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Abstract

Central chemosensitivity is the vital ability of the brain to detect and respond to changes 

in tissue CO2 /pH. Changing CO2 /PH causes brainstem central chemoreceptors to mod
ulate ventilation, but the cellular basis of this chemosensitivity is not well understood. 
When studied in vitro, neurons within the rat medullary raphe are intrinsically sensitive to 

changes in pH. Serotonin/substance P (5-HT) synthesizing raphe neurons are stimulated, 
and y-aminobutyric acid (GABA) synthesizing neurons are inhibited by CO2  /acidosis. The 
contribution of these neurons to central chemosensitivity in vivo, however, is controver

sial. Also unknown is whether there are other types of chemosensitive cells in the raphe. 
Here I tested the hypothesis that rat medullary raphe neurons are responsive to CO2  in a 
relatively intact preparation, that raphe 5-HT neurons are C 0 2-stimulated, and that CO2- 

inhibited raphe neurons are GABAergic. I used extracellular recording of individual raphe 
neurons in the unanesthetized juvenile rat in situ perfused decerebrate brainstem prepa
ration to assess chemosensitivity of raphe neurons. I subsequently used juxtacellular la

beling, and immunohistochemistry for markers of 5-HT and GABA synthesis to identify 
neurotransmitter phenotype of individually recorded cells. Results demonstrate that the 

medullary raphe is heterogeneous and clearly contains at least three distinct classes of 
CC>2 -sensitive neurons: modestly C02-stimulated 5-HT neurons, C02-inhibited GABAer
gic neurons that possess this sensitivity independent of major fast synaptic inputs, and 
robustly CC^-stimulated non-5-HT neurons. The C02-stimulated non-5-HT neurons con
stitute a previously unrecognized class of chemosensitive raph6 neuron that express re
ceptors for substance P and are dependent on network inputs from 5-HT and GABA raphe 
cells for chemoresponsiveness. Based on my identification of these three distinct types 
of chemosensitive raphe cells, I propose a new raph6 chemosensory amplifier (RCA) net

work model to explain raphe contributions to central chemosensitivity. In this model the 
three cell types interact as a CCVsensing network that potentially amplifies the chemosen

sory responses to CO2 and may limit toxic over excitation of 5-HT neurons. In this way, 

the RCA network could integrate inputs and respond to changes in tissue C 0 2 with an 
appropriate modulation of sympathetic and/or parasympathetic outflow, consistent with 
the broad role that brainstem raphe nuclei play in maintaining homeostasis.
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Chapter 1 

Introduction
1.1 Overview of central control of breathing

The medulla contains many structures that are both important and essential to the neural 
control of cardiovascular function, respiratory generation and modulation, and chemore- 
ception (Fig. 1.1). In the ventrolateral medulla, a population of glutamatergic neurons 

in the retrotrapezoid nucleus/parafacial respiratory group (RTN/pFRG) are stimulated 

by high CO2 /acidosis. The cells in the pFRG appear to drive expiratory activity, by fir
ing 500 msec before the pre-Botzinger complex (preBotC), another medullary population, 

generates inspiratory activity. Together, the pFRG and preBotC act as a coupled oscillator 
(rhythm generator) to produce the respiratory rhythm. Rhythm generators activate mo
tor neuron pools that send projections to ventilatory muscles, such as the diaphragm and 
intercostals (Feldman et al., 2012).

Central CO2  chemoreceptors are acid-sensing, stimulated by pH/CC>2 in cerebrospinal 
fluid, blood and/or tissue. They are separated from blood by the blood brain barrier, 

but CO2 diffuses easily through the capillaries to equilibrate with cerebrospinal fluid and 
tissue. When the blood CO2  level is high the chemoreceptor is stimulated by the resulting 
acidosis. The ultimate output is to motor neuron pools to increase the rate and depth of 

breathing so that blood pH/Pco2 can be returned to a normal value. This is called the 
hypercapnic ventilatory response (F1CVR) and is a critical element in determining an air- 
breathing animals drive to breathe.

The medullary raphe comprise a group of primarily serotonin-synthesizing (5-hydroxy 
tryptamine, or 5-HT) nuclei in the brainstem that are involved in breathing and are thought 
to act as central respiratory chemoreceptors (CRCs). The medullary raphe is known to 
provide tonic modulatory input to the respiratory network, and to mediate expiration via 

serotonin. 5-HT neuronal activity is thought to exert a net stimulatory effect on respi

ratory motor output due to 5-HT co-localization with other excitatory neurotransmitters 
(Hodges and Richerson, 2008). Depending on the experimental preparation, the species 
of animal, and the developmental stage, serotonin receptor activation can produce both 

excitatory and inhibitory effects on respiratory control. 5-HT raphe neurons that project 

to the preBotC are thought to help maintain rhythmic function (Richter et al., 2003). The
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medullary raphe send projections to other respiratory brain regions and to the spinal cord, 
including the cerebellum, the nucleus tractus solitariuus (NTS), nucleus ambiguus, pons, 

preBotC, Botzinger complex (BotC), hypoglossal (XII) motor nucleus, and phrenic motor 
nucleus (Hilaire et al., 2010).

1.2 5-HT pathology in breathing disorders

Respiratory pathologies occur in the Sudden Infant Death Syndrome (SIDS), Central Con

genital Hypoventilation Syndrome (CCHS), Sudden Unexplained Death in Epilepsy 
(SUDEP), Prader-Willi Syndrome, obstructive sleep apnea, panic disorder, and neurode- 
generative diseases. Medullary 5-HT neuron dysfunction is thought to play a role in all 

of these disorders (Hilaire et al., 2010; Kinney, 2009; Richerson et al., 2001). In infants that 
have died from SIDS, brain tissue has been found to have lower levels of 5-HT and its 
associated enzymes, and 5-HT receptor binding abnormality in autonomic control regions 
of brain has been observed. SIDS is thought to be caused by the brain's inability to restore 
homeostasis following a life-threatening challenge (a failure of state-dependent autonomic 
control). A triple-risk hypothesis contends that SIDS is most likely to occur when three risk 
factors overlap: an underlying physiological vulnerability, a critical developmental age (2
12 months), and environmental factors (such as prone sleeping, nicotine exposure). This 

theory is modeled in Figure 1.2 and has been reviewed recently (Nattie, 2009; Kinney and 
Thach, 2009; Kinney et al., 2009). Control of breathing and central chemoreception are 
complex functions that involve many brainstem regions, messengers, and cellular mech
anisms. The relationship between structure and function and the physiology underlying 
both of these functions, and the role of the 5-HT system in these functions has been only 
somewhat elucidated. During development, even transient disturbances of 5-HT can per

manently change the structure of cell networks and receptor expression (Nakamura and 
Hasegawa, 2007). The ubiquitous projections of serotonin neurons (the 5-HT system) and 
the wealth of evidence for 5-HT modulation of not only breathing and chemosensitivity, 

but also anxiety, cerebrovascular control, arousal, pain, and thermoregulation (Richerson, 

2010) support an overall function of the 5-HT system in global control of neural tissue 

homeostasis or motor control (Jacobs and Fomal, 1997). The 5-HT system is thought to 
play a gain-setting role in sensory and motor systems (Mason, 2011).
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1.3 5-HT heterogeneity and raphe heterogeneity

Jacobs and Azmitia (1992) described the 5-HT system of the brain in detail and found 

similarities and differences amongst 5-HT cells. The 5-HT system is not homogeneous, but 

instead shows differences in receptor subtypes on postsynaptic cells, contains differing 

autoreceptors, and displays heterogeneous electrophysiological characteristics. Some 5- 
HT neurons also express other neurotransmitters as well.

Serotonin is a monoamine neurotransmitter that is synthesized and released by cells 

whose soma are exclusive to the brainstem. 5-HT neurons project widely throughout the 
brain. These cells are not homogeneous, but rather show variety in morphology, func
tion, connectivity, receptor subtypes, and electrophysiological characteristics. Dahlstrom 
and Fuxe (1964) classified the 5-HT cell body groups in the brain into nine regions (Bl- 
B9), which are concentrated primarily in clusters along the midline of the midbrain and 

brainstem. 5-HT cell axon distribution is widespread, and includes local projections to 
other midbrain and brainstem areas, as well as more distant projections to the spinal cord, 
thalamus, globus pallidus, nucleus caudate putamen, and cortex. Similarly, 5-HT neu
rons receive afferent inputs from local and more distant sites, including both higher brain 
areas and lower sites. The physiological functions of 5-HT include control of breathing, 
neuroendocrine control (hypothalamic pituitary hormone release), circadian rhythm, sex
ual function, cardiovascular control, feeding, arousal state, and pain modulation (Kinney 
et al., 2009). These inputs to and outputs from the raphe are illustrated schematically in 
Figure 1.3. Pathology of 5-HT transmission has been implicated in breathing disorders, 
obsessive compulsive disorder, schizophrenia, depression, anxiety, migraine, and halluci
nations (Siegel and Albers, 2006).

During the biosynthesis of 5-HT, tryptophan is converted by tryptophan hydroxylase 
(TPH) to 5-hydroxy tryptophan (5-HT); this conversion is the rate-limiting step. TPH 

is found only in 5-HT neurons. The conversion of 5-hydroxy tryptophan to 5-hydroxy 

tryptamine (5-HT) is catalyzed by aromatic amino acid decarboxylase (this enzyme is non
specific to this substrate), and the coenzyme for this step is pyridoxal phosphate (vitamin 
B6). 5-HT is stored by an ATP-dependent vesicular monoamine transporter. The inside of 

the vesicle is acidic from an H+ gradient generated by a proton pump on the transporter 

membrane. Fast increase in 5-HT synthesis is dependent on extracellular Ca2+ (Ca2+-
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dependent phosphorylation of TPH). Exocytosis is voltage dependent (can be blocked by 
tetrodotoxin) and Ca2+-dependent (can be inhibited by Ca2+-free media and Mg2+ chan

nel blockers). After 5-HT has been released into the synaptic cleft, reuptake occurs at the 
presynaptic serotonin transporter (SERT). A Na+ gradient drives the SERT to co-transport 

5-HT from the cleft back into the terminal along with ions. The function of this transporter 

is dependent on Na+ and Cl-  gradients across the presynaptic membrane. Catabolism of 
5-HT can occur in two ways. In one case, which occurs after 5-HT reuptake, monoamine 
oxidase (MAO) on the mitochondrial membrane and aldehyde dehydrogenase convert 5- 
HT to 5-hydroxy indoleacetic acid. In the other pathway, which occurs in the pineal gland, 

5-HT N-aceyltransferase converts 5-HT to N-acetyl serotonin, which is then converted by 
5-hydroxy indole O-methyl transferase to melatonin (Siegel and Albers, 2006).

The Dahlstrom and Fuxe (1964) classifications of 5-HT neurons are: Bl: raphe pallidus 
nucleus, caudal ventrolateral medulla; B2: raphe obscurus nucleus; B3: raphe magnus 
nucleus, rostral ventrolateral medulla, and lateral paragigantocellular reticular nucleus; 
B4: raphe obscurus nucelus, dorsolateral part; B5: median raphe nucleus, caudal part; B6: 
dorsal raph£ nucleus, caudal part; B7: dorsal raphe nucleus principal, rostral part; B8: 
median raphe nucleus, rostral main part, caudal linear nucleus, and nucleus pontis oralis; 
B9: nucleus pontis oralis, supralemniscal region.

