raw hypoglossal nerve root recordings
are rectified and integrated (B, bottom trace).

For studies utilizing the non-rhythmically active medullary slice preparation, the
brainstem was removed and 300 um slices containing the XIlI motor nucleus were cut.

Slices were incubated for 1h at 37°C prior to recording.
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Recording

For the rhythmically active slice preparation, the temperature of the custom-
made recording chamber was maintained between 27 and 28°C. Glass suction
electrodes were pulled from borosilicate glass and filled with ACSF to record from the
cut ends of Xll rootlets. Raw nerve signals were amplified and AC filtered at 0.1 Hz
using CyberAmp 320 and pClamp8 (Axon Instruments, Union City, CA) and the signall
was sampled at 5kHz. To measure integrated nerve activity, the filtered signal was
rectified and integrated using a custom built “leaky” integrator with a time constant of
100 ms.

Whole-cell voltage-clamp recordings were made from HMs in non-rhythmically
active medullary slices visualized using IR-DIC microscopy (Zeiss, Inc.) and camera
(Hamamatsu Co.). Cells were voltage-clamped at a holding potential of =70 mV (after
correction for the measured liquid junction potential of 10 mV) using an Axopatch 200B
amplifier (Axon Instruments). Recording electrodes were pulled from borosilicate glass
and had a resistance of 3-3.5 MQ. Access resistance (R,) was monitored periodically
during the recording and recordings were rejected if R, was more than 30 MQ, or
changed by more than 25% during the recording. Whole-cell current was A-D
converted at 20kHz using pClamp8 (Axon Instruments) after low-pass filtering at 5 kHz

with an 8-pole Bessel filter.

Solutions and Drug Application
The normal ACSF used for rhythmically active slice preparations contained (in
mM): 118 NaCl, 3 KCI, 1 MgCl,, 1 NaH,PO,, 25 NaHCO;, 30 D-glucose and 1.5 CaCl,.

The osmolarity of the ACSF was 300 mOsm and the ACSF was pH adjusted to 7.4 with
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NaOH. For recording spontaneous rhythmic activity, the same ACSF was used except
that KCI concentration was elevated to 8 mM KCI. ACSF was superfused over the
preparation at 2-3 ml/min and recycled using a peristaltic pump (Rainin). The ACSF
used for non-rhythmically active medullary slice preparations contained (in mM): 119
NaCl, 2.5 KCl, 1.3 MgSO,, 1 NaH,PQO,, 26.2 NaHCO;, 11 D-glucose and 2.5 CaCl,.
During dissection, slicing and recording, both ACSFs were gassed with 95% O, and 5%
CO,. The internal solution for whole cell voltage clamp recordings contained (in mM).
140 CsCl, 1 CaCl,, 3.45 Cs-BAPTA, 5 Mg,-ATP, 10 HEPES and 10 QX-314 (pH = 7.3
with CsOH; osmolarity = 290 mOsm).

All drugs were bath applied in the ACSF and washed in or out for at 10-15
minutes prior to recording inspiratory activity in drug condition or washout, respectively.
In experiments to block GABA, and GlyRs, SR95531 (0.5 uM, Sigma) and strychnine
hydrochloride (1 uM, Sigma), respectively, were applied for 10 minutes prior to
recording. Zolpidem (0.1 uM - 0.5 uM, Sigma) prepared from a 50 mM stock solution in
ethanol was diluted to the desired concentration in bath solution just prior to the start of
the experiment. Substance P (0.05 uM, Sigma) was bath applied to increase the
excitability of the slice (Gray et al., 1999; Yasuda et al., 2001). In whole cell recordings
of GABAergic mIPSCs, the bath solution contained DNQX (10 uM, RBI), AP5 (25 uM,
Tocris), TTX (1 uM, Alomone Labs) and strychnine hydrochloride (1 uM). Bicuculline
methodide (5 uM, Sigma) was bath applied at the end of some whole cell experiments

to confirm the GABAergic nature of mIPSCs.
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Data Analysis

Inspiratory bursts were selected in Clampfit (Axon Instruments) and analyzed in
Igor Pro (Wavemetrics, Inc) using a routine developed by Dr. Randy K. Powers. For
each recording condition, 15-20 inspiratory bursts were selected and used to create 15-
20 absolute power spectra in which the frequency resolution was 1 Hz. Average
absolute power spectra were computed by averaging the 15-20 absolute power spectra
for each condition. Average relative power spectra were calculated from the average
absolute power spectra by dividing the absolute power at each data point (0-99 Hz) by
the absolute power for all data points (0-99 Hz). For Figure 2.2, oscillation frequency
was measured by finding the frequency of the dominant peak in the average relative
power spectrum. The dominant peak was defined as the largest peak in the average
relative power spectrum, not including the power at low frequencies (0-5 Hz) that is due
to the overall envelope of the inspiratory burst. Only average relative power spectra of
control recordings were used to find oscillation frequency. A least-squares regression
line was used to fit and determine the statistical significance of the change in oscillation
frequency of the dominant peak over postnatal age. Unpaired t-tests were used to
compare oscillation frequencies recorded from neonate and juveniles slices.

To measure relative power of synchronous oscillations, as opposed to
measuring synchronous oscillation frequency, each average relative power spectrum
was binned (10 Hz bin width). To bin the relative power within each average relative
power spectrum, | located the dominant peak in the average relative power spectrum.
The location of this peak and its concomitant 10 Hz bin defined the starting point of the
binning process whereby all other bins were in 10 Hz increments above and below this

starting bin. Then, | was able to compute the fraction of relative power within the 10 Hz
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bin that contained the dominant peak. To do this, | added all points within each 10 Hz
bin and divided that number by the total relative power from 0-99 Hz. By comparing
these fractions of relative power, | measured changes in the relative power of
synchronous oscillations following various pharmacological manipulations. Paired t-
tests were used to compare changes in relative power between control and dfug :
conditions.

Peak integrated activity and burst duration were measured in Igor Pro using the
rectified and integrated traces of the inspiratory bursts. Peak integrated activity was the
highest point of the rectified and integrated traces. Burst duration was defined as the
time at 95% of the integrated area subtracted by time at 5% of the integrated area.
Peak integrated activity and burst duration values were computed for the same 15-20
inspiratory bursts used for power spectral analysis. The average peak integrated
activity and burst duration were compared across recording conditions. Paired t-tests
were used to determine statistical significance of changes in peak integrated activity,
inspiratory burst duration and inspiratory burst frequency, separately, between control
and drug conditions.

Event detection and off-line analysis of the recorded spontaneous miniature
GABAergic IPSCs (mIPSCs) was performed using the MiniAnalysis 5.6 software
program (Synaptosoft, Decatur, GA). We determined the peak amplitude and decay
time (measured as the time for the mIPSC to decay to 37% of its peak value) of all
individual events whose amplitude exceeded the detection threshold (set manually by
visual inspection of the data traces). Event detection was started after a minimum pre-
equilibration period of 5 minutes in each bath solution and 1-4 minute long recorded

segments during perfusion with control solution and after adding Zolpidem were
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selected for automated event detection. Overlapping events or events with slow rise
times (>10 ms) were excluded from analysis by visual inspection of the detected
mIPSCs. Miniature event frequency varied considerably from cell-to-cell, but a
minimum of 35 events was used per cell to calculate average values for mIPSC
amplitude and decay time in individual cells. Only one cell per slice was tested and
only one concentration of Zolpidem (0.1, 0.2, or 0.5 microM) was tested per cell.
Statistical significance was determined with the paired and unpaired t-tests within and
between cell groups and with the Kolmogorov-Smirnov test for comparisons within
individual cells. Significance was set at p < 0.05.

To investigate the effect of zolpidem on oscillation frequency, | computed the
average relative power spectrum, as described above, for the control condition,
following bath application of strychnine and subsequent bath application of strychnine
and zolpidem. For each average relative power spectrum, | determined the oscillation
frequency by computing the median oscillation frequency within the 9-59 Hz frequency
range (Igor Pro). To calculate median oscillation frequency, | added all the relative
power values between 9-59 Hz and computed the oscillation frequency that divided the
relative power into two equal sums. Statistical significance was determined using

paired t-tests.

Resulits
Oscillation Frequency Increases over Postnatal Development

| found that oscillation frequency gradually increases over postnatal
development and spanned a range of frequencies, from 6 to 57 Hz, .in PO-11 mouse

slices. Figure 2.2A shows inspiratory bursts from PO and P10 mouse slices acquired
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from XlI nerve recordings. The clusters of action potentials are evident in both neonatal
and juvenile slices. Using power spectral analysis, | measured the oscillation frequency
by determining the frequency at which the dominant peak occurred in the average
power spectrum (Figure 2.2B). This method of determining oscillation frequency is
rooted in classical work that investigated inspiratory-phase synchronous oscillations
(Richardson and Mitchell 1982; Cohen et al., 1987). The dominant peak of the average
power spectrum occurred at a higher frequency in juvenile mouse slices than in
neonatal mouse slices. In Figure 2.2C, the plot of oscillation frequency versus
postnatal day for 52 slices shows that oscillation frequency significantly increased from
8 to 41 Hz with postnatal development (y = 3x + 8, > = 0.62, p < 0.01). ! also
categorized the same oscillation frequency measurements into data acquired from
neonate (P0-6) and juvenile (P7-11) age groups and calculated mean oscillation
frequency for each age group. | found that mean oscillation frequency increased from
17 £ 12 Hz (n = 15) in neonates to 38 £ 7 (n = 37) in juveniles (p<0.0001, unpaired t-
test).

| measured mean inspiratory burst duration and mean inspiratory burst
frequency in neonates (P0-6) and juveniles (P8-10) and found that these parameters do
not change with postnatal development. The mean inspiratory burst duration was 522 +
24 ms (n = 17), in neonates, and 491 + 10 ms (n = 35), in juveniles (unpaired t-test, p =
0.15). The mean inspiratory burst frequency was unchanged in both neonates (0.08 +

0.01 Hz, n=17) and in juveniles (0.08 £ 0.01 Hz, n = 35) (unpaired t-test, p = 0.97).
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Figure 2.2. Oscillation frequency increases over postnatal development. A. Hypoglossal nerve
recordings of inspiratory bursts from PO and P10 mouse slices. Within each inspiratory burst, the
clusters of action potentials that occur at regular intervals are called synchronous oscillations. In the
inset, part of the inspiratory burst recorded from the P10 slice is shown on an expanded time scale
(approximately 2x) to better display the synchronous oscillations. B. We measured the frequency and
relative power of synchronous oscillations by computing the average relative power spectra for the PO
and P10 slices. Note that the dominant peak in the average relative power spectrum occurs at 10 Hz in
the PO slice, while the dominant peak occurs at 36 Hz in the P10 slice. C. The frequency of the peak in
the power spectra increases over postnatal development from 8 to 41 Hz in P0O-11 mice (y = 3x + 8,
=0.62, p < 0.01). Data from 52 slices are pooled and plotted.
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GABAergic and Glycinergic Transmission Contribute to Motoneuron Synchronization

In each experiment, | recorded inspiratory-phase activity from a Xll rootlet in
control ACSF. Next, strychnine, a GlyR antagonist, or SR95531, a GABAAR antagonist,
was bath applied separately, and then both antagonists were bath applied together. |
used SR95531 because it is a more specific GABAAR antagonist than bicuculline
methiodide which also blocks small-conductance Ca?* activated potassium channels
(Khawaled et al., 1999). The antagonists were washed out for at least 20 minutes prior
to recording XII nerve rootlet activity in the wash condition. In Figure 2.3A,
representative inspiratory bursts recorded from a PO mouse slice in control, 1 uM
strychnine, 1 uM strychnine and 0.5 uM SR95531, and wash conditions are shown.
Using the PO slice recording shown in Figure 2.3A, the power spectra of 20 different
inspiratory bursts were averaged for each of the four conditions and the average power
spectra are shown in Figure 2.3B.