There are two main types of fibers in the 5-HT brain network. D fibers are thin, vari
cose fibers that arise from the dorsal raphe. They have extensive branches and are diffusely 
distributed to the striatum and cortex, with small fusiform boutons. M fibers are thick bas
ket axon fibers that arise from the median raphe. They have thick tract fibers that are not 

varicose, but their branches are thin and short. Their axons appear beaded, with rounded 
boutons, and project to the dentate gyrus and cortex. The B1-B4 nuclei project to the brain

stem and spinal cord. The descending pathways to the spinal cord travel from the raphe 
magnus (B3) to laminae I and II of the dorsal horn. From raphe obscurus (B2, B4) pathways 
extend to lamina IX of the ventral horn, and from the rostral ventrolateral medulla and lat

eral paragigantocellular reticular nucleus (B3) to the interomediolateral cell column. The 
three main descending projections of raphe neurons pass through the dorsal horn (sensory 

modulation), the ventral horn (motor modulation), and the interomediolateral cell column 
(autonomic regulation).
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The midbrain (rostral) raphe nuclei include the dorsal raphe nucleus, and the superior 
central nucleus (median). The midbrain raphe project rostrally to the forebrain, and me

diate arousal, cognition, chemosensitivity, breathing, and mood. The pontine raphe nuclei 

include the pontine raphe nucleus and the inferior central nucleus. The medullary raphe 
nuclei include nucleus raphe obscurus (B4 cluster), in the central grey area of medulla 

oblongata; the nucleus raphe magnus (B3 cluster) in ventrolateral medulla (which is a lat

eral extension of the midline raphe); and the nucleus raphe pallidus, in the parapyramidal 
region located at ventral medullary surface. The raphe regions receive afferent connec
tions from other raphe regions, also from the substantia nigra and VTA (dopamine), su

perior vestibular nucleus (ACh), locus coeruleus (norepinephrine), nucleus of the solitary 
tract (epinephrine), hypothalamus, cortex, and amygdala. The anatomical range of the 
medullary raphe is from about 14.5-9.5 mm caudal to bregma in adult rat. The medullary 
raphe are most plentiful approximately in the same coronal plane as the pre-BdtC, and are 
the likely source of thyrotropin releasing hormone (TRH) afferents to the preBotC (Nattie 
and Li, 2009).

In the medullary raph£, all the nuclei are thought to play a role in chemosensitivity and 
control of breathing. The raphe obscurus mediates expiration via inhibitory effect of 5-HT 

and depresses periodic synaptic potentials, stimulates gastrointestinal motor functions, 
and modulates hypoglossal nerve activity. The raphe magnus is stimulated by axons from 
the spinal cord and cerebellum and its main function is thought to be pain modulation, 
and analgesia, but it also may be involved in autonomic tone regulation and thermoreg
ulation (Hodges and Richerson, 2010c; Mason, 2012). The raphe pallidus is involved in 

activation of fever, and sweating; it also mediates the tachycardia response and controls 
brown adipose tissue metabolism (Morrison, 2011).

There are three superfamilies of 5-HT receptors in the central nervous system: 5-HTi, 

5 -HT2 , and 5-HT3_7 (Siegel and Albers, 2006). Each of these families has at least 3 sub
types, denoted by letters (e.g. 5-HTia, 5-HTib), and the family subtypes differ based on 

their pharmacology. 5-HTi receptors inhibit adenylyl cyclase via a heterotrimeric Gj/Go 
protein, decreasing cAMP when activated. The 5-HTia subtype inhibits adenylate cyclase, 

and opens K+ channels. It is a somatodendritic autoreceptor that is found in dendrites and 

cell bodies. When stimulated, 5-HTia receptors prevent action potential firing by increas
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ing K+ conductance, hyperpolarizing the cell so that it becomes less excitable. 5-HTia re
ceptors are found on dendrites and cell bodies of 5-HT cells. If 5-HTia are stimulated with 

an agonist (8-OH DPAT), 5-HT firing rate slows. The 5-HT1B/D receptor subtype inhibits 
adenylyl cyclase, and functions as a presynaptic terminal autoreceptor. When stimulated, 

they inhibit synthesis and release of 5-HT at the synaptic terminal and do not affect action 

potentials. 5-HTia receptors are presynaptically located to provide auto-inhibition and 
fine tuning of serotonergic activity. 5 -HT2 is a postsynaptic receptor. When it is activated, 

it stimulates phospholipase C by phosphotidyl inositol. The 5-HT2A subtype stimulates 
PLC, closes K+ channels, thereby stimulating neurons. It is the site of action of some hal
lucinogens and is important in facilitation of the respiratory rhythm for generating a re
sponse to CO2 . If antagonized with ketanserin, firing rate decreases. 5 -HT3  receptors are 
ligand gated K+ channels, and do not effect second messengers. They are concentrated 
in area postrema by 4th ventricle, near the chemosensory area, and play a role in vomit
ing, and are thought to play a role in addiction (Siegel and Albers, 2006). Effects of 5-HT4 

drugs have implications in breathing, as BIMU8, a selective 5-HT4 serotonin agonist is 
thought to stimulate the preBotC, causing an increase in the rate of respiration (Manzke 
et al., 2003). CGS21680 is a selective 5-HT4 serotonin agonist, and can cause apneas in rat 
pups in vivo. This drug has been used as a model to study pathological conditions such as 
SIDS in neonatal infants and apnea in premature infants (Duy et al., 2010). 5-HT receptors 
constitute the largest known family of all neurotransmitter receptors, and the differential 
expression of 5-HT receptors dictates a cell's overall response to systemic 5-HT (Hilaire et 
al., 2010).

5-HT neurons of the median and dorsal raphe nucleus differ in their electrophysio
logical characteristics and in their inhibition by somatodendritic autoreceptor activation, 
and in topographical organization of their axonal projections. Four main 5-HT morpholo

gies and their relative proportions have been observed in human infant medulla: fusiform 
(50%), granular (25%), pyramidal (25%), and multipolar (2%) (Kinney et al., 2007). 5-HT 

raphe neurons display a stereotypical slow tonic firing pattern (0.5-2.5 Hz; Mason, 1997). 
The slow tonic firing pattern of 5-HT neurons is regulated by intrinsic ionic mechanisms 

(Aghajanian et al., 1990). Tonic inhibition by local GABAergic neurons and auto-inhibition 

by 5-HT!a receptors also prevent over-activation. 5-HT neurons are not a homogeneous
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group, and the varying functions and widespread distribution of the 5-HT system support 

a need for identifying differences in subpopulations of 5-HT cells.

1.4 Introduction to central chemosensitivity

Central chemosensitivity is the ability of an animal's brain to detect and respond to changes 

in blood/tissue CO2 and pH, and is an essential and vital homeostatic process. A CO2 - 
sensitive neuron is one that changes its activity in response to a change in pH/CC>2 con

centration of blood/tissue. To be considered a chemoreceptor, a neuron must be not only 
chemosensitive, but intrinsically chemosensitive, that is, responsive to pH/CC>2 change 
without input from another chemoreceptor. This network-independent chemosensitivity 
must also occur over a physiologically relevant range of CO2  concentrations and pH, and 
ultimately effect a change in ventilatory output that compensates for the perturbation.

The physiology underlying central chemosensitivity is thought to involve a complex 
system consisting of multiple brainstem regions and mechanisms. (Nattie and Forster, 
2010; Erlichman et al., 2009; Nattie, 2011; Huckstepp and Dale, 2011; Hodges and Rich
erson, 2010a). Different populations of putative chemosensors, including chemosensitive 
rhythmogenic circuits have been suggested (Nattie and Li, 2009; Solomon, 2005). Neither 
a single population of neurons nor a single mechanism has been found to be the criti
cal component of central chemosensitivity. Identification of specific regions of putative 
chemosensors and the conditions under which they display chemosensitivity has been an 
important and much-pursued step in the exploration of this process. However, the varying 

effects of chemosensitivity on the physiology of intact systems present variables that can 
confound the conclusions drawn from in vivo experiments. The confounding influences 

can be removed in less complex models, but in experiments done in vitro, the neurons are 
removed from their normal environment and network connections. Any cellular mecha
nisms related to chemosensitivity discovered in these studies are subject to the limitations 

of work in reduced models. There are likely several different types of chemosensitive cells 
and at least as many different mechanisms of cellular sensation. The interaction of the 

different components in the overall central chemosensory system is intricate, and differ

ent hypotheses regarding candidate neurons and mechanisms can conflict, even if differ

ent processes are not mutually exclusive. Because of the extensive networking of putative
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chemoreceptors, the experimental isolation that is necessary to show a population as an in

trinsic chemoreceptor can be difficult to attain in vivo. Therefore, examinations of putative 
chemoreceptors and molecular mechanisms of CO2  sensation in a variety of experimental 

preparations serve a valuable role.
Even a small change in pH can have a deleterious physiological effect, so the CRCs 

must be sensitive to very small changes in pH. Because cerebrospinal fluid has a lower 

buffering capacity than blood, addition of protons to the fluid produces a bigger drop 
in pH relative to the change in pH that would occur in blood. This allows for greater 

sensitivity of the central chemosensory system to changes in blood CO2 .

The mechanisms of CO2  sensing in chemoreceptors are unclear, but candidates include 
acid-sensing ion channels like TWIK-related acid sensing K+ (TASK) channels, such as 
transient receptor potential cation channel subfamily V member 1 (TRPV-1) and calcium 
activated non-specific cation channels (CAN). There are many brain regions that are pu

tative CO2 sensors, and the proposed mechanisms are equally numerous. Neurotrans
mitters and neuromodulators that are implicated in central CO2 chemosensation include 
substance P, thyrotropin releasing hormone, glutamate, GABA, serotonin, noradrenalin, 
ATP, and orexin, in addition to gaseous neurotransmitters. The receptors for these neu

rochemicals are found on putative chemoreceptor postsynaptic targets in the brainstem 
(Nattie and Forster, 2010; Erlichman et al., 2009; Nattie, 2011; Huckstepp and Dale, 2011; 
Hodges and Richerson, 2010a).

1.5 Raphe 5-HT and GABA neurons as chemosensors

Medullary raphe cells are closely associated with the basilar artery near the ventral brain

stem surface. Moving dorsally away from the ventral surface, the medullary raphe nuclei 
are close to the midline and the main branches of the brainstem arteries, and are closely 
apposed to blood vessels throughout their distribution (Bradley et al., 2002). The raphe 

nuclei in the pons and midbrain constitute the dorsal and median raph6 and have some 
functions that differ from the medullary raphe, but have also been shown to be chemore- 
ceptive and closely apposed to brainstem arteries (Severson et al., 2003).

Not all medullary raphe neurons synthesize serotonin, although a large proportion of 

them do. Similarly, not all serotonin-synthesizing neurons in the CNS are contained in the
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raphe, however, the vast majority of them are. The medullary raphe, therefore, constitute 
the bulk of the medullary serotonin system and the term medullary 5-HT system can be 

assumed to refer primarily to the neurons contained in the medullary raphe nuclei. A 

portion of medullary raphe neurons synthesize the inhibitory neurotransmitter GABA. 5- 
HT and GABA raphe neurons are enmeshed and a small subset of cells (~6%) produce 
both 5-HT and GABA (Broadbelt et al., 2010).

Central chemoreception is a major role of the medullary 5-HT system for which there is 
strong evidence, reviewed extensively by Richerson (2004), Hodges and Richerson (2008; 

2010b; c), and Corcoran et al., (2009). The cellular bases responsible for central chemosen
sitivity are not well understood, and are a much debated topic (Guyenet et al., 2008; Rich
erson et al., 2005; Guyenet et al., 2005b). The raphe nuclei in the medulla contain seroton

ergic neurons that have been shown to possess network-independent intrinsic chemosen
sitivity in vitro, but the role of raphe neurons in chemosensitivity in vivo is currently dis
puted. Studies in vitro have identified two distinct phenotypes of intrinsically chemosensi
tive neurons in the medullary raphe: acidosis-stimulated 5-HT cells and acidosis-inhibited 
GABAergic neurons (Richerson et al., 2001).

In vivo, both GABA and 5-HT neurons occur in ventilatory regions and are connected to 
major homeostatic integration and respiratory control centers of the midbrain and brain

stem. Both 5-HT and GABAergic mechanisms are known to be involved in homeostatic 
responses to hypercapnia (Richerson, 2004). Although 5-HT neurons within the raphe 
have been most extensively studied, raphe GABAergic and 5-HT influences are involved 

in response to hypercapnia. In response to hypercapnia, raphe 5-HT neurons release 5- 
HT to respiratory motor nuclei in vivo and 5-HT and non-5-HT raphe neurons express 
immediate-early gene (c-Fos) activation (Haxhiu et al., 2001; Pete et al., 2002; Johnson et al.,

2005). GABA neurons are ubiquitous in their brainstem distribution and have been some
what overlooked in investigation of the cellular basis of chemosensitivity. Both GABA 
and 5-HT raphe neurons seem to contribute to central chemosensitivity, based on this evi

dence. Specific critical populations of 5-HT and GABA cells responsive to CO2 in vivo and 
the mechanisms through which they function, however, are not known.