In Figure 2.3B, the 8-17 Hz frequency bins contain the dominant peaks for the
average power spectra. The fraction of relative power within the 8-17 Hz frequency
bins‘is reduced following strychnine bath application compared to control. Following
combined strychnine and SR95531 bath application, the fraction of relative power within
the same 8-17 Hz frequency bin is further reduced. This reduction in relative power is
reflected in the average power spectra (Figure 2.3B, inset) as the lack of a dominant
peak when both GABA, and GlyRs are blocked. The return of the dominant peak
during wash demonstrates the partial reversibility of this reduction in oscillation power.
During wash, oscillation power in the average power spectrum is similar to that
following bath application of strychnine (Figure 2.3B, inset). This suggests that

strychnine does not wash out. In Figure 2.3C, the average power spectra for a similar
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Figure 2.3. GABAergic and glycinergic fransmission are required to generate robust synchronous
oscillations in neonatal and juvenile mouse slices. A. Representative inspiratory bursts recorded
from a PO slice in control solution, following styrchnine (Stry) bath application, Stry and SR95531
(SR) bath application and during wash. Clusters of action potentials are present in control, but are
not found when GABAA and GlyRs are blocked. B. Average power spectra for the PO slice shown in
(A). Dashed lines indicate the boundaries of the 8-17 Hz frequency bins containing the dominant
peaks in all average power spectra. Inset shows the average power spectra within the 8-17 Hz
frequency bin. Relative power within this frequency bin is reduced following Stry application and is
diminished in the presence of 1 uM Stry and 0.5 uM SR. The dominant peak returns toward control
during wash. Power spectra were computed by averaging 20 inspiratory bursts for each condition. C.
Representative inspiratory bursts recorded from a P9 slice in control solution, following bath
application of Stry, Stry and SR and following wash. D. Average power spectra for the P9 slice
shown in (C). Dashed lines indicate the boundaries of the 32-41 Hz frequency bins containing the
dominant peaks in all average power spectra. Relative power within the 32-41 Hz bin decreased
following Stry bath application and in the presence of Stry and SR. Time calibration bar in C applies
to all traces in A and C.
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experiment in a P9 mouse are shown. Relative power in the frequency bins containing
the dominant peaks (32-41 Hz) is reduced following GlyR blockade and relative power
is further reduced following GABAs and GlyR blockade. The lack of a dominant peak in
the average power spectrum during GABA, and GlyR blockade (Figure 2.3D) reflects
this reduction in relative power. The dominant peak partially returns following washout
of GABA, and GlyR antagonists.

Summary data demonstrating the role of GABAergic and glycinergic
transmiss‘ion in synchronizing HM activity over postnatal development are shown in
Figure 2.4. In neonatal mouse slices, bath application of strychnine alone decreased
oscillation power by -21 £ 7 % (n =7, p < 0.05) and bath application of SR95531 alone
decreased oscillation power by -39 + 11 % (n = 6, p < 0.05) compared to control. Bath
application of strychnine and SR95551 together in neonates decreased oscillation

power by -49 £ 7 % (n =10, p < 0.0001) compared to control and this effect was

partially reversed following wash (-23 £ 12 %, n = 13, n.s.). In juveniles (P7-10),

Neonate Juventle
6 10 13 16 51212
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% Change in
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Figure 2.4. Summary of the effects of GABAA and GlyR blockade on relative power of
synchronous oscillations. In neonates and juveniles, bath application of Stry or SR,
separately, and bath application of Stry and SR, together, reduce oscillation power. The
reduction is oscillation power is partially reversed. Mean + SE. (*, p < 0.05; **, p < 0.01;
*** p <0.001; *** p < 0.0001; paired t-test vs. control)
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GlyR blockade alone reduced oscillation power by -20 + 7 % (n = 14, p < 0.01) and bath
application of SR95531 alone decreased oscillation power by 33+6 % (n=5, p <
0.05). Bath application of GABA, and GlyR antagonists together decreased oscillation
power by 61 £ 6 % (n =12, p <0.0001), and this effect was partially reversible (-41 + 9
%, n=12, p <0.001).

The effect of GABAA and GlyR blockade on synchronous oscillations was also
apparent in the recording of the rectified and integrated XlI nerve traces, representative
examples of this are shown in Figure 2.5A and B. In a PO slice (Figure 2.5A), the
control trace (black trace) shows a 10 Hz oscillation within the inspiratory burst that is
abolished following GABA, and GlyR blockade (red trace), and returns in the wash
condition (gray trace). In a P10 slice (Figure 2.5B), oscillation frequency in control
(black trace) is higher, at 34 Hz, and this oscillation is less prominent in the rectified and

integrated trace following GABA4 and GlyR blockade (red trace).

Blocking GABAergic and G/ycinergic Transmission Increases Slice Excitability
Blocking GABA, and GlyRs increased slice excitability for both neonate and
juvenile mice. | measured changes in peak integrated activity, inspiratory burst
duration, and inspiratory burst frequency relative to control for neonates and juveniles.
In neonates (Figure 2.5A and C1), bath application of SR95531 or strychnine,
separately, increased mean peak integrated activity (SR95531: 36 £ 9 %, n=8,p <
0.01; strychnine: 36 £ 5 %, n = 10, p < 0.01). Bath application of SR95531 and
strychnine together further increased mean peak integrated activity (103 + 17 %, n=
18, p < 0.0001) and this effect was partially reversed following wash (65 + 10 %, n = 18,

p <0.01). In Figure 2.5A, the rectified and integrated traces of inspiratory bursts for a
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Figure 2.5. GABAa and GIyR blockade increased peak integrated hypoglossal nerve activity and
decreased inspiratory burst duration in neonates and juveniles. A. Representative rectified and
integrated traces from a PO slice show that with Stry bath application peak integrated activity increased
and with subsequent combined SR and Stry bath application it increased further. Dashed lines in (A)
and (B) are aligned with synchronous oscillation peaks in the control traces. B. Representative
rectified and integrated hypoglossal nerve traces from a P9 slice show that peak integrated activity did
not change with Stry bath application, but increased with subsequent SR and Stry bath application.
Washing reversed this effect. C1. Peak integrated hypoglossal nerve activity increased with Stry
application alone in neonates, but not in juveniles. Bath application of SR increased peak integrated
activity in both age groups as did bath application of both SR and Stry. This effect was partially
reversed following wash. C2. Blockade of GlyRs, separately, or GABA, and GlyRs, together,
decreased inspiratory burst duration in neonates. In juveniles, blockade of GABA, and GlyRs,
separately and together, decreased inspiratory burst duration. Mean + SE. (**, p< 0.01; ***, p < 0.001;
wax p < 0.0001; paired t-test vs. control)

single neonatal mouse show the increase in peak integrated activity following
antagonist application. Following strychnine bath application (blue trace), peak
integrated activity increased compared to control (black trace) and increased further
when GABA4 and GlyRs were blocked together (red trace). In juveniles, bath
application of strychnine alone did not affect peak integrated activity (Figure 2.5C1). In
the same age group, bath application of SR95531, separately, and both antagonists

together increased peak integrated activity (SR95531: 38 + 5 %, n =7, p <0.001,
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SR95531 and strychnine: 55 + 8 %, n = 13, p < 0.0001) and this effect was partially
reversible (10 £ 5 %, n =13, p < 0.01) (Figure 2.5C1). In Figure 2.5B, the rectified and
integrated traces show the increase in peak integrated activity in a juvenile mouse
following combined GABA, and GIyR blockade (red trace) compared to control (black
trace).

| also measured the effect of GABA, and GlyR antagonists on mean inspiratory
burst duration in neonates and juveniles (Figure 2.5C2). In neonates, bath application
of strychnine (-13 £ 2 %, n = 10, p < 0.001), but not SR95531 (-11 £+ 4 %, n=8,p =
0.12), decreased mean burst duration. When SR95531 and strychnine were bath
applied together, mean burst duration decreased (-17 £ 4 %, n = 18, p < 0.001) and this
effect was not reversed (-13 £ 2 %, n = 18, p < 0.0001). In juveniles, bath application of
SR95531 or strychnine, separately, decreased mean burst duration (SR95531: -9 + 2
%, n=8, p < 0.01; strychnine: -10 + 2 %, n = 6, p < 0.001). Bath application of SR95531
and strychnine together decreased mean burst duration (-13 £ 3 %, n =13, p < 0.001)
and this effect was not reversible by wash (18 + 2 %, n =13, p < 0.0001). The
decrease in burst duration, in neonates and juveniles, is reflected in the rectified and
integrated traces shown in Figure 2.5A and B. GlyR blockade (blue traces) and
combined GABA, and GlyR blockade (red traces) reduced mean burst duration in the
PO and P9 slices compared to control (black traces).

Bath application of GABA4 and GlyR antagonists changed the pattern of
respiratory rhythm in neonates and juveniles. Following GABA, and GlyR blockade, the
XIl nerve output occasionally exhibited seizure-like activity. It was difficult to |
consistently measure the inspiratory burst frequency during these seizure-like events,

because the bursts often merged into one long burst as the antagonists washed into the
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Figure 2.6. GABAAa and GlyR blockade induced a secondary rhythm in neonates, but not in juveniles.
A. Representative hypoglossal nerve recordings from a P3 slice in control condition, following bath
application of Stry and following bath application of SR and Stry. For each condition, the top trace is
a raw hypoglossal nerve recording and the bottom trace is the corresponding rectified and integrated
trace. GABAaA and GlyRs blockade induced a secondary inspiratory rhythm composed of lower
amplitude and higher frequency inspiratory bursts. B. Representative hypoglossal nerve recordings
from a P9 slice in control condition, following bath application of SR alone and combined bath
application of SR and Stry. Although peak integrated activity increased following GABAA and GlyR
blockade, inspiratory burst frequency did not change. C1. Percent change in mean inspiratory burst
frequency relative to control when all inspiratory bursts are counted. Inspiratory burst frequency
increased following GABAAa and GlyR blockade in neonates, but not in juveniles. The legend in C1
applies to C1 and C2. C2. Percent change in mean inspiratory burst frequency relative to control
when only high amplitude bursts are counted. Following GABAa and GlyR blockade, inspiratory burst
frequency did not change in neonates, but decreased in juveniles (p < 0.05). Mean + SE. (*, p < 0.05;
*** p < 0.0001)
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slice. For this reason, mean inspiratory burst frequency was measured in blocks of
activity that did not include seizure-like activity.

Neonate and juvenile slices in control conditions exhibited a primary rhythm
composed only of large amplitude bursts that occurred ata relatively low frequency
(Figure 2.6A and B, respectively). This primary rhythm persisted, in both age groups,
following separate blockade of GABAa or GlyRs (Figure 2.6A and B). Subsequent
combined GABA, and GlyR blockade gave rise to a secondary rhythm, in neonates
(Figure 2.6A) but not in juveniles (Figure 2.6B). The secondary rhythm consisted of low
amplitude inspiratory bursts occurring at a higher burst frequency than the inspiratory
bursts of the primary rhythm (Figure 2.6A).

For all recordings, | used only the high amplitude inspiratory bursts for power
spectral analysis. Due to the two inspiratory rhythms exhibited by neonatal slices
following GABAA and GIyR blockade, | approached mean inspiratory burst frequency
analysis, for all conditions and both age groups, in two ways. First, | included all
inspiratory bursts, those in the primary and secondary rhythm, in measuring inspiratory
burst frequency; these data are summarized in Figure 2.6C1. Second, | counted only
the high amplitude bursts; these data are summarized in Figure 2.6C2.

First, | report the effects of GABAA and GlyR blockade on inspiratory burst
frequency measured from neonatal slices. When all inspiratory bursts were counted
(Figure 2.6C1), GlyR blockade did not affect mean inspiratory burst frequency (0 7 %,
n=9, n.s.). GABA4R blockade alone substantially increased inspiratory burst frequency
in a single P2 slice out of 8 neonatal slices studied by giving rise to a secondary
inspiratory rhythm. This result increased the variability of the data points and when all

inspiratory bursts were counted, GABAAR blockade did not significantly effect mean
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inspiratory burst frequency in neonates (204 £ 190 %, n = 8, n.s.). When counting all
inspiratory bursts, | found that combined GABAA and GlyR blockade increased mean
inspiratory burst frequency in neonates (415 £ 114 %, n =17, p < 0.001). This effect
was reversible during wash (-13 £ 6 %, n = 17, p < 0.001).

In neonatal slices, when only high amplitude bursts were counted (Figure
2.6C2), GlyR blockade alone did not effect inspiratory burst frequency. As GlyR
blockade alone did not induce a secondary rhythm, both forms of analysis yielded the
same result as reported above. GABAAR blockade alone (17 + 8 %, n = 8, n.s.) and
combined GABA, and GlyR blockade (22 + 7 %, n = 17, n.s.) did not affect inspiratory
burst frequency in neonates. Inspiratory burst frequency decreased during wash (-13
6 %, n =17, p <0.001).

In juveniles, GABAA and GlyR blockade did not yield a secondary rhythm
therefore both forms of analysis yielded the same result (Figure 2.6C1 and C2). GlyR
or GABAAR blockade, separately, did not affect mean inspiratory burst frequency (-7
14 %,n =6, n.s. and 14 + 13 %, n = 7, n.s., respectively). Bath application of the same
concentrations of strychnine and SR95531 as used on neonatal slices decreased
inspiratory burst frequency (-31 £ 10 %, n = 13, p< 0.05) in juveniles and inspiratory
burst frequency did not recover following wash (48 + 8 %, n = 13, p < 0.001).

Overall, GABA, and GlyR blockade increases slice excitability in neonates and
juveniles by increasing mean peak integrated activity. However, mean inspiratory burst
frequency showed an age dependent sensitivity to GABAA and GlyR blockade in that
bath application of GABAA, and GlyR antagonists together induced a secondary rhythm

in neonates, but not in juveniles.
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Increasing Excitability by Substance P Does Not Result in a Decrease in Oscillation
Power

| have shown that blocking inhibitory synaptic transmission decreases the power
of synchronous oscillations while it increases the excitability of the slice, that is, there is
an increase in peak integrated Xll nerve activity. Although GABAergic and glycinergic
transmission are likely involved in synchronizing motoneuron activity, it is possible that
any intervention that increases slice excitability and therefore increases nerve activity
will reduce the power of the oscillations. The oscillations are characterized by clusters
of action potentials within a burst that are separated by short periods of little or no
activity. Increasing excitability may reduce oscillation power by filling in the gaps
between the clusters of action potentials. If this interpretation of the data is true,
increasing the excitability using another method should also decrease oscillation power.

To test this hypothesis, | increased slice excitability by bath applying 0.05 - 0.1
puM Substance P to rhythmically active slices from juvenile mice (P8-10). Substance P
increases HM excitability by inhibiting the TASK-1 K* channel (Talley et al., 2000).
Extensive studies that investigated the effects of Substance P on respiratory rhythm
have shown that local application of Substance P in the PBC (Gray et al., 1999) or XI|
nucleus (Yasuda et al., 2001) increase inspiratory burst frequency and inspiratory burst
amplitude. | bath applied Substance P to examine whether increasing slice excitability
also reduces oscillation power.

As expected, Figure 2.7A shows that bath application of 0.05 - 0.1 pM
Substance P elevated the activity recorded from Xll nerve roots by increasing mean
peak integrated activity (Figuré 2.7B: 123 + 55%, n=12, p<0.05) and this effect was

reversed by wash (Figure 2.7A and B: 5 + 33%, n=10, n.s.). Substance P bath
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Figure 2.7. Bath application of 0.05 - 0.1 uM Substance P increased slice excitability. A. Representative
rectified and integrated traces show that peak integrated activity increased with Substance P (0.05 uM)
and this effect is reversible. B. Bath application of Substance P increased mean peak integrated activity
(123 = 55%, p < 0.05) and washing reversed this effect (5 £ 33%, n.s. ). C. Bath application of
Substance P increased mean inspiratory burst frequency (170 £ 24%, p < 0.0001) and this effect was

" reversed in wash (3 £ 19%, n.s.).

application also increased mean inspiratory burst frequency (Figure 2.7C: 170 + 24%,
n=12, p<0.0001) from 0.07 + 0.03 Hz in control to 0.18 + 0.05 Hz in Substance P.
Mean inspiratory burst frequency returned to 0.07 + 0.05 Hz following wash (Figure
2.7C: 3 £ 19%, n=10, n.s.). Unlike the GABA4 and GlyR antagonists, Substance P
increased mean burst duration (7 + 3%, n=12, p < 0.05) and this effect was reversible
(5 £ 3%, n=10, n.s.).

In contrast to the results seen with GABA4 and GlyR blockade, the increase in
slice excitability is not accompanied by a decrease in oscillation power. Examples of
inspiratory bursts recorded from two different slices in control solution, following 0.05
uM Substance P application, and in wash are shown in Figure 2.8A and C. In the slice
shown on the Ieft, the relative power of the oscillation in the 35 to 44 Hz bin increases
following bath application of 0.05 uM Substance P and oscillation power is diminished
during wash (Figure 2.8B). A similar increase in oscillation power was observed in 6
out of 8 cells tested (100 +41%, p < 0.05). In the slice shown on the right, relative

power in the 33 to 42 Hz bins does not change following Substance P application
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Figure 2.8. Substance P does not decrease relative power in the frequency bin containing the dominant
peak. A. and B. show representative inspiratory bursts and average power spectra, respectively, from a
single P9 slice. C. and D. show representative inspiratory bursts and average power spectra,
respectively, from a different P9 slice. In B, Substance P causes the relative power in the frequency bin
containing the dominant peak (dotted lines) to increase. In D, average power spectra show that the
relative power of the frequency bin containing the dominant peak (dotted lines) does not change with
Substance P bath application. E. Although Substance P increases the relative power of oscillations, this
effect is not statistically significant (72 £ 33%, n = 8, n.s.). Oscillation power was not different from
control following wash (-45 + 13%, n = 6, n.s.).
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(Figure 2.8D). A summary 6f the effect of Substance P on relative power of the
oscillations is shown in Figure 2.8E. When data from all 8 slices were pooled, bath
application of Substance P does not significantly affect relative power (72 £ 33%, n = 8,
n.s.). Following washout, oscillation power was not different from control (-45 + 13%, n
=6, n.s.).

These data reconfirm that Substance P increases slice excitability by increasing
peak integrated activity and inspiratory burst frequency. GABA, and GlyR blockade
results in a similar increase in peak integrated activity. However, increasing slice
excitability by Substance P bath application does not reduce oscillation power. In fact,
bath application of Substance P increases oscillation power in the majority of slices
tested. These data demonstrate that the reduction in oscillation power following GABAA
and GlyR blockade is not a result of increased slice activity and provides further
evidence that GABAergic and glycinergic transmission have a unique role in

synchronizing inspiratory neurons on a short time-scale.

Prolonging GABAergic Current Decreases Oscillation Frequency

| have demonstrated that GABAergic transmission is important in modulating
respiratory rhythm and in synchronizing inspiratory motoneurons, because blocking
GABAergic current increased peak integrated activity and decreased oscillation power,
respectively. Therefore, | next investigated the effect of prolonging the time course of
GABAergic transmission on inspiratory motoneuron synchronization and inspiratory
rhythm by bath applying zolpidem to the slice. Previous studies have shown that
zolpidem prolongs the time course of GABAergic IPSCs recorded from cerebellar and

hippocampal neurons (Vicini et al., 2001; Goldstein et al., 2002).
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Figure 2.9. Effects of zolpiaem on tne ampiituge ana aecay ume ot GABAa receptor-mediated mIPSCs
recorded from hypoglossal motoneurons. A. Superimposed average GABAergic mIPSCs recorded in
a cell (P8 mouse) in control and after 0.5 pM zolpidem. In this cell, the decay time increased frOm 21.3
ms in control to 27.4 ms after zolpidem (Zolp), while amplitude increase from 46 pA in control to 70 pA
after Zolp. B. Change in GABAergic mIPSC decay time as a percent of control in response to bath
application of 0.1, 0.2, or 0.5 uM Zolp. Asterisk indicates significantly different change from control (p
< 0.05). Zolp increased decay time at all concentrations tested. C. Change in GABAergic mIPSC
amplitude as a percent of control. GABAergic mIPSC amplitude increased only at the highest
concentration of Zolp tested. Data are expressed as means = SE with the number of cells indicated in
parentheses. Amplitude and decay times were calculated from a total of 1089 (0.1 uM Zolpidem), 555
(0.2 uM), and 703 (0.5 uM) miniature events.

We confirmed these results in our system by recording GABA, receptor-
mediated mIPSCs from juvenile HMs (P8-10) in the non-rhythmically active brainstem
slice preparation in control and following bath application of 0.1, 0.2, and 0.5 uM
zolpidem. The representative average GABAergic mIPSCs in the left panel of Figure
2.9A are normalized to baseline and show the increase in mIPSC peak amplitude and

decay time following bath application of 0.5 uM zolpidem. Bath application of 0.1, 0.2,
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~and 0.5 uM zolpidem increased GABAergic mIPSC decay time by 23 + 8, 27 + 8, and
45 + 10%, respectively (Figure 2.9B). In addition to the increase in decay time, 0.5 uM
zolpidem increased mean mIPSC peak amplitude by 31 £ 16 % (Figure 2.8C).

Next, | investigated the effects of prolonging GABAergic currents on inspiratory
activity and oscillation frequency recorded from Xll nerve rootlets in the rhythmic slice
preparation. By pharmacologically prolonging the time course of inhibition with
zolpidem, | expected to decrease oscillation frequency. Synchronous oscillations within
an inspiratory burst are characterized by clusters of action potentials that are separated
by gaps of little or no activity. | hypothesized that inhibitory synaptic transmission
contributes to the gaps of no activity (Figure 1.1) and that by increasing the decay time
of GABAergic currents, the duration of these gaps would also increase. This effect
would be reflected in the XlI nerve recording as a decrease in oscillation frequency.

To test this hypothesis, | first bath applied strychnine then strychnine and
zolpidem (0.1-0.5 uM) to rhythmically active slice preparations from P9-10 mice. Bath
application of strychnine alone did not affect median oscillation frequency (-5 £ 2 %,
n=7, n.s., paired t-test). An example of the unchanging oscillation frequency, following
strychnine bath application, is shown in the average power spectra of Figure 2.3B. For
7 rhythmic slices where it was tested, subsequent bath application of strychnine and
zolpidem reduced average median oscillation frequency from 35 £ 3 Hz, in the
presence of strychnine, to 33 + 3 Hz following combined strychnine and zolpidem bath
application (-9 £ 2 %, n=7, p < 0.01, paired t-test). The average power spectra in
Figure 2.10A and B show the decrease in median oscillation frequency following
strychnine and zolpidem (Stry + Zolp) bath application relative to strychnine application

alone.
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Figure 2.10. Zolpidem (Zolp) bath application decreased median oscillation frequency. A. Average
power spectra in Stry and following bath application of Stry + 0.1 uM Zolp in a P10 mouse slice. Median
oscillation frequency decreased from 41 Hz in Stry to 35 Hz following bath application of Stry + Zolp. In
A and B, median oscillation frequencies in the presence of Stry and Stry + Zolp are represented by the
black and gray lines, respectively. Leftward arrows (A and B) indicate direction of frequency shift. B.
Average power spectra in Stry and following bath application of Stry + 0.2 uM Zolp in a P9 mouse slice.
Median oscillation frequency decreased from 40 Hz in Stry to 37 Hz following bath application of Stry +
Zolp. C. Median oscillation frequency decreased in the presence of Stry + Zolp (0.1-0.5 uM) relative to
Stry alone D. Summary data showing the decrease in relative power of oscillations following bath
application of Stry + Zolp (0.1-0.5 uM) relative to Stry alone. Mean + SE. (*, p < 0.05)

For this sample of 7 rhythmic slices, | observed that bath application of
strychnine alone did not decrease the relative power of oscillations (-19 £ 11%,n=7,p
= 0.06). Relative to strychnine, which acts as the control condition in this set of
experiments, combined bath application of strychnine and zolpidem reduced oscillation
power (Figure 2.10D: -25 £ 7%, n = 7, p < 0.05). Relative to the effect of strychnine
alone, combined bath application of strychnine and zolpidem decreased peak integrated

activity (-24 £ 12 %, n =7, p < 0.05) and burst duration (-12+2 %, n=7, p < 0.01).
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Discussion

In the present work, | have investigated inspiratory-phase short time-scale
synchronization of HMs during postnatal development and the role of GABAergic and
glycinergic transmission in generating inspiratory-phase oscillations. My principal
findings are threefold. First, the frequency of synchronous oscillations increases with
postnatal development in PO-11 mice. Second, both GABAergic and glycinergic
transmission are required to generate robust oscillations in PO-10 mice. Third,
prolonging the decay time of GABAergic currents with zolpidem reduces median

oscillation frequency.

Changes in GABAergic and Glycinergic Transmission During Postnatal Development
In the rodent brainstem, GABAergic and glycinergic transmission undergo many
changes during the first two weeks of postnatal development, two of which are most
relevant to this study. One of these changes is the decrease in the GABAergic and
glycinergic current decay times (Singer et al., 1998; Sebe et al., 2003) that occur in
parallel to shifts in the GABA, and GlyR subunit compositions, respectively (Singer et
al., 1998; Liu and Wong-Riley 2004; Liu and Wong-Riley 2005). As the postnatal rodent
develops, the decay time of GABAergic and glycinergic mIPSCs recorded from HMs
decreases (Singer et al., 1998; Sebe et al., 2003). The shortening of inhibitory currents
may be partially responsible for the increase in oscillation frequency | observed with
postnatal development. Synchronized oscillations during an inspiratory burst are
characterized by clusters of action potentials separated by periods of little or no activity.