We proposed a model, based on previous observations, to describe the process of raphe 

contributions to central ventilatory chemosensitivity, mediated by both 5-HT and GABA
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mechanisms (Fig. 1.4). In this model, raphe 5-HT neurons are stimulated by elevated CO2  

and activate central rhythm generators (CRG) and motor neuron pools (MNP) to effect 

ventilatory increase. Also in the model, GABA raphe neurons provide tonic inhibition to 

5-HT raphe neurons, MNP and CRG during normal CO2  concentrations. When CO2 is 
elevated (hypercapnia), the GABA neurons are inhibited, and their input to these neigh

boring cells decreases, thus disinhibiting the 5-HT cells, MNP and CRG, and stimulating 
ventilation. Conversely, when CO2 is low (hypocapnia), 5-HT neuron drive is low, GABA 

neurons are excited, and GABA input to these neighboring cells is elevated, thus inhibiting 
the 5-HT cells, MNP and CRG, and suppressing ventilation. The validity of extrapolating 
observations of chemosensitivity in raphe neurons in vitro to models of chemosensitivity in 
vivo is limited since documentation that chemosensitive neurons occur in the raphe in vivo 

is conflicting. My studies were designed to test this model in an intact system and to aid in 
resolution of the controversy surrounding classification of raphe neurons as chemosensors.

In addition to synthesizing and releasing 5-HT, medullary raph6 5-HT neurons pro

duce thyrotropin-releasing hormone (TRH) and substance P, which is the natural ligand for 
neurokinin 1 receptors (NK1R). These receptors are expressed by glutamatergic neurons 
in the RTN and by noradrenergic neurons in the LC, which are both putative chemosen- 
sory regions (Nattie and Li, 2009). Substance P, 5-HT, and TRH are all released by raphe 

neurons in response to stimulation. These transmitters each stimulate ventilatory motor 
output, both in vivo and in vitro (Corcoran et al., 2009), by increasing excitability of rhythm- 
generating, pre-motor and motor neurons, thus increasing ventilation for the ultimate ef
fect of restoring homeostatic levels of blood CO2 . In addition to direct chemosensation, 5- 

HT neurons have been shown to play a modulatory role in chemoreception, by enhancing 
the hypercapnic response of the rest of the respiratory network (Hodges et al., 2008). This 
evidence collectively forms the basis for the serotonin hypothesis of central chemosensi
tivity, which contends that serotonergic brainstem neurons are respiratory chemosensors. 
Because 5-HT neurons are intrinsically chemosensitive in vitro, are stimulated by hyper

capnia in vivo, and this response is attenuated when 5-HT neurons are disrupted, 5-HT 

neurons are thought to function as chemoreceptors. This hypothesis does not contend 

that 5-HT or any raphe neurons are the exclusive sensory transducers of hypercapnia in 
the brain. It merely contends that they are one component of what is likely a network of
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chemosensitive brain sites (Richerson, 2004).

In vivo, raphe neuron extracellular single-unit recordings from freely moving cats in

cluded 5-HT neurons that increased firing rate in response to hypercarbic ventilatory chal

lenge. Focal cell-specific lesions and pharmocological disruption of serotonergic processes 
have documented impacts on ventilatory chemosensitivity in vivo. Ablation of 5-HT neu

rons (28%) causes severe deficits in chemoreception, decreases CO2 response by 18%, knock
out of 5-HT results in 50% reduction in CO2 response, and knockout of 5-HT transporter 
(5-HTT) results in reduction in CO2 response (Nattie et al., 2004; Li and Nattie, 2008). 
Antagonism of 5-HT receptors with 8-OH-DPAT reduces CO2 response, and focal acidic 
stimulation of raphe magnus increases ventilation and injection of anti-SERT saporin to 

kill 5-HT neurons (50%) in raph6 magnus reduced CO2 response 62% (Hodges et al., 2004; 
Dias et al., 2007). 8-OH-DPAT microdialysis to raphe magnus reduced CO2 response (Tay
lor et al., 2005). Inhibition of caudal medullary raph6 had no effect on CO2  response, but 
produced an enhanced inhibition of the CO2 response at RTN produced by simultane
ous application of muscimol (Li et al., 2006). Based on this evidence, raphe magnus and 

raphe pallidus are hypothesized to be the site of chemosensitivity that directly affects res
piratory neurons. Raph6 obscurus mediates expiration via the inhibitory effect of 5-HT 

and depresses periodic synaptic potentials and may act as a modulator of other chemore- 
ceptive sites, much like the RTN (Lalley et al., 1997; Nattie and Li, 2009). Recent genetic 
studies shed light on the role of 5-HT as well. 5-HT knockout (Lmxlbf/f/P) neonates dis
play severe apnea, and 5-HT neurons provide excitatory drive to respiratory network via 

5 -HT2A and NK1R activation (Hodges et al., 2010b). 5-HT could effect neuronal develop
ment, chemosensitivity, or excitatory modulation of chemoreceptor and respiratory neu
rons. Mutation of pet-1 transcription factor arrests 5-HT cell development, and produces 

pathology similar to SIDS in rat pups (Erickson et al., 2007).
Substance P is the natural ligand for NK1R. 5-HT and NKlR-expressing cells are sep

arate populations in the medulla, but in the medulla, substance P is primarily localized 
in medullary 5-HT neurons, which could be the source of activation of raphe NK1R in

volved in chemoreception (Nattie et al., 2004). Not all of the raphe neurons stimulated by 

hypercapnic acidosis in vitro are serotonergic, and their neurochemical phenotype is unde

termined (Wang et al., 2001). Substance P is also found in the NTS, the nucleus accumbens,
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the dorsal motor nucleus of cranial nerves X and XU. The RTN, LC, and preBotC express 
NK1R (Gray etal., 2001).

1.6 Our prior studies support the push-pull model of raphe chemosensitivity

We have preliminary data demonstrating that 5-HT and GABA neurons are critical to 
chemosensitivity (Corcoran et al., 2008). For this dissertation, I focused on distinguishing 

where these critical pools of 5-HT neurons are located, and determining the distribution 

and neurotransmitter phenotype of chemosensitive and insensitive medullary raphe cells. 
We have shown that neuroventilatory rhythmogenesis and burst pattern formation in the 
in situ perfused brainstem preparation do not depend on 5-HT neuron activity (Toppin et 
al., 2007). Results suggest that 5-HT neurons are critical to chemosensitivity, consistent 

with an interpretation that 5-HT neurons are important chemosensors. These results do 
not distinguish where critical pools of 5-HT neurons are located, although the primary 
populations of such neurons are in the medullary raphe. My studies identify these neu
rons and their precise locations. These data support our model of central chemosensitivity 
influenced by serotonergic and GABAergic raphe neurons.

1.7 Other potential CO2 central chemoreceptors

In the ventrolateral medulla, a population of glutamatergic neurons in the retrotrapezoid 

nucleus (RTN) are stimulated by high CO2 /acidosis. These cells express Phox2b, NK1 re
ceptors, and 5-HT receptors, and they are excited by substance P and 5-HT. The evidence 
for the function of these cells as chemosensors is strong; however, some propose that they 
are the exclusive central chemoreceptors in intact systems (Guyenet et al., 2005a; Guyenet 
et al., 2008). The experimental evidence for other neuroanatomical groups functioning as 

chemoreceptors is also strong, and many authors are supportive of the theory of multi
ple chemoreceptive brainstem regions (Nattie and Li, 2009; Huckstepp and Dale, 2011; 
Dean and Nattie, 2010), as it has not been shown that elimination of RTN chemosensitive 
neurons results in severe loss of central chemosensitivity. The RTN provides chemosen

sitive excitatory drive to most respiratory populations of the nearby ventral respiratory 
column and modulates the activity of the medullary respiratory network, adapting activ

ity to the metabolic state of the system (Smith et al., 2009). The detractors from the multiple
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chemoreceptor theory contend that their own recordings of chemo-insensitive 5-HT neu
rons (identified by firing pattern) outside of the raphe disprove the 5-HT chemoreceptor 

hypothesis, despite the fact that some of the 5-HT cells did respond to elevated CO2  with 

excitation or inhibition. This more likely demonstrates a heterogeneous neuronal popula
tion that cannot be generally characterized with so little evidence, especially if the gener
alization is also extended to all medullary raphe neurons (Mulkey et al., 2004; Guyenet et 

al., 2008). Also at the core of this debate is concern over the validity of in vitro experiments 
that show intrinsic chemosensitivity in cells other than RTN cells (Richerson et al., 2005; 
Guyenet et al., 2005a). The RTN neurons have been shown to retain their chemosensitivity 

after anatomical isolation in slices with glutamatergic blockade, however, the influence of 
5-HT and substance P were not ruled out (Mulkey et al., 2004). The RTN may function as 

an integration point for other chemoreceptive sites rather than as a chemoreceptor itself.
The locus coeruleus (LC) is another major site of putative chemoreceptors. It contains 

noradrenergic cells and expresses NK1R. It is the major site for noradrenaline synthesis in 
the brain, and receives afferent projections from the hypothalamus and raphe. The LC is 

an important homeostatic control area that sends widespread projections throughout the 
hypothalamus, brainstem, spinal cord, and cortex, among other regions. The output of LC 
is modulated by both serotonergic and glutamatergic inputs. The LC may provide tonic 
input for respiratory drive and is involved in central chemosensitivity. Ablation of LC 
causes severe deficits in chemoreception, and even after anatomical isolation or synaptic 
blockade, it retains its chemosensitivity. Recent work suggests that different populations 
of neurons in the LC, including excitatory noradrenergic and inhibitory GABAergic cells, 

express NK1R, which differentially modulates the hypercapnic ventilatory response (de 
Carvalho et al., 2010).

Orexin (or hypocretin) producing neurons are found in the hypothalamus. The hy
pothalamus modulates respiration and projects to the pontine respiratory group and may 

be a site of orexinergic chemoreceptors, and there are hypercapnia-stimulated cells in the 
caudal hypothalamus. If an orexin antagonist is administered, the hypercapnic ventila
tory response is attenuated (Kuwaki et al., 2010). In addition, if orexinergic hypothala

mic neurons are deleted in mice, the hypercapnic ventilatory response is blunted, and can 
be partially rescued with application of exogenous orexin (Nakamura et al., 2007). The
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orexinergic system contributes to arousal state-mediated influences on homeostasis and is 

anatomically connected to the 5-HT system (Dias et al., 2009). Breathing and chemosensi

tivity exhibit arousal state-dependent changes between sleep and wakefulness (Gestreau et 
al., 2008). We have shown that orexin facilitates baseline neural ventilatory output in part 

through 5-HT neurons, by mediating ventilatory burst duration. The orexinergic system 
modulates ventilation and hypercapnic ventilatory response through activation of orexin 
type 1 receptors (Corcoran et al., 2010).

In vivo focal acidosis of the candidate central CO2 chemoreceptor sites discussed above 

produces a ventilatory response, but the relationships and importance of the different sites 
remains unclear. It is likely that there is some redundancy, as well as a range of different 
sensors to respond to perturbations of blood gas levels over the range of physiological 
possibilities, and under different conditions such as arousal state, hypoxia, hypercapnia, 
age, or disease.

Astrocytic release of the purine nucleotide ATP is involved in CO2 chemosensory trans

duction (Gourine et al., 2010). Elevation of CO2 evokes ATP release near the preBotC on 
the ventral medullary surface. ATP has a stimulatory effect when it is applied to neu
rons of the ventral respiratory column. ATP receptors are ubiquitous on other neurons, 

and it is possible that ATP affects other chemosensors in this fashion. Recent work from 
Gourine et al. (2010) shows that astrocytes of the brainstem chemoreceptor areas are highly 
chemosensitive, responding to low pH with ATP release. This initiated a cascade of as
trocytic Ca2+ excitation, activated chemoreceptor neurons, and ultimately resulted in an 
increase in breathing. This suggests a role of glial cells in chemoreception and modulation 
of ventilation that has previously been unknown (Mulkey and Wenker, 2011; Wenker et al., 
2010; 2012).

1.8 Peripheral chemoreceptors sense CO2 and O2

Peripheral chemoreceptors are also important to the ventilatory responses to both hyper

capnia and hypoxia. The carotid body (CB) is comprised of a cluster of glomus cells located 

in the sinus of each of the bilateral external carotid arteries. The carotid bodies function as 
peripheral arterial chemoreceptors, and convey information to the central nervous system 

when blood gas levels are perturbed. Arterial chemoreceptors are located in the aortic and
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carotid bodies. Their primary role is to regulate ventilation, but they also have effects on 
the cardiovascular system. When these bodies sense low O2 or pH levels or high CO2  lev

els, arterial chemoreceptors respond with an increase in discharge frequency, which results 
in peripheral vasoconstriction and a slowing of the heart rate if the animal is not breathing 
(like during submersion). Cardiac output is reduced while mammals are diving; periph

eral vasoconstriction ensures the maintenance of arterial blood pressure and, therefore, 
blood flow to the brain (West, 2008).