The time course of inhibitory currents may determine for how many milliseconds the
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inspiratory motoneurons are inactive (Palva et al., 2000), during an inspiratory burst,
until the next cluster of action potentials occurs.

In addition to the change in mIPSC kinetics, inspiratory neurons undergo a shift
in the CI reversal potential during postnatal development. (Singer et al., 1998; Ritter
and Zhang 2000). The CI reversal potential shifts from a depolarizing to a
hyperpolarizing potential as more of the KCC2 transporter, which extrudes CI" from the
cell, is expressed (Rivera et al., 1999). Given that the CI" reversal potential is still
depolarized during postnatal development in brain regions such as the hippocampus
(Cherubini et al., 1991), it is at first puzzling that GABAergic and glycinergic
transmission are inhibitory in the newborn respiratory network. However, many studies,
including the present work, have repeatedly shown that blocking GABA4 and GlyRs in
the neonatal mouse respiratory network elevates inspiratory activity (Paton and Richter
1995b; Ramirez et al., 1996; Bou-Flores and Berger 2001). These results demonstrate
that CI" mediated transmission suppresses excitability in the respiratory network even in
newborn mice. |

Mechanistically, the inhibitory effect of GABAergic and glycinergic transmission
in the newborn respiratory hetwork may be explained by a combination of a perinatally
occurring shift in the CI" reversal potential in PBC neurons and shunting inhibition in
inspiratory motoneurons. In PBC inspiratory neurons, the shift in the CI" reversal
potential is complete by embryonic day 19 (Ren and Greer 2006). Soon after birth, rat
HMs reach their hyperpolarized CI" reversal potential between postnatal day 3 and 10
(Singer et al., 1998). Despite the depolarized CI" reversal potential in neonatal
inspiratory motoneurons, the activation of GABA, and GlyRs can produce shunting

inhibition by decreasing the cell input resistance. Shunting inhibition has been
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demonstrated to suppréss firing in PO-4 HMs (Marchetti et al., 2002). Therefore, GABA

and glycine mediate inhibitory transmission in the postnatal respiratory network.

Prolonging the Decay Time of GABAergic Currents Decreases Median Oscillation
Frequency

By employing a network model, Pauluis et al. demonstrated that prolonging the
time course of inhibitory currents decreased oscillation frequency (Pauluis et al., 1999).
In a study of cholinergically induced hippocampal oscillations, Fisahn et al.
demonstrated that prolonging the time course of GABAergic transmission by bath
application of pentobarbital decreased the oscillation frequency (Fisahn et al., 1998). In
the present experiment, | pharmacologically prolonged the decay time of GABAergic
currents in the inspiratory network with zolpidem and found that median oscillation
frequency decreased. Further evidence for zolpidem’s action on the inspiratory network
are the decrease in peak integrated activity and burst duration following bath application
of zolpidem. Together, these findings support the hypothesis that time course of

inhibitory currents are a determinant of oscillation frequency.

Blocking GABA and Glycinergic Transmission Disrupts Inspiratory Burst Frequency
When all inspiratory bursts were counted, | found that GABAAR blockade alone
did not significantly affect inspiratory burst frequency in neonates or juveniles. This
result is inconsistent with previous in vitro studies, using rodents and turtles, in which
blocking GABAARSs was sufficient to increase inspiratory burst frequency (Hayashi and
Lipski 1992; Ritter and Zhang 2000; Bou-Flores and Berger 2001; Johnson et al.,

2002). | suspect that the reason for this discrepancy is the nonsaturating concentration
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of the GABAAR antagonist, SR95531 (0.5 uM) | used. When we recorded GABAergic
mIPSCs from HMs in the nonrhythmically active brainstem slices, 0.5 uM SR95531
blocked most but not all GABAergic mIPSCs (data not shown). However, | selected this
nonsaturating concentration of SR95531 based on data from preliminary experiments in
which | recorded inspiratory phase activity from the rhythmically active brainstem slice.
In these experiments, | found that bath application of strychnine (1 M) and a saturating
concentration of SR95531 (1 uM), together, induced continuous seizure-like activity
(data not shown). | was unable to perform power spectral analysis on this continuous
seizure-like activity becagse | could not distinguish individual inspiratory bursts. To
circumvent this problem, | used a nonsaturating concentration of SR95531 that
increased peak integrated activity, when applied alone, without inducing continuous
seizure-like activity, when applied with a saturating concentration of strychnine. This
approach was used to fulfill the primary purpose of the present work that is to examine
the role of GABA and glycine in generating inspiratory motoneuron synchronization.

As seen with the nonsaturating concentration of the GABAAR antagonist, GlyR
blockade increased peak integrated activity without affecting inspiratory burst
frequency. In the developmental time period | examined (P0-10), glycinergic
transmission is still immature in the mouse brainstem (Singer et al., 1998; Kandler and
Gillespie 2005). Therefore, measures of respiratory activity, such as inspiratory burst
frequency, may be less sensitive to glycinergic modulation in an immature animal than
in an adult. Consistent with this conclusion, in vitro and in vivo studies have shown that
strychnine does not affect inspiratory burst frequency recorded from mice ranging from
P0-14 (Paton and Ricﬁter 1995b; Lieske et al., 2000). However, the effects of GlyR

blockade are still variable in this age range as strychnine increased inspiratory burst
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frequency recorded from XII and C4 nerves from P0-5 mouse slices (Bou-Flores and
Berger 2001). In mice P15 or older, a developmental stage at which the respiratory
network is considered mature, GlyR blockade decreases inspiratory cycle length (Paton
and Richter 1995b). Since that study by Paton et al., Pierrefiche et al. have
demonstrated that strychnine increases in inspiratory burst frequency in adult animals
(Pierrefiche et al., 1998). Although blocking GABAARS or GlyRs, separately, did not
increase inspiratory burst frequency blocking both forms of inhibition significantly
elevated peak integrated activity.

In neonatal slices, when all inspiratory bursts were counted | found that GABAA
and GlyR blockade induced a secondary rhythm, characterized by low amplitude and
high frequency inspiratory bursts. Using the rhythmically active medullary slice
preparation, Ritter and Zhang (Ritter and Zhang 2000) also recorded inspiratory activity
from Xl rootlets and reported a secondary rhythm following GABAA blockade with
bicuculline. Using the mouse rhythmically active medullary slice preparation, Ramirez
et al. recorded simultaneously from PBC neurons and a Xll rootlet (Ramirez et al.,
1996). They showed that PBC neurons fired inspiratory bursts at a higher frequency
than XIl rootlets. The secondary rhythm | observed may be generated by the PBC and
not normally transmitted to the XIl nucleus. When inhibitory synaptic transmission is

blocked, the secondary rhythm generated in the PBC is revealed in XII motor output.

MFQOs versus HFOs
As stated earlier, oscillations in the respiratory network are classified into MFOs
and HFOs based on the frequency range in which they occur and the presence or

absence, respectively, of oscillation coherence across different motoneuron
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populations. Frequency range of the oscillations changes with many factors, including
temperature (Richardson and Mitchell 1982), developmental age (Kocsis et al., 1999),
and animal preparation used (Cohen et al., 1987; Liu et al., 1990; O'Neal, Il et al.,
2005). Although synchronous oscillations observed in the present work fall within the
MFOQ range, oscillation frequency per se is not a reliable criterion in determining the
MFO or HFO nature of synchronous oscillations because of the factors previously
mentioned.

Without coherence analysis of synchronous oscillations, it is unknown whether
the oscillations reported here are MFOs, which are generated at the motoneuron level,
or HFOs, which are generated by a common medullary input. The present and prior
work from this laboratory (Bou-Flores and Berger 2001), has shown that synaptic
inhibition is required for the generation of robust inspiratory-phase oscillations. It is
possible that the oscillations are MFOs that are generated within the Xl motor nucleus
itself, since this nucleus contain; both motoneurons and a small population of inhibitory
interneurons (Peever et al., 2002). During inspiration, HMs receive concurrent
excitatory and inhibitory inputs (Saywell and Feldman 2004) that could be involved in
producing such oscillations. Alternatively, the oscillations may be HFOs that are
generated upstream of the motor nucleus, either within or outside of the PBC.
Immunohistochemical studies have shown that the medullary reticular formation, in
which a premotor area might be found, contains GABAergic and glycinergic neurons
that project bilaterally to XlI nuclei (Li et al., 1997; Travers et al., 2005). The PBC
contains expiratory neurons that are sensitive to GABA, and GlyR antagonists (Shao
and Feldman 1997) as well as GABAergic and glycinergic neurons (Liu and Wong-Riley

2004) which modulate the inspiratory rhythm (Pierrefiche et al., 1998).
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In the next chapter, | investigate where in the rhythmically active medullary slice
preparation synchronous oscillations are generated using a combination of approaches,
including coherence analysis of left and right Xll rootlet activity. By elucidating the
origin of the oscillations, be they MFOs or HFOs, | can determine whether the
oscillations recorded in vitro reflect localized synchrony in the motor nucleus (MFOs) or
widespréad synchronous activity across motor pools that is coordinated by a common
medullary input (HFOs). In this regard, oscillations may be a window through which |

can determine the degree of synchronous activity within the respiratory network.
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Chapter 3: Possible Premotor Origin of
Synchronous Oscillations in the Rhythmic Slice

Introduction

The origin of inspiratory-phase synchronous oscillations has been the subject of
great interest since Cohen initiated an extensive study of these oscillations in 1973
(Cohen 1973). From the onset (Cohen 1973), oscillations have been classified into two
categories that are termed high and medium frequency oscillations (HFOs and MFOs).
Cohen and colleagues (Cohen et al., 1997) hypothesized that the characteristics that
distinguish HFOs from MFOs actually reflect where in the respiratory network
synchronous oscillations are generated.

The defining characteristic of HFOs is that they are coherent across different
respiratory motor pools (phrenic, laryngeal and hypoglossal nerves) (Cohen et al.,
1987) and bilaterally coherent within the same motor pool (left vs. right phrenic
nerves)(Christakos et al., 1991). Thus, HFOs recorded from different nerves occur
at the same frequency. Further, crosscorrelation analysis of HFOs recorded from
the left and right phrenic nerves (Christakos et al., 1991) have demonstrated that
oscillations not only share spectral properties but that the action potentials in the left
and right phrenic nerves are temporally correlated on a short time scale. The
temporal correlation of HFOs recorded from different motor pools strongly suggests
that they are generated by a common input somewhere upstream of the
motoneurons (Kirkwood et al., 1982; Cohen et al., 1987). It is thought that the
inspiratory pattérn generator is a likely source of this shared input because its
propagates inspiratory rhythm to numerous respiratory motor pools (Cohen et al.,

1997).
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Like HFOs, MFOs are widespread in that they have been recorded from
multiple respiratory motonéurons and nerves (Cohen et al., 1997; Funk and Parkis
2002). However, the MFO coherence between different respiratory nerves and
across bilateral nerves derived from the same motor pool is rare or weak (Cohen et
al., 1987, Christakos et al., 1991). Therefore, although MFOs are present in
different nerves, they do not occur at the same frequency. In cbntrast to HFOs, it is
likely that MFOs are individually generated in (Cohen et al., 1997) or immediately
upstream of each motor pool by premotor neurons (Kirkwood et al., 1982). This
would explain the lack of MFO coherence across different motoneurons and nerves.

Coherence and cross-correlation analyses have directed us toward the
possible regions of the respiratory network in which HFOs and MFOs are
generated, but these regions have not yet been tested. The simplified network
within the rhythmically active medullary slice preparation affords such a test of the
candidate regions. Within the rhythmic slice, the inspiratory pattern generator and
the inspiratory motor pool, which correspond to the proposed origins of HFOs and
MFOs, are the PBC and the XIlI nucleus, respectively. The premotor area, which
lies between the PBC and the Xl nucleus, may also be involved in generating
MFOs, but the location of this region in the rhythmic slice preparation is yet to be
identified.

In this chapter, | tested whether inspiratory-phase synchronous oscillations
exhibited by Xli rootlets in the rhythmic slice preparation are generated in the PBC
or in, or immediately upstream of, the Xll nucleus. To do this, | locally and

unilaterally perfused ACSF containing high K* to the PBC or the XllI nucleus. High
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K" increases neuronal excitability by raising the resting membrane potential near
threshold and increasing the probability that a neuron wil! fire.

Given that the PBC is the locus of inspiratory rhythm generation and that
the left and right PBCs are bilaterally connected, increasing the excitability of the
PBC unilaterally should increase the inspiratory burst frequency bilaterally. If
inspiratory-phase synchronous oscillations in the slice preparation are generated at
the PBC level, that is if they are HFOs, the same manipulation should also increase
the power of oscillations bilaterally.