CB are innervated by the sensory nerve from the carotid sinus, which joins the glos

sopharyngeal nerve IX sensory fibers, and terminates in respiratory control centers in the 
medulla. Cranial nerve IX fibers project from carotid artery to inferior ganglion, through 
the superior ganglion, to the cranial nerve IX, and lead to the reticular formation in the 
medulla. The CB are comprised of type I (glomus) and type II (sustentacular) cells, ex

tensively interspersed with capillaries. It is thought that the glomus cells function as the 
electrically excitable sensory unit and contain various neurotransmitters, and are closely 
apposed to sensory nerve endings, while the type II cells serve a supporting role, similar 
to glial cells (West, 2008).

The CB respond very quickly to even slight reductions in arterial Pq2 by at least one 
transduction mechanism, increasing sensory discharge that is transmitted by the cranial 

nerve IX to ultimately affect compensatory autonomic modulation of blood pressure and 
breathing. The response to even slight hypoxia is rapid and sustained for the duration of 
the hypoxic period (Prabhakar, 2006). In contrast, the evidence for oxygen-sensitive central 
chemoreceptors is minimal. It has been proposed that the CNS modulatory response to 
hypoxia is mediated predominately by peripheral chemoreceptor inputs. There is limited 
evidence, however, that the pre-Botzinger region of the brainstem is stimulated by direct 
effects of low O2 (Solomon, 2005).

Although carotid bodies detect O2 , CC^/pH, and temperature of blood, they are pri
marily sensitive to O2 . CB response to high CO2 is weaker but the response is faster than 

CRC response to high CO2 . Because it measures three variables, the CB may be able to dis
cern whether or not the low pH is a result of metabolic or respiratory perturbation (West, 

2008). The CRCs are not thought to be hypoxia chemoreceptors.
Because breathing is so essential to survival, almost all aspects of the control of breath-
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mg are complex and likely redundant. In the case of O2  sensing, the central nervous system 
is not adequately equipped to be the sole chemosensor, and the peripheral O2  chemosen

sors are likely almost entirely responsible for initiating the response to hypoxia. The var
ious means by which they sense O2  may be synergistic and interdependent, perhaps al

lowing sensitivity across the entire range of O2  levels. There may be temporal differences 
in the sensors as well, to allow for appropriate response over the time course of hypoxia. 

It could be that both excitatory and inhibitory transmitters act in a push-pull fashion to 
provide fine-timed control via excitation and disinihibition of the CB output (Prabhakar,

2006). The glomus cell number grows in chronic hypoxia, and sustentacular cells are hy
pothesized to be neural progenitors that can differentiate into type I cells under chronic 
hypoxic conditions (L6pez-Barneo et al., 2008). Any central O2 chemoreceptors that exist 
may have an evolutionary origin in air-breathing vertebrates. They may have adapted to 
modulate ventilation in response to peripheral O2  receptors under moderate hypoxia, and 
in severe hypoxia, to initiate ventilatory activity necessary for survival (Milsom, 2010).

In the case of CO2  sensing, peripheral chemosensors may detect something that CRCs 

cannot, such as conditions that do not reach or cross the blood brain barrier. CBs are close 
to the heart and lungs, so they (and aortic bodies) convey information about the blood soon 

after it passes through the pulmonary circuit, before it reaches the brain or other tissues. 
CRCs could detect something that the peripherals do not, like cerebrospinal fluid, or could 
detect changes that have happened in the blood on its way to the brain, or in the brain 
(such as local ischemia). It is important for the body to have sensors directly in the brain, 
not only for the obvious need for complex brain processing and output, but also because 

the brain itself requires well-oxygenated blood and needs to be informed of a gas imbal
ance as soon as possible. Milsom (2010) proposes that central CO2 chemoreceptors evolved 
multiple times as a second line of defense, after an earlier evolutionary origin of periph

eral chemoreceptors to sense the aquatic environment. Convergent evolution of multiple 
chemoreceptors would be a logical explanation for the widely varying chemotransductive 
mechanisms that are becoming apparent in all CO2 and O2 receptors.
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1.9 Specific aim

I aimed to determine the neurotransmitter phenotype of chemosensitive and insensitive 

medullary raphe neurons in situ. I tested the hypothesis that serotonergic and GABAergic 
neurons in the medullary raphe act as chemosensors in an intact system. This study was 

designed to determine if markers for 5-HT and GABA synthesis are located in chemosensi

tive cells and whether these markers are exclusive to specifically chemosensitive neurons. 
I did not expect that all 5-HT and GABA neurons would be chemosensitive. I expected to 
observe that the medullary raphe region is heterogeneous, containing both chemosensitive 
and insensitive 5-HT and non-5-HT neurons, and I sought to identify previously unknown 
populations of chemosensitive neurons in an unanesthetized preparation.

1.10 Experimental approach

In my experimental approach, I addressed the following questions: 1) What are the neuro
transmitter phenotypes (serotonergic or GABAergic) of chemosensitive neurons recorded 
within subnuclei of the medullary raphe (r. obscurus, r. magnus, and r. pallidus)? 2) 
Are there chemosensitive raph6 neurons of a different neurotransmitter phenotype? 3) 
Is there a pattern to the distribution of CCb-stimulated 5-HT and CCb-inhibited GABA 

raphe neurons? Experiments were conducted in situ using an unanesthetized perfused 
decerebrate juvenile rat brainstem preparation (Fig. 1.6). We and others have used this 
well characterized preparation as a tool for studies of neural control of breathing (Paton, 
1996; Toppin et al., 2007). The preparation is decerebrate but otherwise the central ner
vous system is intact, including the entire brainstem respiratory control network, and not 
influenced by anesthesia beyond the initial dissection. The mechanical and physiologi
cal stability of this preparation facilitates ready access for prolonged neuron recording, 
which were required for these studies. The spontaneous firing patterns of raph6 neurons 

were extracellularly recorded, using pulled glass micropipettes, before and after elevation 
of arterial CO2 concentrations. I determined the extent to which neuron firing frequencies 
changed (no change, increase, or decrease) at each location during elevation of arterial CO2 

concentrations. The stereotaxic coordinates of each recording site were noted. When pos
sible, recorded cells were subsequently filled with biotinamide via juxtacellular labeling 

(detailed description in appendix; Pinault, 1996; Winkler et al., 2006). Neurotransmitter
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phenotypes of labeled neurons were then characterized with immunocytochemistry for 
serotonergic and GABAergic neuron markers (Fig. 1.7). Sections were viewed to confirm 

sites of recording relative to major anatomical landmarks and sites were correlated with 
areas of the raphe.

These studies were designed to determine if raphe chemosensitive neurons are sero
tonergic, GABAergic or are of an alternative transmitter type. I expected that some neu

rons would express chemosensitive phenotypes in situ. Furthermore, I expected to observe 
three broad classes of raphe neurons: neurons with no sensitivity, those that increase fir
ing frequencies, and those that decrease firing frequencies with hypercapnia. I predicted 
that raphe chemoreceptor neurons would be distinguished by neurotransmitter pheno
type: that C02-stimulated raphe neurons would be serotonergic, and that C02-inhibited 
neurons would be GABAergic. I predicted that C02-stimulated raphe neurons would be 
immunoreactive for tryptophan hydroxylase (TPH), identifying them as 5-HT synthesiz

ing neurons, and C02-inhibited neurons would be immunoreactive for GAD65/67, iden
tifying them as GABA synthesizing neurons. As raph6 5-HT cells mediate several differ
ent crucial homeostatic processes, I thought it likely that not all 5-HT raphe cells would 
be chemosensitive, and that chemosensitive neurons would occur as a substantial subset 
within a heterogeneous population in the medullary raphe.

Juxtacellular labeling was also conducted with non-chemosensitive raphe neurons in 
situ. I did not hypothesize that all cells with a certain neurotransmitter phenotype would 
be homogeneously chemosensitive. Identification of chemosensitive cells immunonega- 
tive for 5-HT or GABA neuron markers would suggest that an additional raphe neuron 
type possesses chemosensitivity. I knew it was possible that non-serotonergic and non- 
GABAergic neurons would exhibit chemosensitivity.

These studies are the first to assess chemosensitivity of neurons in an intact system (in 
situ) that have been previously identified as chemosensors in vitro. These studies establish 
the presence or absence of both acidosis-stimulated and acidosis-inhibited neurons, and 
they document the sensitivities, heterogeneity, and distributions of such neurons. This ap

proach is innovative in that it is the first use of successful juxtacellular labeling in situ. The 

findings demonstrate the utility of using this method to reveal morphological details of 
functionally characterized individual neurons whose activity may be the basis of central
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chemosensitivity in the intact animal. Studies were designed to investigate if neurons pre
dicted by our push-pull model of raphe chemosensitivity occurred within the raphe. This 

project fills a knowledge gap by determining that these cell types can contribute to cen

tral chemosensitivity in intact systems. I aimed to identify neurotransmitter phenotypes 
of chemosensitive neurons, but do not propose that such neurons are chemoreceptors per 

se. We have previously studied and continue to study the origins of central chemosensitiv
ity, including the nature of raphe network connections and intrinsic chemosensitivity and 
mechanisms of the brainstem raphe neurons, and their relationship with the orexinergic 

system. This study, along with others, was designed to resolve current controversies re
garding the potential contribution of serotonergic and non-serotonergic raphe neurons in 
central chemosensitivity, and to resolve discrepancies based on research conducted in vitro 
and in vivo.

1.11 Major findings

My results demonstrate that the medullary raphe is heterogeneous and clearly contains 

at least three distinct classes of pH/CC>2 -sensitive neurons: C02-stimulated 5-HT neu
rons, CC>2 -inhibited GABAergic neurons that possess this sensitivity independent of ma

jor fast synaptic inputs, and more robustly CC>2 -stimulated non-5-HT neurons. The CO2- 
stimulated non-5-HT neurons constitute a previously unrecognized class of chemosensi
tive raphe neuron that express receptors for substance P and are dependent on network 
inputs from 5-HT and GABA raphe cells for chemoresponsiveness. Based on my identi
fication of these three distinct types of chemosensitive raphe cells, I propose a new raphe 
chemosensory amplifier (RCA) network model to explain raphe contributions to central 
chemosensitivity. In this model the three cell types interact as a pH/C02-sensing network 

that potentially amplifies the chemosensory responses to changes in pH/CC>2 and pro
motes fine-tuning of raphe outflow. Results support the 5-HT chemoreceptor hypothesis, 

and establish the medullary raph6 as one important component of the central chemosen
sory network.
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Figure 1.1: Brainstem regions involved with breathing. A dorsal representation of the 
rat brainstem identifies brain regions involved in generation or modulation of ventila
tion. Abbreviations: Pn, basilar pontine nucleus; V, trigeminal nerve; pont raphe, pon
tine raphe; KF, Kolliker-Fuse nucleus; LPBr, lateral parabrachial nucleus; MPBr, medial 

parabrachial nucleus; Mo5, motor nucleus of the trigeminal nerve; LC, locus coeruleus; 
A5, noradrenergic group 5; VII nuc, facial nucleus; pFRG/RTN, parafacial respiratory 
group/retrotrapezoid nucleus; sp5, spinal trigeminal tract; BotC, Botzinger complex; 

preBotC, pre-Botzinger complex; rVRG, rostral ventral respiratory group; cVRG, caudal 
respiratory group; NTS, nucleus of the solitary tract; med raphe, medullary raphe; AP, 

area postrema; XII nuc, motor nucleus of the hypoglossal nerve; sol, solitary tract; NA, 
nucleus ambiguus; PMN, motor nucleus of the phrenic nerve.
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Figure 1.2: Triple risk model for Sudden Infant Death Syndrome. In this model, three 
conditions occurring simultaneously result in death from SIDS. Within a critical develop
mental period an infant with a physiological vulnerability experiences an environmental 
stressor and fails to respond appropriately to the stressor, leading to SIDS.
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Figure 1.3: Homeostasis-related inputs to and from medullary raphe. Schematic diagram 
of the inputs and outputs of the caudal raphe in the medulla relevant to multiple homeo
static functions. The 5-hydroxytryptamine (5-HT) neurons (red dots) innervate the specific 
effector systems (right). Inputs into the caudal raphe (left) include known transmitter and 
receptor phenotypes that are specifically on 5-HT neurons (circles) and unknown transmit
ter/modulator phenotypes (triangles and question marks). The caudal raphe innervates 
the major effector nuclei of respiration, chemosensitivity, upper airway control, and au
tonomic regulation, including temperature. It receives inputs from the limbic system, the 

hypothalamus, other brainstem regions, and the spinal cord. Abbreviations: BAT, brown 
adipose tissue; GABA, y-aminobutyric acid; HG, hypoglossal nucleus; IML, intermediolat- 
eral column of the spinal cord; LHA, lateral hypothalamic area; NE, norepinephrine; NTS, 

nucleus of the solitary tract; PAG, periaqueductal gray; PGCL, paragigantocellularis lat
eralis; PreBotC, pre-Botzinger complex; RTN, retrotrapezoid nucleus; RVLM, rostral ven

trolateral medulla; VLPO, ventrolateral preoptic area. This figure is from Kinney et al., 

2009.
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Hypocapnia Normocapnia Hypercapnia

Figure 1.4: Push-Pull model of raph6 contributions to central ventilatory chemosensi

tivity. In this model, CC>2 -stimulated raphe 5-HT neurons activate central rhythm gener
ators (CRG) and/or motor neuron pools (MNP) to enhance ventilation (VE). In conjunc
tion, raphe GABA neurons deactivate CRG and/or MNP to attenuate VE. CC>2 -inhibited 
raphe GABA neurons are inhibited by CO2 . VE is stimulated by CO2 both through activa
tion of CC>2 -stimulated 5-HT neurons and by disinhibition resulting from deactivation of 
CC>2 -inhibited GABA neurons. In addition, 5-HT neurons may also be inhibited by GABA 

neurons during normocapnia and hypocapnia, and activated by GABAergic disinhibition 
during hypercapnia (after Corcoran et al. 2008; Richerson et al. 2001).



0 0
Figure 1.5: Brain regions involved in the mammalian ventilatory response to CO2 . 
A dorsal representation of the rat brainstem identifies brain regions (shaded) impli

cated in CC>2 -sensitivity. Abbreviations: pont raphe, pontine raphe; LC, locus coeruleus; 
pFRG/RTN, parafacial respiratory group/retrotrapezoid nucleus; preBotC, pre-Botzinger 
complex; med raphe, medullary raphe; PMN, motor nucleus of the phrenic nerve.
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Figure 1.6: Unanesthetized juvenile rat in situ perfused decerebrate brainstem prepara
tion. In this experimental preparation, artificial cerebrospinal fluid is equilibrated with gas 
from a precision gas mixer, and a roller pump perfuses this solution through the descend
ing aorta of a bisected, decerebrated rat. The animal is unaffected by anesthesia after the 
initial dissection. A sharp glass microelectrode inserted into the brainstem tissue detects 
spontaneous neuron extracellular field potentials, which are amplified, then recorded by a 
computer.
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Figure 1.7: Juxtacellular labeling technique overview. (A) Extracellular recordings of 
medullary neurons are made using pulled glass capillary electrodes (fabricated to 20 MO; 

filled with 5% biotinamide hydrobromide in 0.5 M NaAc). Spontaneously active neurons 
are identified electrophysiologically and classified according to changes in firing frequency 
elicited by elevation of arterial CO2 concentrations. (B) Recorded neuron is individually 
filled with biotinamide using positive current pulses (400 ms duration, 50% duty cycle) of 
gradually increasing intensity (0-10 nA) applied to each cell through the bridge circuit of 
the recording amplifier until entrainment of cell discharge to the current pulse is achieved. 

The stereotaxic coordinates of the recording site are noted. (C) The tissue containing the 
biotinamide-filled neuron is fixed, microtome sectioned, and biotinamide is revealed with 

incubation in a streptavidin-fluorophore conjugate (red) and confocal imaging of sections. 
(D) Section containing labeled neuron is treated to reveal immunoreactivity for the 5-HT- 
synthesizing enzyme tryptophan hydroxylase (TPH-ir, green). (E) Overlay of images C 

and D show colocalization of fluorophores (yellow), indicating that recorded neuron is 
5-HT.
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Chapter 2

Medullary serotonin neurons are CC>2-sensitive in situ

2.1 Abstract

Brainstem central chemoreceptors are critical to the hypercapnic ventilatory response, but 
their location and identity are poorly understood. When studied in vitro, serotonin synthe

sizing (5-HT) neurons within the rat medullary raphe are intrinsically sensitive to changes 
in pH and are stimulated by CO2 /acidosis (Richerson, 2004). The contributions of these 

neurons to central chemosensitivity in vivo, however, are controversial (Guyenet et al., 
2005; Richerson et al., 2005; Corcoran et al., 2009). Lacking is documentation of CO2- 

sensitive 5-HT neurons in intact experimental preparations and an understanding of their 
spatial and proportional distribution. Here we test the hypothesis that 5-HT neurons in 
the rat medullary raphe are sensitive to arterial hypercapnia. We use extracellular record
ing and hypercapnic challenge of spontaneously active medullary raphe neurons in the 

unanesthetized in situ perfused decerebrate brainstem preparation to assess chemosensi
tivity of individual cells. Juxtacellular labeling of a subset of recorded neurons and subse
quent immunohistochemistry for the 5-HT synthesizing enzyme tryptophan hydroxylase 

identify or exclude this neurotransmitter phenotype in electrophysiologically character
ized chemosensitive and insensitive cells. We show that the medullary raphe houses a 
heterogeneous population, including chemosensitive and insensitive 5-HT neurons. Of 
124 recorded cells, 31% (38) increase firing rate with hypercapnia ("C02-stimulated" cells). 
16 cells were juxtacellularly filled, and visualized, and immunohistochemically identified 
as 5-HT-synthesizing, based on TPH immunoreactivity (TPH-ir); 44% (7) of which were 
C02-stimulated cells while 56% (9) were unstimulated. Our results demonstrate that the 
intact medullary raphe is both heterogeneous and clearly contains a subset of 5-HT neu
rons that are excited by arterial hypercapnia. As intrinsically CCVsensitive 5-HT neurons 

are identified in vitro, these results support a role for such cells as central chemoreceptors.

2.2 Introduction

Knowledge of the neurons and cellular basis with which the brain detects and responds 
to changes in CO2 /PH (central chemosensitivity) is critical to understanding both home

ostatic regulation of pH and the nature of diseases believed to result from failures in
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chemosensitivity, such as sleep apnea, Congenital Central Hypoventilation Syndrome and 
the Sudden Infant Death Syndrome (SIDS). In particular, vulnerability to SIDS is proposed 

to occur as a result of brainstem serotonergic dysfunction (Paterson et al., 2006; Kinney et 

al., 2009; Kinney and Thach, 2009; Duncan et al., 2010). However, the consequences of such 

dysfunction are unknown. Recent reviews of the cellular basis of central chemosensitivity 
suggest it is best considered a complex system function involving multiple mechanisms 

and brainstem sites (Feldman et al., 2003; Jiang et al., 2005; Nattie, 1999; Nattie and Li, 

2009; Putnam et al., 2004). Single critical mechanisms have not been isolated, neither has 
a single locus been convincingly revealed as the seat of central chemosensitivity. Sero
tonin synthesizing (5-HT) neurons in the brainstem raphe nuclei are proposed as one of a 
limited pool of potential chemosensitive cell types functioning as central chemoreceptors 
(Richerson, 2004; Corcoran et al., 2009; Hodges and Richerson, 2010).

Serotonergic mechanisms are known to be involved in homeostatic responses to hyper
capnia (Richerson, 2004). We have shown that neuroventilatory rhythmogenesis and burst 
pattern formation in the in situ perfused brainstem preparation do not depend on 5-HT 
neuron activity (Toppin et al., 2007), but that 5-HT activity is critical to central chemosensi
tivity (Corcoran et al., 2008). Rodents display perturbed ventilation when 5-HT function is 

altered genetically (Hodges et al., 2008; Cummings et al., 2011b; Hodges et al., 2011; 2009; 
Buchanan and Richerson, 2010), or disrupted by targeted pharmacalogical lesion (Cum
mings et al., 2011a), by selective silencing (Ray et al., 2011), dietary tryptophan restriction 
(Penatti et al., 2011b), and loss of function (Nattie et al., 2004; Dias et al., 2007; Li and Nattie, 
2008; Penatti et al., 2011a). Intrinsically C02-stimulated 5-HT neurons occur in the brain
stem raphe nuclei in vitro, and 5-HT neurons occur in highly vascular regions connected to 
major homeostatic integration and respiratory control centers (Wang et al., 2001; Severson 

et al., 2003). Hypercapnia induces immediate-early gene (e.g., c-Fos) expression in raphe 
5-FIT neurons (Lamicol et al., 1994; Haxhiu et al., 2001; Johnson et al., 2005; Pete et al., 
2002) and 5-HT release in respiratory motor nuclei in vivo (Harper et al., 2005). Extracellu
lar single-unit raphe neuron recordings from freely moving cats have identified putative 

5-HT neurons responding to hypercarbia with increased firing and sensitivities paralleling 
ventilatory sensitivity to CO2 (Veasey et al., 1995).

Collectively, these observations support raphe 5-FIT neurons as important chemore-
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ceptors (Nattie and Li, 2009; Richerson, 2004). However, extrapolation of these findings 

to suggest that raphe 5-HT neurons serve as chemoreceptors in vivo is criticized; lacking 
is documentation of chemosensitive 5-HT neurons within the raphe of intact preparations 

(Guyenet et al., 2005; 2008). Also unknown are: 1) if C02-stimulated raphe neurons are 
5-HT exclusively or if raphe 5-HT neurons are uniformly chemosensitive; 2) the neuro

transmitters contained in and potentially distinguishing chemosensitive and insensitive 

raphe neurons; 3) which populations of 5-HT cells are responsive to CO2 in vivo; and 4) the 
mechanisms through which they function.

The present study was designed to document chemosensitive 5-HT neurons within the 

raphe of the in situ unanesthetized perfused decerebrate juvenile rat brainstem prepara
tion (Paton, 1996; Toppin et al., 2007), to determine if a 5-HT neuron marker locates in 

chemosensitive cells and whether this marker is exclusive to these neurons. We tested the 
hypothesis that 5-HT neurons in the rat medullary raphe are sensitive to arterial hyper
capnia. We demonstrated the presence of CO2 -stimulated 5-HT medullary raphe neurons 
in situ, within a heterogeneous medullary raphe population of both chemosensitive and 
insensitive 5-HT and non-5-HT neurons.

2.3 Methods

Experimental animals and surgery: All protocols were in accordance with University of Alaska 
Fairbanks IACUC. Experiments were conducted in preparations derived from juvenile 
(P20-P30; 60-150g) male Simonsen albino rats; (Sprague-Dawley derived; Simonsen Labo
ratories) in situ using the perfused decerebrate juvenile rat brainstem preparation, as per 
published methods (Toppin et al., 2007; Corcoran et al., 2013). Under baseline conditions, 

perfusing solutions were equilibrated with 95% 02-5% CO2 (Pco2 33 mmHg; pH 7.4). Neu
ronal recordings were always initiated under baseline conditions, followed by brief (5 min) 

hypercapnic challenges (91% O2 - 0029%  CO2 ; Pco2 60 mmHg; pH 7.2; 5 min) before a re
turn to baseline.

Extracellular recording: Extracellular recordings of medullary raphe neurons were made 

using pulled glass capillary electrodes (15 - 40 M£2), filled with biotinamide hydrobromide 
(Invitrogen) dissolved at 5% in 0.5M sodium acetate. We targeted regions of the medullary 

raphe (including the raphe obscurus, raphe magnus, and raphe pallidus) along the mid-
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line (+ 0.1 mm lateral) between 0 and 3.25 mm caudal to interaural line, 10-12 mm below 

the dorsal surface. These are areas in which CO2  sensitive neurons have been identified in 

vitro. Electrodes were placed above raphe target areas and driven into the tissue using a 
fine stepping motor (2 /jm steps; Burleigh Inchworm) held in a stereotaxic 5-axes microp
ositioner integrated with a digital brain atlas (Benchmark Angle Two; MyNeuroLab). A 

normocapnic baseline firing was recorded for each unit, followed by a 5 min hypercapnic 
challenge, and then a 5 min minimum normocapnic recovery period.