Locally increasing neuronal excitability in the unilateral Xl nucleus, in
contrast, should have no effect on the inspiratory burst frequency because
inspiratory motoneurons are not involved in rhythm generation. Instead, High K*
application to the XIl nucleus should increase the peak integrated activity of
inspiratory bursts recorded from Xll rootlets. This hypothesis is supported by
previous studies in which local and unilateral perfusion of non-NMDA receptor (non-
NMDAR) antagonists to the XIl nucleus had no effect on inspiratory burst frequency
but increased the peak amplitude of inspiratory bursts recorded from the XlI rootlets
(Funk et al., 1993). With respect to the effect on short time scale synchrony,
unilateral high K+ application to the XII nucleus should increase oscillation power
unilaterally if synchronous oscillations are MFOs that are generated at or
immediately upstream of the HM level.

| also applied crosscorrelation and coherence analysis of inspiratory-phase
motor discharge recorded bilaterally from XlI rootlets to determine the origin of
oscillations. If bilaterally recorded oscillations are temporally correlated and

strongly coherent, they are probably generated in the PBC. If the oscillations are



57

not temporally correlated and are weakly coherent at best, they are likely generated

in or immediately upstream of the Xll nucleus

Methods
Slice Preparation

In vitro experiments were performed on the rhythmically active medullary slice
preparation (Figure 3.1A and 3.2A) from Swiss-Webster mice (P4-7). Mice were
anesthetized with isoflurane and sacrificed by decapitation in accordance with the
regulations of the University of Washington Institutional Animal Care and Use
Committee (IACUC). |

Methods used in dissecting the rhythmically active medullary slice preparation
have been described previously (Funk et al., 1993; Sebe et al., 2006). In brief, the
medulla and cervical spinal cord were isolated and removed from the mouse. The
brainstem and spinal cord were pinned onto a’Sngard® block and the block was
mounted into a vibratome platform (Pelco 101 Series 1000, Redding, CA). Brainstem
slices were then cut from rostral to caudal. After the facial nucleus was no longer
visible, anofher 200 um slice was cut prior to cutting the rhythmic slice. The thickness
of the rhythmic slice was increased from 500-700 um depending on the age of mouse.
Slices from younger mice were thinner than those obtained from older mice. This slice
was placed into the recording chamber and superfused for at least 20 minutes with 8

mM K" ACSF before recording began.
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Recording

For the rhythmically active slice preparation, the temperature of the custom-
made recording chamber was maintained between 27 and 28°C. Glass suction
electrodes were pulled from borosilicate glass and filled with ACSF to record from the
cut ends of Xll rootlets. Raw nerve signals were sampled at 5 kHz, amplified, AC
filtered at 0.1 Hz and low pass filtered at 2 kHz using CyberAmp 320 and pClamp8
(Axon Instruments, Union City, CA). To measure integrated nerve activity, the filtered
signal was rectified and integrated using a custom built “leaky” integrator with a time

constant of 100 ms.

Solutions

The normal ACSF used for rhythmically active slice preparations contained (in
mM): 118 NaCl, 3 KCI, 1 MgCl,, 1 NaH,PO,, 25 NaHCO;, 30 D-glucose and 1.5 CaCl,.
The osmolarity of the ACSF was 300 mOsm and the ACSF was pH adjusted to 7.4 with
NaOH. For recording spontaneous rhythmic activity, the same ACSF was used except
that KCI concentration was elevated to 8 mM KCI. ACSF was superfused over the
preparation at 2-3 ml/min and recycled using a peristaltic pump (Rainin). For local
perfusion, ACSF contained fast green (11.2mg/100ml) or varying concentrations of K*

(8, 20, 60 or 80 mM).

Local Perfusion
In each experiment, ACSF containing the control concentration of K* (8mM)
and, subsequently, a higher concentration of K* were locally perfused to the PBC or XII -

nucleus unilaterally. In numerous preliminary experiments, the PBC was located using a
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combination of ventrolateral landmarks (i.e. inferior olive and nucleus ambiguus) and
field electrode recordings of inspiratory activity in the PBC. Knowledge acquired from
these preliminary experiments regarding the location of the PBC with respect to
ventrolateral landmarks was used to target the PBC for local perfusion. For unilateral
excitation of the Xl nucleus, the Xll nucleus and its borders were easily identified
visually. The local perfusate was delivered in the direction parallel to the flow path of
the bath perfusate. To do this, a local perfusion pipette was placed just above the
surface of the slice and at the upstream border of the target region (unilateral PBC or
Xll nucleus). The local perfusate was rapidly removed using a local uptake pipette
placed downstream of and within 0.5 mm of the local perfusion pipette. The local
uptake pipette was positioned so that the local perfusate was limited to the target
region. To visualize the spread of the local perfusate, fast green was included in all
locally perfused ACSF solutions. Control experiments demonstrated that local
perfusion of fast green alone had no effect on inspiratory-phase activity and
synchronous oscillations (data not shown, n=3). | documented the region onto which
the perfusate was applied by capturing a digital image of the spread of fast green during
the experiment (Figure 3.1A and 3.2A). Due to the anatomy of the rhythmic slice, the
slice needs to be positioned rostral (Figure 3.1A) or caudal (Figure 3.2A) side up to
expose the PBC or XlI nucleus, respectively. In order to locally perfuse the PBC and,
sequentially, the XIl nucleus using the same rhythmic slice, the XII rootlets would need
to be expelled from suction electrodes and the slice flipped. Therefore, for each
rhythmic slice the local perfusate was unilaterally applied only to the PBC or the XII

nucleus.
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For experiments in which ACSF was locally perfused onto the PBC, ACSF
containing 8 mM and, subsequently, 60 or 80 mM K* were locally applied. For
experiments in which ACSF was locally perfused onto the XIl nucleus, ACSF containing
8 mM and, subsequently, 20 mM K* were applied. The K* concentrations in the local
perfusates were experimentally determined. For unilateral perfusion of the PBC, 60
mM K* was the lowest concentration tested (30, 40, 60 and 80 mM) that had an effect
on inspiratory activity. With respect to the XlI nucleus, 20 mM K* was the lowest
concentration tested (30, 40, 60 and 80 mM) that induced an effect on inspiratory
activity. K* concentrations greater than 30 mM (40, 60 and 80 mM) induced high levels
of tonic activity in the XII rootlet recording that masked the inspiratory bursts. However,
when inspiratory bursts could be distinguished from the tonic activity, there was no
change in inspiratory burst frequency following local and unilateral perfusion of high K*
onto the XII nucleus (data not shown). | switched between perfusate solutions using an
in house valve box that controlled the solution that passed through a miniature manifold
connected to the local perfusion pipette. The time at which the solution was switched
was digitally recorded using an output from the valve box to the AD converter. To
minimize dead space in the perfusion pipette, perfusate was delivered from the
manifold to the tip of the pipette via quartz capillary tubing. For all experiments,
switching to a perfusate containing elevated K* rapidly (within 3 minutes following the
switch) elicited an increase in Xl rootlet activity (PBC: increase in inspiratory burst

frequency, Xl nucleus: increase in peak integrated activity).
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Data Analysis

Inspiratory bursts were selected in Clampfit (Axon Instruments) and analyzed in
Igor Pro (Wavemetrics, Inc) using routines developed by Dr. Randy K. Powers. For
each recording condition, 6-20 inspiratory bursts were selected and used to create 6-20
absolute power spectra in which the frequency resolution was 1-2 Hz. Average
absolute power spectra were computed by averaging the 7-20 absolute power spectra
for each condition. Average relative power spectra were calculated from the average
absolute power spectra by dividing the absolute power at each data point (0-99 Hz) by
the absolute power for all data points (0-99 Hz). Average relative and absolute power
spectra were used to compute changes in the relative power of oscillations and in the
coherence between left and right XIl rootlet activity, respectively.

To measure the relative power of synchronous oscillations, | located the
dominant peaks in the average relative power spectra that | computed from inspiratory
bursts recorded in the control condition and following local perfusion of high K*.  For
each pair of average relative power spectra, | used the dominant peak with the greater
relative power value to define the location of a 10 Hz bin. The 10 Hz bin was centered
on the frequency at which the dominant peak occurred. | computed the fraction of
relative power within the 10 Hz bin. To do this, | added all points within the 10 Hz bin
containing the dominant peak and divided that number by the total relative power from
0-99 Hz. By computing the fraction of relative power for each recording condition, |
measured changes in the relative power of synchronous oscillations following local
perfusion of high K*. Paired t-tests were used to compare changes in relative power

between control and elevated K* conditions.
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Cross-correlation histograms (CCHs) of left and right Xl rootlet activity were
computed (lgor Pro) using the same 6-20 inspiratory bursts selected for power spectra
and coherence analysis. For each pair of inspiratory bursts, the spike times in the left
and right rootlet recordings were amplitude discriminated as previously done for
multiunit recordings acquired using the rhythmic slice preparation (Peever and Duffin
2001; Li et al., 2003). Next, the time lags between the occurrence of a given spike in
the left rootlet recording and the occurrences of all spikes in the right Xl rootlet
recording were measured. The CCHs computed for each inspiratory burst were
averaged and the y-axis of the average CCH was normalized relative to the total
number of spikes in the left rootlet recording. Therefore, the y-axis reflects the
probability of occurrence of a spike in each bin along the x-axis. In computing all
CCHis, inspiratory motor discharge recorded from the Xll rootlet ipsilateral and
contralateral to local perfusion were used as the “stimulus” and “response”,
respectively. The bin width for all CCHs was set at 1 ms. For each CCH, the strength of
synchronization was expressed as the k ratio as previous done for CCHs of single and
multiunit recordings acquired from respiratory neurons (Sears and Stagg 1976; Graham
and Duffin 1981; Li et al., 2003). The k ratio is defined as the ratio of the total counts in
the peak region of the CCH to the mean bin count in the region of the CCH outside of
the peak (Nordstrom et al., 1992). To determine the statistical significance of the peak,
| estimated the variance of the k ratio (c,2) as: 6i® = kK*(Gbaseline> /Mbaseiine), Where k is the
k ratio and Gpaseine> @aNd Myaseiine are the variance of the bin count and the mean bin
count, respectively, of the region outside the peak. The peak was statistically
significant at p<0.05 if k > 1.96 * the square root of o’ (Sears and Stagg 1976; Moore

and McCabe 1999). The half amplitude width was computed by determining the time at
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which the peak in the CCH was at half amplitude. Alf values are expressed as mean
s.e.. Paired t-tests were used to compare changes in half amplitude width, time lag of
peak, and total counts in the peak region between control and elevated K* conditions.

Coherence plots of left and right XII rootlet activity were computed to determine
whether the frequency of synchronous oscillations was the same bilaterally. Each
coherence plot was computed from the average absolute power spectra for the left and
right rootlet recordings and the cross spectra of the two average absolute power
spectra. For each coherence plot, data points were in 1-2 Hz intervals. By
incorporating the number of inspiratory bursts used to make each coherence plot, upper
95% confidence limits were calculated using the following equation: upper 95%
confidence limit = 1-(0.05)"™" where n = # of inspiratory bursts selected for analysis.
The upper 95% confidence limit is shown as a horizontal dashed line on the coherence
plot in Figure 3.7C. Coherence values above this line are significantly different from
zero and are evidence for the presence of correlation between the left and right XI!
rootlet activity at a given frequency (Halliday and Rosenberg 2006). For each
coherence plot, the value of significant coherence was computed from 0-100 Hz.
Paired t-tests were used to compare changes in the coherence greater than the
confidence limit between control and elevated K* conditions.

Peak integrated activity and burst duration were measured in Igor Pro using the
rectified and integrated traces of the inspiratory bursts. Peak integrated activity was the
highest point of the rectified and integrated traces. Burst duration was defined as the
time at 95% of the integrated area subtracted by time at 5% of the integrated area.
Peak integrated activity and burst duration values were computed for the same 8-20

inspiratory bursts used for power spectral analysis. The average peak integrated
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activity and burst duration were compared across recording conditions. Paired t-tests
were used to determine statistical significance of changes in peak integrated activity,
inspiratory burst duration and inspiratory burst frequency, separately, between control
and elevated K" conditions. Following unilateral excitation of the Xl nucleus, |
observed an increase in peak integrated activity recorded from the ipsilateral and
contralateral Xlil rootlet recordings. To determine whether this change in peak
integrated activity was statistically different between the two sides, | applied a single

factor analysis of variance (ANOVA).

Results
Unilateral Excitation of the PBC, but Not the XII nucleus, Increases Mean Inspiratory
Burst Frequency Recorded Bilaterally |

In each experiment, | used the rhythmically active medullary slice preparation to
record inspiratory-phase activity from the left and right XlI rootlets while bathing the
slice in ACSF containing 8mM K*. In this recording condition, | locally and unilaterally
perfused the PBC (Figure 3.1A) or the XlI nucleus (Figure 3.2A ) with control ACSF
(8mM K*) containing fast green. Next, | switched the local perfusate to ACSF
containing a higher concentration of K™ and the same concentration of fast green. Fast
green was included in all local perfusate solutions to monitor the spread of ACSF
containing the dye and to ensure that the dye remained localized to the unilateral PBC
or Xil nucleus. For local perfusion of high K onto the unilateral PBC, 60 or 80 mM K*
was necessary to elicit an increase in inspiratory activity. For local perfusion of high K*

onto the unilateral XII, 20 mM high K* was sufficient to increase inspiratory activity.
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First, | examined the effect of unilateral excitation of the PBC on parameters of
long time scale synchrony, that is on mean inspiratory burst frequency, mean peak
integrated activity and mean burst duration. Although two concentrations of K* were
locally perfused into the unilateral PBC, the effects of 60 and 80 mM K* on inspiratory
activity were not differentiable. Therefore, data from experiments using the two K*
concentrations were pooled. Unilateral excitation of the PBC increased mean
inspiratory burst frequency bilaterally by 226 + 49% (ipsilateral and contralateral:
control: 0.09 + 0.006 Hz, high K*;: 0.31 + 0.06 Hz, n=10, p< 0.01) (Figure 3.1B and C).
For all experiments in which inspiratory activity was recorded bilaterally, each
inspiratory burst in the left rootlet recording was matched by a simultaneously occurring
inspiratory burst in the right rootlet recording. Local perfusion of high K* had no effect
on mean peak integrated activity of inspiratory bursts recorded from the ipsilateral (IPSI:
increased by 10 £ 5 %, n=10, n.s.) and contralateral (CONTRA: increased by 7 + 4 % of
control, n = 10, n.s.) Xl rootlets (Figure 3.1D). Unilateral excitation of the PBC also had
no effect on mean inspiratory burst duration recorded from the ipsilateral (increased by
1.7 + 1.3%; control: 698 + 187 ms, high K*: 792 + 194 ms, n=10, n.s.) and contralateral
(increased by 0.3 + 1.3%,; control: 821 + 319 ms, high K*: 796 + 288 ms; n=10, n.s.) XII
rootlets (Figure 3.1E).

Next, | investigated the effect of unilateral excitation of the XII nucleus on the
long time scale parameters. In contrast to the effect of unilateral excitation of the PBC,
unilateral excitation of the XlI nucleus, did not affect mean inspiratory burst frequency
bilaterally (IPSI and CONTRA: increased by 15 + 7 %; control: 0.09 £ 0.01 Hz, high K*:
0.10 £ 0.01 Hz, n=10, n.s.)(Figure 3.2C). However, local unilateral perfusion of high K

to the Xl nucleus increased mean peak integrated activity by 33 £ § % (n=10, p<0.001)
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Figure 3.1: Local unilateral perfusion of high K™ to the PBC bilaterally increases inspiratory burst
frequency. A. Local perfusion of ACSF containing fast green to the unilateral PBC of a rhythmically
active medullary slice preparation. Perfusion region is circumscribed to a zone less than 0.5 mm in
diameter as revealed by fast green labeled region over the left PBC. Asterisk is over epoxy bead on
a nylon thread that helps.to limit the labeled perfusion region. Arrows indicate the local perfusion
pipette and the local uptake pipette. B. Representive raw (XIl) and rectified and integrated (JXII)
hypoglossal rootlet recordings from the ipsilateral (Ipsi) and contralateral (Contra) hypoglossal
rootlets. Local perfusion of high K™ (80 mM) to the unilateral PBC bilaterally increases inspiratory
burst frequency (B and C) by 226 + 49% (n=10, p<0.01). D and E. Unilateral excitation of PBC has
no effect on peak integrated activity (IPSI: increased by 10 £ 5%;CONTRA: increased by 7 + 4%;
n=10, n.s.) or on inspiratory burst duration bilaterally (IPSI: increased by 1.7 £ 1.3%;CONTRA:
increased by 0.3 £ 1.3%; n=10, n.s.)

in the ipsilateral rootlet recording (Figure 3.2B and D) and in the contralateral rootlet
recording (by 14 £ 4 %; n=10, p<0.05) (Figure 3.2 B and D). Although the percent
increase in peak integrated activity observed in the ipsilateral rootlet recording was
greater than that measured in the contralateral rootlet recording, the effects were not
statistically different (single factor ANOVA, p>0.05). As in Figure 3.1E, unilateral
excitation of the XlI nucleus had no effect on mean inspiratory burst duration in the

ipsilateral (increased by 1 + 4 %; control: 537 + 24 ms, high K*: 538 + 14 ms, n=10,
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Figure 3.2: Local unilateral perfusion of high K* to the XII nucleus bilaterally increases inspiratory
burst frequency. A. Local perfusion of ACSF containing fast green to the unilateral Xl nucleus of
a rhythmically active medullary slice preparation. Perfusion region is circumscribed to a zone
less than 0.5 mm in diameter as revealed by fast green labeled region over the left Xil nucleus.
Asterisks are over epoxy beads on a nylon thread that help to limit the labeled perfusion region.
Arrows indicate the local perfusion pipette and the local uptake pipette. B. Representive raw
(XIl) and rectified and integrated ([XIl) hypoglossal rootlet recordings from the Ipsi and Contra
hypoglossal rootlets. B and C. Local perfusion of high K* to the unilateral Xl nucleus has no
effect on inspiratory burst frequency measured bilaterally (IPSI and CONTRA: increased by 15 +
7%; n=10, n.s.). D. Unilateral excitation of the XlI nucleus increased peak integrated activity in
the IPSI rootlet (33 + 5%, n=10, p<0.001) and in the CONTRA rootlet (14 £ 4%, n=10, p<0.05).
E. There was no effect on mean inspiratory burst duration measured bilaterally (IPSI: increased
by 1.1 + 2.8%; CONTRA: increased by 0.3 £ 2.1%; n=10, n.s.)

n.s.) or the contralateral rootlet recording (decreased by 0.3 £ 2 %; control: 529 + 27

ms, high K*: 524 £ 20 ms; n=10, n.s.) (Figure 3.2E).

Unilateral Excitation of the XiI Nucleus, but Not the PBC, Increases Oscillation Power
| investigated the effect of unilateral excitation of the PBC or XlI nucleus on the

relative power of oscillations recorded from the ipsilateral and contralateral Xl rootlets.

To do this, | computed average relative power spectra for inspiratory bursts recorded

from the ipsilateral and contralateral Xll rootlets in control conditions and following local
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unilateral perfusion of high K* to the PBC or Xll nucleus. Representative raw filtered (1-
200 Hz bandpass) inspiratory bursts recorded from the ipsilateral and contralateral XII
rootlets in the control condition and following unilateral local perfusion of high K* onto

the PBC are shown in Figures 3.3A and B. The top traces are inspiratory bursts
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Figure 3.3: High K" does not increase oscillation power when unilaterally applied to the PBC. A and
B. Representative raw filtered (1-200 Hz bandpass) inspiratory bursts recorded from the iPSI (A)
and CONTRA (B) Xll rootlet. The top traces are inspiratory bursts recorded in the control condition.
The bottom traces are isnpiratory bursts recorded following local perfusion of 60 mM K * to the IPSI
PBC. Time scale applies to all inspiratory bursts. C. Ipsilateral average relative power spectra in the
control condition and following local perfusion of 60 mM K to the IPSI PBC for the slice shown in
A. Unilateral excitation of the PBC increases oscillation power within the bin containing the
dominant peak (28-38 Hz). D. Contralateral average relative power spectra in the control condition
and following local perfusion of 80 mM K * to the CONTRA PBC for the slice shown in B. Unilateral
excitation of the PBC increases oscillation power within the bin containing the dominant peak (36-
46 Hz). The bins containing the dominant peak are marked by vertical dotted lines in the IPSI and

CONTRA average relative power spectra.
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recorded in the control condition and the bottom traces are inspiratory bursts recorded
during local perfusion of 60 mM K" onto the ipsilateral Xil nUcIeus. Using the slice
recordings shown in Figures 3.3A and B, the power spectra of 7 different inspiratory
bursts were averaged for the left and right rootlet recordings and for each of the two
conditions. The ipsilateral and contralateral average relative power spectra are shown
in Figures 3.3C and D, respectively. In Figure 3.3C, the 28-38 Hz bins contain the
dominant peaks for the average power spectra in control and following high K*
application. The bin was centered around the dominant peak that reached the highest
relative power value. In Figure 3.3C, the power spectrum that was computed from
inspiratory bursts recorded during local perfusion of high K* (gray) contained the
highest dominant peak at 32Hz. During unilateral local perfusion of high K" to the PBC,
the fraction of relative power in the 28-38 Hz bins modestly increased by 5%. In Figure
3.3D, the 36-46 Hz bins contain the dominant peaks for the average power spectra in
control and following high K* application. The bin was centered around the dominant
peaks at 40Hz that are evident in power spectra computed for both conditions. During
unilateral local perfusion of high K* to the PBC, the fraction of relative power in the 36-
46 Hz bins modestly decreased by 7%.

Representative raw filtered (1-200 Hz bandpass) inspiratory bursts recorded
from the ipsilateral and contralateral Xli rootlets in the control condition and following
unilateral local perfusion of high K* onto the XII nucleus are shown in Figures 3.4A and
B. The top traces are inspiratory bursts recorded in the control condition and the
bottom traces are inspiratory bursts recorded during local perfusion of 20 mM K* onto
the ipsilateral Xil nucleus. Using the slice recordings shown in Figures 3.4A and B, the

power spectra of 14-20 different inspiratory b_ursts were averaged for the left and right
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rootlet recordings and for each of the two conditions. The ipsilateral and contralateral
average relative power spectra are shown in Figures 3.4C and D, respectively. In

Figure 3.4C, the 36-46 Hz bins contain the dominant peaks for the average power
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Figure 3.4: High K" increases oscillation power when unilaterally applied to the XIl nucleus. A and B.
Representative raw filtered (1-200 Hz bandpass) inspiratory bursts recorded from the IPSI (A) and
CONTRA (B) Xli rootlet. The top traces are inspiratory bursts recorded in the control condition. The
bottom traces are isnpiratory bursts recorded following local perfusion of 20 mM K * to the IPSI XII
nucleus. Time scale applies to all inspiratory bursts. C. Ipsilateral average relative power spectra in
the control condition and following local perfusion of 20 mM K * to the IPS! XIl nucleus. Unilateral
excitation of the Xil nucleus increases oscillation power within the bin containing the dominant peak
(36-46 Hz). D. Contralateral average relative power spectra in the control condition and following
local perfusion of 20 mM K * to the CONTRA XII nucleus. Unilateral excitation of the Xl nucleus
increases oscillation power within the bin containing the dominant peak (28-38 Hz). The bins
containing the dominant peak are marked by vertical dotted lines in the IPSI and CONTRA average
relative power spectra.
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spectra in control and following high K* application. The bin was centered around the
dominant peaks at 40Hz that are present in power spectra computed for both
conditions. During unilateral local perfusion of high K" to the XII nucleus, the fraction of
relative power in the 36-46 Hz bins increased by 30%. In Figure 3.4D, the 28-38 Hz
bins contain the dominant peaks for the average power spectra in control and following
high K* application. The bin was centered around the dominant peak that reached the
highest relative power value. In Figure 3.4D, the power spectrum that was computed
from inspiratofy bursts recorded during local perfusion of high K* (gray) contained the
highest dominant peak at 33Hz. During unilateral local perfusion of high K* to the XII
nucleus, the fraction of relative power in the 28-38 Hz bins increased by 29%.