Biotinamide fills: Extracellular recordings were made with an intracellular amplifier 

(Axon Multiclamp 700B) in current clamp mode, so that current could be injected through 
the electrode while action potentials (extracellular field potentials) were monitored. Neu
rons were indiscriminately assessed for response to hypercapnia. After the completion of 
the trial, if the neuron's signal amplitude was sufficiently large, we attempted to individu
ally fill the neuron with biotinamide using the juxtacellular labeling method (Pinault, 1996; 
Winkler et al., 2006). Recorded neurons were individually filled with biotinamide by ap
plying positive-current pulses (400 ms duration, 50% duty cycle) of gradually increasing 
intensity (0-10 nA max in 0.2 nA steps) to each cell through the bridge circuit of the record
ing amplifier until entrainment of cell discharge to the current pulse was achieved. Cell 
entrainment was maintained for at least 30 s. These current pulses trigger the iontophoretic 

ejection of biotinamide and entrainment facilitates uptake of this marker by the recorded 
and entrained cell. 30 min after termination of entrainment were allowed for biotinamide 
to disperse within the neuron before tissue fixation. The stereotaxic coordinates of the 
recording site were noted. Height and width of individual spikes before, during, and after 
juxtacellular entrainment were continuously monitored to ensure that previously recorded 
neurons were labeled (Pinault, 1996; Winkler et al., 2006).

Neurons were selected for recording and hypercapnic challenges when we were con

fident that the electrode tip was located within the medullary raphe, the recorded unit 
was firing spontaneously, and the unit's signal amplitude was sufficiently large to ensure 
a satisfactory recording. No discrimination was made based on unit firing characteristics 

or chemosensitivity. Chemosensitivity was assessed offline, and was not always obvious 

during the hypercapnic trials. In this sense, cells were recorded and filled indiscriminately, 
based only on likelihood of being in the medullary raphe and exhibiting adequate sponta
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neous discharge. Therefore, visualized cells should comprise a population representative 
of the targeted medullary raphe regions.

Immunohistochemistry: After juxtacellular labeling, rats were perfused through the de

scending aorta with fixative, 4% paraformaldehyde in 0.1M PBS. Brainstems were removed 

and stored overnight in the fixative, cryoprotected with 30% sucrose/PBS until infiltrated, 
and frozen in hexanes cooled with an ethanol/dry ice slurry. A series of coronal sections 

(30 fan) were cut through the medulla using a freezing microtome (cryostat), and melted 
directly onto slides. Biotinamide introduced into single neurons by juxtacellular labeling 

was revealed with a streptavidin-Alexa 546 conjugate (Invitrogen #S-11225; 4/ig/mL). Sec
tions were then treated with antibody for the 5-HT-synthesizing enzyme tryptophan hy
droxylase (TPH). We used mouse anti-TPH monocolonal primary antibody (Sigma #T0768; 
1:1000 dilution) followed by a secondary Alexa 488-labeled goat anti-mouse (Invitrogen 
#A-11029; 1:500 dilution) antibody. Immunohistochemical controls included incubation 
of medullary sections without primary antibody to rule out non-specific binding of the 

fluorophores and incubation without fluorescent antibodies to rule out autofluorescence. 
The immunohistochemistry protocols were also performed on tissue known not to express 
target immmunoreactivity. 5-HT-related immunoreactivity was primarily localized in the 
raphe of medullary sections. Sections were air-dried, mounted with Vectashield (Vector 
Labs) and coverslipped. Low-magnification (lOx) images were used to determine the lo

cation of biotinamide-labeled cells in relation to anatomical landmarks (ventral surface, 
pyramids, etc.), and cells were mapped onto the brain atlas at the appropriate location. 
Local biotinamide- and TPH-related fluorescence was visualized at 40x to identify colocal

ization of TPH in biotinamide-labeled neurons. Sections were viewed to confirm sites of 
recording relative to major anatomical landmarks, and this placement was correlated with 
areas of the raph6 and TPH phenotype of surrounding tissues. Fluorophores were indi
vidually excited and emission spectra were collected separately to minimize interference 
using a Zeiss LSM510 confocal microscope: biotin-filled neuron, Alexa 546, 543nm laser, 

filter BP 560-615; anti-TPH, Alexa 488, 488nm laser, filter BP505-530. Images at one focal 

plane were collected with a lOx objective and z-stacks were collected with a 40x objective. 
40x images are presented as a collapsed projection of a z-stack.

Data analysis: Using indirect immunofluorescence, 5-HT neurons were identified as
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those expressing TPH immunoreactivity. The number and location of cells containing both 
biotinamide and TPH immunoreactivity were noted. TPH immunoreactivity in tissues 

surrounding biotinamide-labeled neurons was also noted. We discriminated individual 

extracellular unit activity using computer spike sorting software (Spike Histogram, AD 

Instruments). Stable 1- to 3-min periods of single unit firing were analyzed before, during, 
and after hypercapnic challenge ("baseline", "hypercapnia", and "recovery", respectively) 

to provide a mean value for unit firing frequency (spikes/s), mean interspike interval (ms), 
standard deviation and standard error of mean interspike interval, and spike width. Sub

set analysis was used to classify neurons as unstimulated where relative frequencies failed 
to increase from baseline by >20%, or CCb-stimulated where relative frequencies increased 
from baseline by at least 20%. We used ANOVA using repeated measures as appropriate 
to test for differences between means. Post-hoc tests used Holm-Sidak pairwise compari
son (SigmaPlot). Values were expressed as means ±  standard error of the mean, and the 
criterion for statistical significance was set at p <0.05.

2.4 Results

The medullary raphe contains C02-stimulated and unstimulated neurons. Single unit 
extracellular recordings from medullary raphe neurons displayed different firing responses 

to hypercapnia. We grouped these into two broad classes, based on change in firing fre
quency during hypercapnia: "C02-stimulated" cells increased firing rate relative to base
line by >20% during hypercapnia, and "unstimulated" cells did not. Cell firing frequency 
and regularity were used to characterize putative 5-HT neurons (Mason, 1997; conclusive 
identification of 5-HT neurons was based on juxtacellular labeling and immunohistochem- 
ical neurotransmitter phenotyping). Recordings indicate that raphe putative 5-HT neurons 

do exhibit a C02-stimulated phenotype.
Electrophysiological characterization of neuronal chemosensitivity was obtained by ex

tracellular recording through CO2 challenges for 124 out of 136 individually recorded neu
rons (recording for 12 cells was not sufficiently maintained throughout recovery period, 

and data are not included). Of these 124 neurons, 38 cells (31%) were classified as CO2 - 
stimulated, responding to hypercapnia with a >20% increase in firing rate and returning 

toward baseline upon return to normocapnia. A representative recording is shown in Fig
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ure 2.1. 16 of the 124 electrophysiologically characterized cells were juxtacellularly filled, 

subsequently recovered, and successfully visualized to reveal positive immunoreactivity 
for tryptophan hydroxylase (TPH-ir), identifying them as 5-HT synthesizing. A represen
tative CO2 -stimulated 5-HT neuron is illustrated in Figure 2.2.

CC>2 -stimulated and unstimulated 5-HT medullary raphe cells are distinct, and have 

different baseline, hypercapnic, and recovery firing frequencies Of the 16 juxtacellulary 

labeled 5-HT synthesizing cells, 7 (44%) were C02-stimulated, and 9 (56%) were unstim
ulated (Fig. 2.3a). Firing characteristics distinguished these as two homogeneous and 
distinct subsets. Mean hypercapnic firing rates were increased from baseline in CO2- 

stimulated 5-HT cells (43%; p <0.001). Baseline and recovery firing frequencies did not 
differ, confirming a return to baseline firing rate after 5 min of recovery normocapnia. 

There were no differences between baseline, hypercapnic, and recovery firing rates for the 
unstimulated 5-HT group (p =0.44). Hypercapnic firing frequencies normalized to respec
tive baseline firing frequencies confirm significant differences in hypercapnic responses 
between the C02-stimulated and unstimulated 5-HT cells (p <0.001; Fig. 2.3b). Firing fre
quencies at baseline, hypercapnia, and recovery all differed between the C02-stimulated 
and unstimulated 5-HT groups, with unstimulated cells exhibiting greater firing frequen
cies than CCVstimulated cells (Fig. 2.3a; p <0.05).

CC>2 -stimulated 5-HT cells are clustered in the rostral medullary raph6 We deter

mined the relative anatomical locations, based on stereotaxic coordinates, and histological 
examination, of biotin-filled 5-FIT neurons. All cells were found within the medullary 
raphe. A plot (Fig. 2.4a) of the location of the cells on a sagittal representation of the 

medullary raphe nuclei indicates that the average location of the CC^-stimulated 5-HT 
neurons is somewhat more rostral than that of the unstimulated 5-HT cells. All CO2 - 
stimulated 5-HT cells were located in either the rostral half of raphe pallidus or in raphe 
magnus, which is the most rostral nucleus of the medullary raphe. The unstimulated 5-HT 
cells were found throughout the medullary raphe, including raphe obscurus. Figure 2.4b 

shows the location and TPH immunoreactivity of an individual C02-stimulated 5-HT cell 

in raphe magnus. Figure 2.4c shows a C02-stimulated 5-HT cell in raphe pallidus, on the 
ventral surface of the brainstem, apposed to the basilar artery cavity. Figure 2.4d shows 

the TPH immunoreactivity of an unstimulated 5-HT cell in raphe obscurus. All cells were
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proximal to the midline (within 0.1 mm). The CO2 -stimulated 5-HT cells described here 
are clustered in the rostral medullary raphe midline (raph6 magnus and raphe pallidus), 

likely within the anatomical region thought to arise from the r5 rhombomeric 5-HT sub
lineage (Jensen et al., 2008; Brust et al., 2010).

2.5 Discussion

Extrapolation of in vitro characterizations of intrinsically CCVsensitive raphe 5-HT neu
rons to suggest that these cells contribute to central chemosensitivity in vivo is limited by 
a lack of conclusively identified CC>2 -sensitive 5-HT neurons in intact experimental prepa
rations. Here we provide the first application of the juxtacellular labeling technique, in 

conjunction with electrophysiological characterization, to conclusively identify the neu
rotransmitter phenotype of specific chemosensitive and insensitive raphe neurons in a 
relatively intact and unanesthetized rodent system. We have demonstrated the presence 
of C02-stimulated and unstimulated neurons in the intact raphe. Furthermore, we have 
shown that C02-stimulated 5-HT neurons are distributed across the raphe. These are the 
first characterizations of the heterogeneity of raphe chemosensitivity in situ. The findings 
demonstrate the utility of combining these methods to reveal morphological details of 
functionally characterized individual neurons whose activity may be the basis of central 
chemosensitivity in the intact animal. Our recordings illustrate that C02-sensitive neu
rons are common within the raphe. These recordings, when combined with juxtacellular 
labeling and immunohistochemical neurotransmitter phenotyping, confirm the presence 
of C02-sensitive raphe 5-HT neurons. Our data also caution against the supposition of 
raph6 and 5-HT neuron homogeneity.

The neurons in this study were classified as "C02-stimulated" if they presented a min
imum 20% increase in firing frequency with exposure to arterial hypercapnia, or "unstim

ulated" if they did not. The current study was designed to test the hypothesis that CO2 - 
stimulated 5-HT raphe neurons occur under a physiologically relevant level of chemostim- 
ulation and in a relatively intact preparation lacking the influences of anesthesia. Our 

data support this hypothesis. Results indicate heterogeneity with respect to: general CO2- 

sensitivity of neurons within the raphe; CO2 -sensitivity of specifically identified raphe 

5-HT neurons; and distribution of C02-sensitive 5-HT neurons across raphe subregions.
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Without consideration of this heterogeneity, 5-HT neurons collectively would not present 
consistent chemosensitivity (Fig. 2.3b). We are mindful that unstimulated cells may have 

been generally insensitive or simply insensitive with respect to firing frequency within the 

range of chemostimulation used and under the conditions of study. We obviously can
not exclude the possibility that such cells would present chemosensitivity under different 

conditions.

Of the labeled 5-HT cells included in this study, the C02-stimulated cells have a sig
nificantly lower baseline firing rate than the unstimulated 5-HT cells (Fig. 2.4). These 

may represent two discrete populations distinctive with respect to some other parameter 
in addition to firing pattern. Alternatively, it could be the baseline firing rate itself that de
termines whether or not a 5-HT cell will respond to hypercapnia. The maximum baseline 
firing frequency for any of the juxtacellularly labeled 5-HT cells was 2.3 Hz. The maximum 

observed firing frequency during any analyzed portion of recordings of a juxtacellularly 
labeled 5-HT cells was 2.5 Hz, and this was achieved during a hypercapnic gas exposure. It 
may be that 2.5 Hz approximates a physiological maximum firing frequency for 5-HT neu

rons (in situ). The faster-firing subset of 5-HT cells could already approximate maximum 
firing rates at baseline and have no capacity to respond to hypercapnia with a discharge 
increase beyond this physiological "ceiling". Having a baseline firing rate below the max
imum would provide the other subset of 5-HT neurons the dynamic range and capacity to 
be stimulated by CO2 .

The medullary raphe; nuclei consist of three nuclei: raphe magnus, raphe obscurus, and 
raphe pallidus. The relative anatomical distribution of CC>2 -sensitive and insensitive 5-HT 
neurons suggest that different classes of 5-HT cells are clustered in particular subregions, 
in agreement with other results demonstrating 5-HT neuron groups that are defined by 
anatomy (Dahlstrom and Fuxe, 1964), developmental origin (Wallace and Lauder, 1983; 

Jensen et al., 2008; Wylie et al., 2010), and chemoresponsiveness or other physiological 
function (Brust et al., 2010; Jacobs et al., 2002; Madden and Morrison, 2006). Central 5-HT 

cells are not homogeneous (Jacobs and Azmitia, 1992; Kiyasova et al., 2011), but rather 
show variety in function, morphology, connectivity, receptor subtypes, and electrophys

iological characteristics (Dahlstrom and Fuxe, 1964; Bang et al., 2011; Calizo et al., 2011; 

Allers and Sharp, 2003; Kirby et al., 2003; Kocsis et al., 2006; Haj6s et al., 2007; Schweimer
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and Ungless, 2010). The varying functions and widespread distribution of the 5-HT system 
support a need for differences in subpopulations of 5-HT cells. 5-HT neuron subtypes with 

distinct molecular developmental histories and requirements have been defined, based on 

genetic lineage (Jensen et al., 2008; Kiyasova and Gaspar, 2011). Furthermore, these sub
types have been shown to have functional and pathophysiological heterogeneity (Kinney 

et al., 2011). Chemosensitive 5-HT neurons likely constitute at least one of these neuron 

categories, distinct in anatomical architecture, function, and developmental lineage (Brust 
et al., 2010).

Our observation that 31% of recorded medullary raphe cells were C02-stimulated is 
consistent with the findings of Veasey et al. (1995) that 22% of putative 5-HT neurons 
in the medulla and 25% of dorsal raph6 nucleus neurons increase firing rate during CO2 

breathing in awake, freely moving cats. Because of the larger sample size of the recorded 
neurons in the present study (n=124, 16 of which were immunohistochemically identi
fied), the characterization of chemosensitivity of all recorded neurons presented here re
flect characteristics of the medullary raph6 region in situ. We have indiscriminately se
lected a random sample representative of the medullary raph6 as a whole and shown that 
spontaneously active C02-sensitive 5-HT cells are located in raphe magnus and raphe pal
lidus. No CC>2 -stimulated 5-HT cells were found in the raphe obscurus. Several of the 

C02-stimulated neurons (n > 10) were in raphe obscurus, according to stereotaxic coor
dinates. These were not immunohistochemically phenotyped, or anatomically visualized, 
therefore it is unknown whether or not any of them were 5-HT cells. The majority of the in
dividual medullary raphe cells that we have juxtacellularly labeled and screened for TPH 

immunoreactivity are TPH immunonegative (data not shown). It cannot be assumed that 
a medullary raphe cell is a 5-HT neuron solely because it is located in the raphe, near other 

5-HT neurons, nor because it has a firing pattern common to 5-HT neurons (Calizo et al., 
2011).

Positive characterization of chemosensitivity and immunohistochemical identification 

of a subset of neurons that synthesize a particular neurotransmitter (16 cells as presented 

here) confirm the existence of the C02-sensitive 5-HT phenotype. However, negative re
sults from an experimental population this size are not sufficient to eliminate the possi

bility that other phenotypes exist among the population. The fact that few biotin-filled
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5-HT cells were found in the most caudal medullary raphe regions is likely coincidental, 
reflecting a small sample bias, as our histological examination of these regions indicates 

abundant TPH immunoreactivity, and we have numerous (n > 60) electrophysiological 
recordings from cells in this region that exhibit firing patterns characteristic of 5-HT neu

rons (data not shown). We have recovered several biotin-filled non-5-HT cells in this region 

as well (data not shown). The apparent trends in the sample data may illustrate trends in 
the larger population, as they concur with existing data (Mulkey et al., 2004; DePuy et al., 
2011; Veasey et al., 1995). Because of the relatively small sample size of definitively phe- 
notyped 5-HT cells in the present study, we do not suppose that the chemosensitivity and 
anatomical distribution of the characterized biotin-filled 5-HT neurons presented here can 
represent the characteristics of medullary raphe 5-HT population as a whole. We instead 

suggest foremost that chemosensitive cells exist as part of a heterogeneous population in 
the medullary raph6 in situ, and that these definitely include C02-stimulated 5-HT neu

rons.
Since raphe cells contribute to several different crucial homeostatic processes, there is 

no surprise in our observations that not all cells in the raphe are 5-HT neurons, not all 5-HT 
raphe cells are chemosensitive, and that chemosensitive neurons occur as a substantial sub
set within a heterogeneous population in the medullary raphe. Although we have demon

strated that C02-stimulated raphe 5-HT neurons occur in situ, these data do not show that 
raphe 5-HT neurons are chemoreceptors per se. A great deal of in vitro evidence suggests 
that raph6 neurons are intrinsically chemosensitive and, thus, have the capacity of central 
chemoreceptors. Lacking has been documentation in intact unanesthetized preparations 

that chemosensitive neurons do occur in the raphe, and identification of the neurotrans
mitter phenotypes characteristic of chemosensitive and insensitive neurons. The present 

study provides this critical evidence and supports raphe 5-HT neuron as chemoreceptors 
contributing to central chemosensitivity.
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Figure 2.1: Single unit extracellular recording of C02-stimulated raphe 5-HT neuron 
in situ. Recordings from a single C02-stimulated raphe neuron show a firing frequency 
of 0.9 Hz during exposure to 5% CO2  (A), a 41% increase in firing frequency (to 1.2 Hz) 
with exposure to 9% CO2  (B) and recovery with return to baseline conditions (C). Firing 

frequency and regularity analysis indicated this to be a putative 5-HT neuron.



52

H J

' A

Figure 2.2: Extracellular recording of a CC>2 -stimulated 5-HT neuron. Recordings during 
normocapnic baseline (A), hypercapnia (B), and normocapnic recovery (C) demonstrate a 
C02-stimulated cell. Recording of this cell was maintained prior to (D) a juxtacellular en
trainment attempt, during which the neuron was stimulated with 400 ms positive current 
pulses of gradually increasing amplitude. The cell entrained with firing synchronous to 
0.8 nAmp current pulses (E) and was filled with biotinamide as a result. The biotinamide 
fill (red) and TPH immunoreactivity (green) were visualized after histological processing 
and a low magnification photomicrograph of a coronal section (F) shows the cell location 

within raphe magnus, near the dorsal border, on the midline (atlas representation in G; 
Paxinos and Watson, 1998). Higher magnification images of staining in the same section 

reveal a population of TPH-ir cells (H), including the recorded cell with biotinamide fill (I), 
and its colocalization with TPH immunoreactivity (J), positively identifying the recorded 

CO-stimulated cell as 5-HT synthesizing. Height and width analysis of individual spikes 

(not shown) confirmed recording of the same individual neuron throughout CO2 exposure 
and juxtacellular labeling.
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Unstimulated CCL-stimulated A ll 5-HT

Figure 2.3: CC>2 -stimulated and unstimulated 5-HT medullary raphe cells have different 
baseline firing frequencies and hypercapnic sensitivities. Of 16 juxtacellulary labeled 

5-HT cells, 7 (44%) were C02-stimulated, and 9 (56%) were unstimulated (A). Average 
baseline, hypercapnic, and recovery firing rates for the C02-stimulated 5-HT cells (filled 
circles) were 0.82 ±  0.15 Hz, 1.11 ±  0.17 Hz, and 0.93 ±  0.18 Hz respectively, a significant 
increase of 0.29 Hz (43%; p <0.001). Mean baseline and recovery firing frequencies of this 
group are not significantly different, indicating a return to baseline firing rate after 5 min 
of recovery normocapnia. Mean baseline, hypercapnic, and recovery firing rates for the 
unstimulated 5-HT cells (open circles) were 1.82 ±  0.15 Hz, 1.66 ±  0.15 Hz, and 1.76 ± 
0.18 Hz, respectively, an insignificant change of 0.16 Hz (p =0.44). Baseline, hypercapnic, 
and recovery firing frequencies differed between CC>2 -stimulated and unstimulated 5-HT 
neurons (t p <0.05). (B) Hypercapnic firing frequencies normalized to respective base
line firing frequencies confirm significant differences in hypercapnic responses between 
the CO2 -stimulated and unstimulated 5-HT cells ( p <0.001). Hypercapnia produced a 
mean increase in firing frequency of 43% in CC>2 -stimulated 5-HT cells, and a slight but 

insignificant mean decrease of 7% in unstimulated 5-HT cells. Without consideration of 

heterogeneity between distinct C02-stimulated and unstimulated 5-HT neuron subsets, 5- 
HT neurons collectively do not present consistent chemosensitivity (grey bar, 15% increase 

overall).
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Figure 2.4: C02-stimulated 5-HT cells are clustered in the rostral medullary raphe mid

line (raphe magnus and raphe pallidus). (A) Position of juxtacellularly labeled 5-HT neu

rons plotted onto a saggital outline of the medullary raphe nuclei. Representative 40x 
photomicrographs show an unstimulated raphe obscurus cell (B), a CCb-stimulated raphe 

pallidus cell (C), and a CC>2 -stimulated raphe magnus cell. Biotinamide fills are red and 
TPH immunoreactivity is green (B, C, D).
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Chapter 3
GABAergic neurons in the medullary raph£ possess network independent

chemosensitivity in situ

3.1 Abstract

Neurons that synthesize y-aminobutyric (GABA) demonstrate intrinsic sensitivity to CO2 / 

pH in vitro by being inhibited by acidosis. We tested the hypothesis that CO2 similarly in
hibits GABAergic medullary raphe neurons in a more intact preparation, and that this 
sensitivity is not dependent on major fast synaptic network inputs. Chemosensitivity of 
raphe neurons was assessed through extracellular single unit recording of spontaneously 

active cells before and during a hypercapnic challenge in an unanesthetized juvenile rat in 
situ perfused decerebrate brainstem preparation. Here we show results from 63 individual 
cells that demonstrate reversible inhibition (decreased firing from baseline by >20%) with 

this treatment. A subset of electrophysiologically characterized cells were filled with bioti- 
namide using juxtacellular labeling and subsequently immunostained to reveal markers of 
GABAergic identity (glutamic acid decarboxylase 67: GAD67). To determine if chemosen

sitivity was dependent on synaptic inputs to these neurons, hypercapnic gas challenges 
were also performed during pharmacological inhibition of major fast synaptic inputs (FSI 

blockade) using receptor antagonists for NMDA (3-((±)2-carboxypiperazin-4yl)propyl-l- 
phosphate; CPP), AMPA/kainate (6-cyano-7-nitroquinoxaline-2,3-dione; CNQX), glycine 
(strychnine hemisulfate), and GABAa (±  bicuculline). All cells so tested retained chemosen
sitivity under FSI blockade. Our results demonstrate that GABAergic neurons in the rat 
medullary raphe are inhibited by CO2 , and they possess this sensitivity independent of 
major fast synaptic inputs.