The summary data in Figure 3.5 show that unilateral excitation of the XII
nucleus, but not th‘e PBC, increased oscillation power unilaterally. The effect of
unilateral PBC excitation on oscillation power was examined in 7 slices. For
experiments in which high K was unilaterally perfused onto the PBC, the effects of 60
and 80 mM K* on oscillation power were not different. Therefore, data from |
experiments using the two K* concentrations were pooled (n=6). Unilateral local
perfusion of high K* to the PBC had no significant effect on oscillation power recorded
from the ipsilateral (increased by 19 + 15%, n.s.) and contralateral (increased by 52 +
25%, n.s.) Xll rootlet. Unilateral excitation of the XII nucleus significantly increased the
relative power of oscillations recorded from the ipsilateral Xli rootlet (by 44 £ 13%, n=8,
p<0.05), but had no significant effect on oscillation power recorded from the
contralateral Xll rootlet (increased by 47 + 25%, n=8, n.s.). Following unilateral

excitation of the XIl nucleus, there was no significant correlation between the percent
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increase in peak integrated activity and the percent increase in the relative power of

oscillations (n=8, y = 0.06x + 41, r* = 0.003, p > 0.05).

100 - O PBC application
B XI| application

*

% Change in
Relative Power
o
&S

IPSI CONTRA
n=7 8 n=7 8

Figure 3.5: Summary of the effects of unilateral excitation of the PBC or the Xil nucleus on the
relative power of oscillations. Local perfusion of ACSF containing high K* (60 or 80 mM) to the
unilateral PBC had no effect on oscillation power bilaterally. Local perfusion of ACSF containing
high K* (20 mM) to the unilateral XII nucleus increased oscillation power in the IPSI by 44 + 13%
(n=8, p<0.05), but had no effect on the oscillation power recorded from the CONTRA (47 + 25%,
n=8, p=0.15) Xll rootlet.

Although Inspiratory Motor Discharge is Crosscorrelated, Synchronous Oscillations are
only Weakly Coherent

My finding that oscillation power increases in response to unilateral excitation of
the XIl nucleus, and not the PBC, suggests that synchronous oscillations are generated
at or immediately upstream of the motoneuron level. According to our knowledge of
inspiratory-phase synchronous oscillations, oscillations that are generated at the
motoneuron level, which are classified as MFOs, should only be weakly coherent
across left and right inspiratory nerves (Cohen et al., 1987; Christakos et al., 1991).

To investigat_e synchrony between the left and right XI| rootlet discharge, |
applied crosscorrelation and coherence analyses that reveal different forms of neural

synchrony than power spectral analysis. First, crosscorrelation analysis determines
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whether two signals are temporally corrélated by measuring the time lag between, in
this case, action potentials in the left and right XlI rootlet recordings. A peak in the
crosscorrelation plot would demonstrate that action potentials in the left and right Xl
nuclei are triggered by a common synaptic input (Sears and Stagg 1976; Kirkwood et
al., 1982). Second, coherence analysis assesses whether the action potentials in the
left and right Xl rootlets share spectral characteristics. A sharp peak in the coherence
plot, which is a hallmark of strong coherence, is evidence that oscillations in action
potential firing in the left and right XII rootlets occur at the same frequency (Cohen et
al., 1987). It ié important to keep in mind that coherence does not require temporally
correlated activity. Neurons firing at the same frequency can produce a sharp peak in
the coherence plot even if their spike times are temporally uncorrelated. Therefore,
crosscorrelation analysis reflects the synchrony produced by temporally correlated
action potentials triggered by a common input. Coherence analysis reveals the
synchrony produced when action potentials (or subthreshold changes in membi‘ane
potential) occur at the same frequency.

Crosscorrelation histograms (CCHs) of left and right X! rootlet activity recorded
in the control condition demonstrated that bilaterally recorded spike firing is temporally
correlated. The CCHs of left and right rootlet discharges had broad peaks (mean half
amplitude width = 17.3 £ 2.1 ms, n=13) centered around an average time lag of -0.2 +
0.6 ms. The peaks in all CCHs were statistically significant (p<0.05). None of the
CCHs displayed harmonic peaks that arise when action potentials fire at a particular
interval in a temporally correlated manner (Kirkwood et al., 1982; Christakos et al.,
1991). Harmonic peaks would reflect bilaterally synchronous oscillations in spike firing

that are triggered by a common synaptic input (Kirkwood et al., 1982; Christakos et al.,
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1991). The two representative CCHs shown in Figure 3.6A and B reflect the
characteristics common to all CCHs, those are the broad peak centered near zero and

the lack of harmonic peaks.
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Figure 3.6: Crosscorrelation histograms (CCHs) of left and right hypoglossal rootlet
activity produce broad peaks centered around a time lag of zero and no harmonic
peaks. Representative CCHs from P4 and P5 mice are shown in (A) and (B),
respectively. In (A), the peak occurs at -1 ms and has a half width of 20.5 ms. In
(B), the peak occurs at 2 ms and has a half width of 20.5 ms. For both CCHs, the
bin width equals 1 ms. Dashed vertical line marks zero time lag.

Next, | compared the half amplitude widths, time lag of the peaks, and the spike
probability in the peak region for CCHs computed from left and right XI| rootlet activity
recorded in the control condition and following local perfusion of high K*. Unilateral
high K* application to the PBC did not change the half amplitude widths (decreased by
-0.06 £ 0.14 %, n=5, n.s.; control: 14.0 £ 4.6 ms, high K*: 13.4 + 5.0 ms), the time lag of
the peaks (control: -1.0 £ 1.3 ms, high K*: 0.4 0.7 ms, n=5), or introduce harmonic
peaks to the CCHs. Likewise, unilateral high K" application to the Xl did not change
the half amplitude widths (decreased by —=0.1 £ 0.19 %, n=8, n.s.; control: 19.4 £ 1.7

ms, high K*: 16.4 + 3.1 ms), the time lag of the peaks (control; 0.3 + 0.7 ms, high K*:
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-0.6 £ 0.6 ms, n=8), or introduce harmonic peaks to the CCHs. Unilateral high K"
application to the Xl nucleus significantly increased the spike firing probability in the
peak region of the CCHs by 44 + 27 % (n=8, p<0.05; spike firing probability in control:
0.05 + 0.007, spike firing probability in high K*: 0.07 £ 0.006 ms). This increase is
explained by the bilateral increase in peak integrated activity following unilateral
excitation of the Xll nucleus and does not reflect an increase in the strength of
synchronization. In contrast, unilateral excitation of the PBC did not affect spike firing
probability in the peak region of the CCHs (decreased by -1 £ 7 %, ﬁ=5, n.s.; spike
firing probability ih control: 0.07 + 0.008, spike firing probability in high K*: 0.07 + 0.006
ms). Following unilateral excitation of the PBC (n=5) and the Xll| nucleus (n=8), the
central peaks in the CCHs remained statistically significant (p<0.05).

Coherence plots were computed using the left and right average relative power
spectra for 8 pairs of Xll rootlets. None of the coherence plots displayed the sharp,
significant peaks that are characteristic of strong HFO associated coherence (Cohen et
al,, 1997). Instead all of the plots showed only weak, but significant coherence
reflected by many small peaks that rose above the upper 95% confidence limit. Figures
3.7A and B show the representative left and right average absolute power respectively,
used to compute the representative coherence plot in Figure 3.7C. Dominant peaks in
the left and right average absolute power spectra occur at 39 and 36 Hz (dashed
vertical lines), respectively. In the corresponding coherence plot, 36 and 39 Hz are
marked by the two dashed vertical lines and the upper 95% confidence limit is marked
by the dashed horizontal line. Coherence is not significant at 36 Hz, but is just above
the confidence limit at 39 Hz. Weak coherence is reflected by the many small peaks

between 38 and 72 Hz that rise above the confidence limit, however, there is no
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dominant peak. The broad coherence peak that appears on the left side of the x-axis

reflects the coherence due to the lower frequency envelope of the inspiratory burst.
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Figure 3.7: Bilaterally recorded synchronous oscillations are weakly coherent. A and B. Left and right
average absolute power spectra each computed from 20 inspiratory bursts recorded in the control
condition. Dashed vertical lines mark the location of the dominant peaks in the left and right power
spectra at 39 and 36 Hz, respectively. C. Coherence plot computed from the left and right average
absolute power spectra in A and B. The dashed horizontal line marks the upper 95% confidence limit at
0.145. 36 and 39 Hz are marked by the two dashed vertical lines. Although there are peaks in the left
(A) and right (B) average absolute power spectra at 39 and 36 Hz, respectively, the oscillations are only
weakly coherent at these frequencies. The peak less than 35 Hz reflects the coherence due to the
envelope of the inspiratory burst that occurs in a low frequency range.

For each coherence plot computed for the control condition and following
unilateral local perfusion of high K*, | measured the statistically significant coherence
from 0-100 Hz. The statistically significant coherence is defined as the coherence

greater than the upper 95% confidence limit (see Methods). Unilateral excitation of the

'PBC had no effect on significant coherence from 0-100 Hz (15 + 10%, n=4, n.s;

control: 8.9 + 2.0; unilateral PBC excitation: 10.4 + 2.6). Unilateral excitation of the XII
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nucleus also had no effect on significant coherence from 0-100 Hz (33 £ 49%, n=4, n.s.;
control: 12.1 + 3.4; unilateral PBC excitation: 11.2 + 1.6). Therefore, neither unilateral |

excitation of the PBC nor the Xll nucleus affected the coherence of oscillations

recorded from the ipsilateral and contralateral XlI| rootlets.

Discussion

In this chapter, | examined long and short time scale synchrony in the inspiratory
network by unilaterally exciting either the PBC or the XlI nucleus while bilaterally
recording inspiratory motor outflow. The principal findings of this work are twofold.
First, | demonstrated that unilateral excitation of the PBC versus the XII nucleus has
differential effects on inspiratory activity recérded bilaterally. Second, based on the
results from local perfusion experiments and coherence analysis | concluded that
synchronous oscillations exhibited by the rhythmically active slice preparation are

MFOs that are generated at or near the level of the XIl motor nucleus.

Increasing Excitability in the PBC versus the Xl Nucleus has Differential Effects on
Inspiratory Activity

Local application of high K* to the PBC versus the Xl nucleus has differential
effects on mean inspiratory burst frequency and mean peak integrated activity both of
which are measures of long time scale synchrony. Local perfusion of high K™ onto the
PBC increased mean inspiratory burst frequency bilaterally, but had no effect on mean
peak integrated activity. In contrast, local perfusion of high K* onto the Xl nucleus had
no effect on inspiratory burst frequency but bilaterally increased mean peak integrated

activity. These two findings are consistent with previous work in which the excitability of
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the PBC or the Xll has been modulated bilaterally (Smith et al., 1991; Funk et al.,
1993).

When the rhythmically active medullary slice preparation was first introduced,
Smith et al. demonstrated that microinjection of high K to the unilateral PBC increased
inspiratory burst frequency bilaterally in a reversible manner (Smith et al., 1991). As
‘expected, unilaterally reducing excitability in the PBC had the converse effect on
inspiratory burst frequency (Smith et al., 1991; Funk et al., 1993). Microinjection of a
non-NMDAR antagonist onto the unilateral PBC reduced inspiratory burst frequency
recorded from the left and right XII rootlets without affecting peak integrated activity.
Funk et al. (1993) also blocked non-NMDARSs in the unilateral XII nucleus and found
that reducing the excitability of the Xl nucleus reduced the peak amplitude of
inspiratory bursts bilaterally but had no effect on inspiratory burst frequency.

These previously reported findings and the present work demonstrate that
modulating the excitability of the PBC versus the Xl nucleus has differential effects on
inspiratory burst frequency and peak integrated activity. These results are consistent
with the properties and functions of neurons i.n the PBC and XIl nucleus. Pacemaker
neurons in the PBC generate inspiratory rhythm and produce a faster inspiratory burst
frequency when they are depolarized (Butera, Jr. et al., 1999; Del Negro et al., 2001).
HMs transmit inspiratory rhythm to inspiratory tongue muscles and are involved in
modulating the gain of inspiratory-phase discharge (Funk et al., 1993; Yasuda et al.,

2001).
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Connections Mediating Bilateral Synchrony

The bilateral increase in inspiratory burst frequency following unilateral
excitation of the PBC confirms that activity in the left and right PBCs are synaptically
linked. Calcium imaging of the rhythmic slice preparation has demonstrated that
glutamatergic connections between the left and right PBCs synchronize PBC inspiratory
activity bilaterally (Koshiya and Smith 1999).

| also found that unilateral excitation of the Xll nucleus increased peak
integrated activity recorded bilaterally. These data are consistent with previous work in
which Funk et al. (1993) reported that microinjection of non-NMDAR antagonists to the
unilateral Xll nucleus bilaterally decreased inspiratory burst amplitudes recorded from
the Xl rootlets (Funk et al., 1993). Nevertheless, | cannot rule out the possibility that
some of the high K that | locally perfused onto the unilateral XII nucleus diffused to the
contralateral Xll nucleus. However, the direction of the bath perfusate was parallel to
the direction of the local perfusate and the local perfusate was suctioned off the tissue
as soon as it passed over the unilateral Xll nucleus. For the local perfusate to spread
to the contralateral XIl nucleus, it would have had to diffuse against the direction of flow
of the bath.

Alternatively, the observed bilateral increase in mean peak integrated activity
following unilateral excitation of the Xll nucleus may be explained by two cellular
mechanisms. First, unilateral application of high K* to the XlI nucleus may activate
midline crossing dendrites that originate from contralateral HMs and trigger spike firing
in HMs located in the contralateral motor nucleus. Neurobiotin labeling of individual rat
HMs during postnatal development showed that HM dendrites project radially from the

soma with some dendritic processes crossing the midline and projecting into the
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contralateral XII nucleus (Nunez-Abades et al., 1994). Second, unilateral excitation of
the Xll nucleus may increase spike firing bilaterally if some ipsilateral and contralateral
HMs are electrically coupled. A combination of biochemical, immunohistochemical
(Solomon 2003) and electrophysiological studies (Bou-Flores and Berger 2001,
Solomon et al., 2003) provide strong evidence that gap junction proteins are present in
the neonatal and adult inspiratory network and can modulate inspiratory motoneuron
synchronization. Dendrodendritic or dendrosomatic gap junctions would explain the
tracer coupling between neonatal HMs located in the ipsilateral and contralateral Xl
nuclei (Mazza et al., 1992). Therefore, it is possible that dendrites from one Xll nucleus
cross the midline and form chemical or electrical synapses with HMs on the
contralateral side. Such chemical or electrical coupling between ipsilateral and

contralateral HMs may underlie modest synchrony between the left and right XII nuclei.

Inspiratory Motor Discharge is Bilaterally Synchronized on a Long Time Scale, but Not
on a Short Time Scale

By applying crosscorrelation analysis to bilaterally recorded inspiratory activity,
the present work demonstrates that action potentials between the left and right Xl
rootlet discharges are temporally correlated on a long time scale. However, the
absence of harmonic peaks in the CCHs and the lack of strong coherence demonstrate
that oscillations recorded from the left and right XI| rootlets in the slice are not
temporally correlated and do not occur at the same frequency, respectively. As such,
inspiratory phase synchronous oscillations recorded from the slice are MFOs that are

likely generated at or immediately upstream of the Xli nucleus.
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Each CCH of left and right XlI rootlet discharge was characterized by a broad
peak centered near a time lag of zero. This broad peak is also a common feature of
CCHs that have been computed from inspiratory neural activity such as that recorded
from two inspiratory neurons (Kirkwood et al., 1982; Kashiwagi et al., 1993) and
multiunit activity recorded bilaterally from the Xll nuclei (Li et al., 2003). A peak in the
CCH centered near a time lag of zero demonstrates that the neural discharges are
synchronized by a common input. The broadness of the peak reflects the variability in
the time lag produced by a polysynaptic connection between the source of common
input and the recording site (Kirkwood et al., 1982). In the rhythmically active slice
preparation, the left and right Xll rootlet discharges are likely synchronized by the
bilaterally connected PBCs. Given the broad peak in each CCH, | believe that PBC
neurons transmit inspiratory rhythm to HMs via a polysynaptic input. Although the
circuitry between the PBC and the XII nucleus is still unknown, PBC neurons likely
transmit inspiratory rhythm to the Xl nucleus via a polysynaptic pathway which involves
premotoneurons (Dobbins and Feldman 1995; Li et al., 1997; Ezure and Tanaka 2006).

Although spike firing between the left and right XII rootlet recordings are
temporally correlated on a long time scale, the CCHs and coherence plots presented
here provide strong evidence that inspiratory motor discharge is not bilaterally
synchronized on a short time scale in vitro. If action potentials in the bilateral Xl| rootlet
activity are temporally correlated and occur within the same frequency range, the
central peak in each CCH would be flanked by harmonic peaks and the cycle time of
each harmonic peak would correspond to the cycle time of a single synchronous
oscillation (Kirkwood et al., 1982; Cohen et al., 1987; Christakos et al., 1991). Such

harmonic peaks are characteristic of CCHs computed from neural activity exhibiting
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HFOs that are generated and synchronized via a common input source. None of the
CCHs computed in this study exhibit harmonic peaks. This suggests that synchronous
oscillations recorded from the left and right XII rootlets in vitro are MFOs that generated
individually in or immediately upstream of the XlI nucleus.

This conclusion is further supported by the results of coherence analysis. If the
bilateral rootlet recordings exhibited oscillations occurring at the same frequency but
were not necessarily temporally coincident, then the coherence plots should display a
prominent and significant peak which is characteristic of HFOs. None of the coherence
plots showed such a peak suggesting that bilaterally recorded synchronous oscillations
do not occur at the same frequency and can therefore be categorized as MFOs.

The broad peak and absence of harmonic peaks in the CCHs, and the absence
of strong coherence support my conclusion that inspiratory Xll rootlet discharge is
bilaterally synchronized on a long time scale but not on a short time scale. Given that
oscillations recorded from the left and right Xl rootlets are not terhporally coincident
and do not occur at the same frequéncy, they can be categorized as MFOs (Cohen et
al., 1987; Christakos et al., 1991) and are likely generated in or immediately upstream

of the Xl nucleus.

Origin of Synchronous Oscillations in the Rhythmic Slice

The principal aim of the present study was to determine where in the
rhythmically active slice preparation synchronous oscillations are generated. Together,
the data from local application experiments and crosscorrelation and coherence
analyses demonstrate that synchronous oscillations in the slice are MFOs that are

generated in the XlI nucleus or immediately upstream of the Xll nucleus in the premotor
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area. Upon consideration of the cellular architecture necessary to generate
synchronous oscillations, | conclude that the Xll nucleus is not equipped to generate
synchronous oscillations and that oscillations are likely to be generated in the premotor
area.

The PBC is thought to propagate inspiratory rhythm to multiple motor pools,
including the Xl nucleus, via premotoneurons that are located in an intermediate zone
between the PBC and the motor nuclei. Premotoneurons that project to the HMs are
located lateral and ventrolateral to the hypoglossal nucleus (Dobbins and Feldman
1995) and some of these premotoneurons are GABAergic or glycinergic (Li et al.,
1997). A premotor origin for synchronous oscillations is consistent with the increase in
relative power produced by excitation of the Xli nucleus. If oscillations are generated in
the premotor area, HMs would receive oscillatory synaptic inputs from premotor
neuroné. Depolarizing the resting membrane potential of HMs, by locally perfusing high
K* onto the XII nucleus, would increase their probability of firing action potentials in
response to the oscillatory inputs and thereby increase the computed oscillation power.

Although the increase in relative power following unilateral excitation of the XII
nucleus can be explained by a motor origin for synchronous oscillations, neurons in the
Xl nucleus lack the cellular morphology and synaptic properties necessary to generate
synchronous oscillations. In Chapter 2, | demonstrated that GABAergic and glycinergic
transmission are required to generate synchronous oscillations. Further, | proposed a
model, based on studies in the hippocampus (Cobb et al., 1995; Fisahn et al., 1998)
and olfactory bulb (Schoppa 2006), in which élternating excitatory and inhibitory inputs
as well as recurrent axon collaterals are required to generate inspiratory-phase

synchronous oscillations. The XllI nucleus is ill-equipped to generate synchronous
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oscillations in that HMs lack recurrent axon collaterals and interneurons within the XI|
nucleus that could provide inhibitory synaptic inputs are scarce (Viana et al., 1990).
Therefore, oscillations are more likely to be generated in the premotor area, which
contains both excitatory and inhibitory neurons (Li et al., 1997), and transmitted to the
Xl nucleus.

Despite the potential importance of premotoneurons in generating synchronous
oscillations, transmitting inspiratory activity to inspiratory motoneurons and in
modulating inspiratory rhythm, relatively little is known about this region. In the future, it
will be interesting to identify the location of the premotor area and to characterize the
properties of premotor neurons. This information will have important implications with
respect to understanding how inspiratory rhythm is transmitted and modulated before it
reaches the Xll nucleus and, possibly, how synchronous oscillations are generated in

the premotor area.
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Chapter 4: General Conclusions and Future Directions

The brainstem respiratory network serves as an excellent model with which to
study long time scale, short time scale and bilateral synchrony because all three forms
of synchrony are exhibited during inspiration. By recording bilateral inspiratory activity
from the XIl rootlets of the rhythmically active slice preparation, | was able to investigate
all three forms synchrony. However, my thesis research was directed toward
answering questions regarding how inspiratory-phase short time scale synchrony is |
generated and where synchronous oscillations are produced. | can make four general
conclusions with respect to the development, generation and origin of inspiratory-phase
synchronous oscillations. First, | have shown that synchronous oscillation frequency
increases during postnatal development. Although there are many changes in the
inspiratory network that occur during postnatal development, one change that may
explain an increase in oscillation frequency is the shortening in the decay time course of
GABAergic and glycinergic currents that is known to occur. Second, | have
demonstrated that GABAergic and glycinergic transmission are required to generate
robust synchronous oscillations during postnatal development. Third, by prolonging the
decay time course of GABAergic currents, | demonstrated that the time course of
inhibitory currents is a determinant of oscillation frequency. Therefore, it is Iikely that
synchronous oscillations are generated by recurrent synaptic connections between
excitatory and inhibitory neurons that produce the clusters of action potentials that are
separated by periods of little or no activity (Figure 1.3). This model for the generation of
synchronous oscillations is supported by previous work in other neural systems, namely

the hippocampus and olfactory bulb (Cobb et al., 1995; Fisahn et al., 1998; Schoppa
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2006). Lastly, by integrating data from local application experiments and
crosscorrelation and coherence analysis, | conclude that inspiratory-phase synchronous
oscillations are likely MFOs that are generated in the premotor area. The premotor
area remains a region about which little is known yet its intermediate location between
the PBC and the XlI nucleus suggests that it plays an important role in transmitting
inspiratory rhythm from inspiratory pacemaker neurons to inspiratory motoneurons and
in modulating inspiratory rhythm. Now, data presented in Chapter 3 implicate the
premotor area as the origin of MFOs recorded from the Xli rootlets in the rhythmically
active slice preparation. As yet, we know that premotoneurons that project to the
hypoglossal nucleus are located lateral and ventrolateral to the Xl nucleus. Further,
some premotoneurons that project to the Xli nﬁcleus are GABAergic or glycinergic (Li et
al., 1997; Ezure and Tanaka 2006).

In a number of additional experiments, | have used a field electrode to probe the
area between the PBC and the Xl nucleus and have been able to locate a potential
premotor area in a single slice. In this slice, the potential premotor area was located in
a confined region ~1 mm dorsomedial to the PBC and ~1.5 mm ventrolateral to the XII
nucleus. This region exhibited inspiratory activity in phase with the inspiratory rhythm
recorded from the Xll rootlet (Figure 4.1). In future experiments, it will be of great
interest to electrophysiologically identify the location of the premotor area within the
brainstem, characterize the electrophysiological properties of premotor neurons and
determine the types of synaptic inputs (e.g. glutamatergic, GABAergic and glycinergic)
premotor neurons receive and transmit.. After the location of the premotor area is
identified, it will be easier to find and record from premotor neurons and to characterize

their electrophysiological and synaptic properties. It would be particularly interesting to
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determine whether the premotor area contains GABAergic neurons that may be
involved in generating synchronous oscillations. With respect to inspiratory activity,
GABAergic premotor neurons may be the source of GABAergic inputs that HMs receive
during inspiration and that shape the pattern of inspiratory discharge (Saywell and
Feldman 2004). By elucidating the location and properties of premotor neurons, we
would make significant brogress toward understanding how inspiratory rhythm is
transmitted from pacemaker neurons to inspiratdry motoneurons and the synaptic

connections that produce inspiratory-phase synchronous oscillations.
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Figure 4.1: The premotor area is located in an intermediate zone between the PBC and Xl|
nucleus. While recording inspiratory rhythm from the XII rootlet, using the rhythmic slice
preparation, | sequentially placed a field electrode on the PBC (A), on an intermediate zone
between the PBC and the XIl nucleus (B), and 500 um lateral to the intermediate zone (C). On
the right, are three pairs of traces showing inspiratory rhythm recorded from the Xll rootlet and
activity recorded from either the PBC (A), the intermediate zone (B), or a region just lateral to
the intermediate zone. The proposed premotor area is confined to an intermediate zone
located ~ 1mm dorsomedial to the PBC and ~1.5mm ventrolateral to the Xil nucleus.
Inspiratory rhythm was not detected in the region 500 pm lateral to the intermediate zone.
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