3.2 Introduction

Central ventilatory responsiveness to pH/C02 is a complex process in which the brain 

senses imbalances in pH/CO2 (acidosis/hypercapnia and well as alkalosis/hypocapnia) 

and produces ventilatory adjustments to restore tissue pH/Pco2 balance. The different 
components of this response, and the brain regions involved are myriad and not fully un

derstood (Nattie and Li, 2009). One brain region that plays a role in pH/C02 balance is
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the brainstem raphe (Corcoran et al., 2009). Perturbations of raphe neurons cause ventila

tory abnormalities (Hilaire et al., 2010), and raphe dysfunction is implicated in pathologies 
such as the Sudden Infant Death Syndrome (SIDS). The medullary raphe nuclei contain the 

majority of serotonin-synthesizing (5-HT) cells in the brainstem, and among these are CO2  

stimulated 5-HT cells thought to be central CO2 sensors (Richerson, 2004; Hodges and 
Richerson, 2010; Chapter 1). While the raphe are best known for neurons that synthesize 

5-HT, these are heterogeneous nuclei and also contain cells that synthesize y-aminobutyric 
acid (GABA) or a variety of other neurotransmitters (Millhom et al., 1988; Calizo et al., 

2011; Charara and Parent, 1998; Li and Wang, 2001). One aspect of CO2 /PH responsivness 
that has been less explored is the role of neuronal inhibition/disinhibition. (GABA) is the 
main inhibitory neurotransmitter, and both GABAergic neurons and GABA receptors are 
ubiquitous throughout the brain. In human infant medullae, GABAAreceptors are ubiq
uitous and are highly expressed by raph6 neurons (Broadbelt et al., 2010), and GABAa 
receptor expression changes dramatically relative to 5-HT markers throughout infant de

velopment. Pathologies linked to raphe dysfunction are not exclusive to abnormalities in 
5-HT cells, as raphe GABA markers are also abnormal in infants who have died from SIDS 
(Broadbelt et al., 2011).

Evidence suggests that GABAergic neurons in the raphe are involved homeostatic reg
ulation, including pain responsiveness, ventilation, temperature, stress, heart rate, and 
blood pressure regulation (Winkler et al., 2006; Cao et al., 2006a; Cao and Morrison, 2003; 
Zaretsky et al., 2003b; a; DiMicco et al., 2006). In particular, these neurons are identified 
as responsive to pH/CCb. GABAergic mechanisms are implicated in hypercapnic venti
latory responsiveness (Peano et al., 1992; Liu et al., 2003; Gourine and Spyer, 2001). In 
organotypic culture, hypercapnia also hyperpolarizes medullary GABA neurons (Wellner- 

Kienitz and Shams, 1998). CO2 decreases discharge frequency of C02-sensitive GABAer
gic neurons in medullary slices (Kuribayashi et al., 2008). In primary culture, up to 27% 

of raphe neurons are inhibited by acidosis/CC>2 (decrease firing rate during hypercapnia 
and/or acidosis by 20% or more below baseline; Wang et al., 1998). About 15% of raphe 

neurons in acute slice are C02-inhibited (Richerson, 1995; Wang and Richerson, 1999), 

and these acidosis-inhibited cells are GABAergic (Hodges et al., 2005) but not serotonergic 
(Wang et al., 2001).
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We have previously shown that ventilatory responsiveness to hypercapnia is critically 
dependent on serotonergic mechanisms. However, under hypocapnic conditions, we have 

determined that responsiveness persists despite an absence of serotonergic mechanisms. 
Moreover, we have shown that the remaining chemoresponsiveness during hypocapnia is 
critically dependent on GABAergic mechanisms (Corcoran et al., 2008).

If C02-stimulated raphe 5-HT neurons excite respiratory neurons, and CCVinhibited 

GABAergic neurons remove inhibition from respiratory neurons, the additive effect is a 
"push-pull" enhancement of ventilation through both excitation and disinhibition (Richer

son et al., 2001). GABAergic raphe neurons also tonically inhibit neighboring raphe 5-HT 
neurons (Boothman et al., 2006), and this is mediated by GABAa (Gallager and Aghaja- 
nian, 1976; Tao et al., 1996) and GABAg receptors (Abelian et al., 2000). The mechanism of 
generation of inhibitory postsynaptic currents in 5HT raphe cells is GABAergic and is de

pendent on GABAa receptor activity (Inyushkin et al., 2010). Interconnected raphe 5-HT 
and GABA neurons have been proposed to reciprocally influence each other (Bagdy et al., 
2000; Richardson-Jones et al., 2011). If the GABAergic neurons are themselves inhibited 
(e.g. by hypercapnia), GABA release is attenuated, removing the inhibition from the post
synaptic 5-HT cells. In this way, 5-HT cells are disinhibited when raphe GABA cells are 
inhibited.

The present study was designed to determine if CCb-inhibited neurons are present in 
the medullary raphe in a relatively intact preparation. We tested the hypothesis that CO2- 
inhibited medullary raphe cells are GABAergic and are not dependent on fast synaptic 
network inputs for sensitivity to CO2 . We report C02-inhibited medullary raphe GABAer
gic neurons in situ that retain chemosensitivity under FSI blockade conditions.

3.3 Methods

Experimental animals and surgery: All protocols were in accordance with University of Alaska 

Fairbanks IACUC. Experiments were conducted in preparations derived from juvenile 
(P20-P30; 60-150g) male Simonsen albino rats; (Sprague-Dawley derived; Simonsen Labo
ratories) in situ using the perfused decerebrate juvenile rat brainstem preparation, as per 

published methods (Toppin et al., 2007; Corcoran et al., 2013). Under baseline conditions, 

perfusing solutions were equilibrated with 95% 02-5% CO2 (Pco2 33 mmHg; pH 7.4). Neu-
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ronal recordings were always initiated under baseline conditions, followed by brief (5 min) 

hypercapnic challenges (91% C>2-C029% CO2 ; Pco2 60 mmHg; pH 7.2; 5 min) before a re
turn to baseline

Extracellular recording: Extracellular recordings of medullary raphe neurons were made 
using pulled glass capillary electrodes (15-40 M£l), filled with biotinamide hydrobromide 

(Invitrogen) dissolved at 5% in 0.5M sodium acetate. We targeted regions of the medullary 

raphe (including the raphe obscurus, raphe magnus, and raphe pallidus) along the mid
line (+ 0.1 mm lateral) between 0 and 3.25 mm caudal to interaural line, 10-12 mm below 

the dorsal surface. These are areas in which CO2  sensitive neurons have been identified in 
vitro. Electrodes were placed above raphe target areas and driven into the tissue using a 
fine stepping motor (2 pm  steps; Burleigh Inchworm) held in a stereotaxic 5-axes microp
ositioner integrated with a digital brain atlas (Benchmark Angle Two; MyNeuroLab). A 
normocapnic baseline firing was recorded for each unit, followed by a 5 min hypercapnic 
challenge, and then a 5 min minimum normocapnic recovery period.

Fast Synaptic Inhibition: To assess the network dependence of chemosensitivity, gas 
challenge protocols were repeated after addition to the perfusate of antagonists to block 
major fast synaptic inputs "FSI blockade" containing antagonists for NMDA and AMPA/ 

kainate type glutamate receptors ((3-((±)2-carboxypiperazin-4yl)propyl-l-phosphate; CPP, 
10 pM; 6-cyano-7-nitroquinoxaline-2,3-dione; CNQX, 20 pM), glycine (strychnine hemisul- 
fate; 1 /iM), and GABAa (ibicuculline; 20 pM). This combination of drugs blocks common 
FSI, thereby limiting network inputs to spontaneously active neurons without affecting 
their intrinsic properties (Pena et al., 2004).

Biotinamide fills: Extracellular recordings were made with an intracellular amplifier 
(Axon Multiclamp 700B) in current clamp mode, so that current could be injected through 
the electrode while action potentials (extracellular field potentials) were monitored. Neu

rons were indiscriminately assessed for response to hypercapnia. After the completion 
of the trial, if the neuron's signal amplitude was sufficiently large, we attempted to indi
vidually fill the neuron with biotinamide using the juxtacellular labeling method (Pinault, 

1996; Winkler et al., 2006). Recorded neurons were individually filled with biotinamide by 

applying positive-current pulses (400 ms duration, 50% duty cycle) of gradually increas

ing intensity (0-10 nA max in 0.2 nA steps) to each cell through the bridge circuit of the
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recording amplifier until entrainment of cell discharge to the current pulse was achieved. 
Cell entrainment was maintained for at least 30 s. These current pulses trigger the ion- 

tophoretic ejection of biotinamide and entrainment facilitates uptake of this marker by the 
recorded and entrained cell. 30 min after termination of entrainment were allowed for bi

otinamide to disperse within the neuron before tissue fixation. The stereotaxic coordinates 
of the recording site were noted. On rare occasions, more than one cell was filled with bi

otinamide during a single entrainment event. Electrophysiological detection of the second 
cell was apparent during recording in each of these cases, visualization revealed two adja
cent labeled cells, and data were not used. Height and width of individual spikes before, 

during, and after juxtacellular entrainment were continuously monitored to ensure that 
previously recorded neurons were labeled (Pinault, 1996; Winkler et al., 2006). Neurons 
were selected for recording and hypercapnic challenges when we were confident that the 

electrode tip was located within the medullary raphe, the recorded unit was firing spon
taneously, and the unit's signal amplitude was sufficiently large to ensure a satisfactory 
recording. No discrimination was made based on unit firing characteristics or chemosen
sitivity. Chemosensitivity was assessed offline, and was not always obvious during the 
hypercapnic trials. In this sense, cells were recorded and filled indiscriminately, based 
only on likelihood of being in the medullary raphe and exhibiting adequate spontaneous 

discharge. Therefore, visualized cells should comprise a population representative of the 
targeted medullary raphe regions.

Immunohistochemistry: After juxtacellular labeling, rats were perfused through the de
scending aorta with 4% paraformaldehyde in 0.1 M PBS. Brainstems were then removed 
and stored overnight in the fixative. A series of coronal sections (60 /xm) were cut through 
the medulla using a Vibratome (Leica Biosystems), and processed free-floating. Bioti
namide introduced into single neurons by juxtacellular labeling was revealed with a 

streptavidin-Alexa 546 conjugate (Invitrogen #S-11225; 4 /xg/mL). Sections were blocked 
for 1 h in a buffer (PBS with 3% normal goat serum and 1% bovine serum albumin) and in
cubated in the same blocking buffer with a mouse monoclonal anti-glutamate decarboxy

lase 67 (GAD67) antibody (Millipore MAB5406; 1:500 dilution) for 48 hours at room tem

perature. This was followed by a secondary Alexa 488-labeled goat anti-mouse (Invitrogen 
#A-11029; 1:500 dilution) antibody to reveal immunoreactivity for the GABA-synthesizing
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enzyme GAD67. Instead of anti-GAD67, some sections were incubated with a mouse mon
oclonal anti-tryptophan hydroxylase (TPH) antibody (Sigma #T0768) in blocking buffer 

with 0.3% Triton X-100 to reveal immunoreactivity for serotonin synthesis. Immunohisto- 

chemical controls included incubation of medullary sections without primary antibody to 
rule out non-specific binding of the fluorophores and incubation without fluorescent anti

bodies to rule out autofluorescence. Low-magnification images were used to determine the 
location of biotinamide-labeled cells in relation to anatomical landmarks (ventral surface, 
pyramids, etc.), and cells were mapped onto the brain atlas at the appropriate location. 

Local biotinamide- and GAD67- or TPH-related fluorescence was visualized to identify 
absence or presence of colocalization of G AD67 or TPH in the soma of biotinamide-labeled 
neurons. Fluorophores were individually excited and emission spectra were collected sep

arately to minimize interference using a Zeiss LSM510 confocal microscope: biotin-filled 
neuron, Alexa 546, 543nm laser, filter BP 560-615; anti-GAD67, Alexa 488, 488nm laser, 
filter BP505-530

Data analysis: Using indirect immunofluorescence, GABA neurons were identified as 
those expressing GAD67 (GAD67-ir) and 5HT neurons were identified as those expressing 
TPH (TPH-ir). The number and location of cells containing biotinamide, GAD67-ir or TPH- 

ir were noted. GAD67-ir and TPH-ir in tissues surrounding biotinamide-labeled neurons 
was also noted. We discriminated individual extracellular unit activity using computer 
spike sorting software (Spike Histogram, AD Instruments). Stable 1- to 3-min periods of 
single unit firing were analyzed before (baseline) and during hypercapnic challenge to 
provide a mean value for unit firing frequency (spikes/s), mean interspike interval (ms), 
and standard deviation and standard error of mean interspike interval. Subset analysis 

was used to classify neurons as CCVinsensitive where relative frequencies do not change, 
or C02-inhibited where relative frequencies decreased from baseline by at least 20%. We 
used the Shapiro-Wilk test for normality. To test for differences between means, we used 
ANOVA or t-test on normally distributed data, and ANOVA on ranks or Mann-Whitney 

rank sum test on data that failed the normality test. Post-hoc tests used Holm-Sidak 
(ANOVA) or Tukey (ANOVA on ranks) pairwise comparison (SigmaPlot). Values were 

expressed as means ±SEM, and the criterion for statistical significance was set at p <0.05
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3.4 Results

The medullary raphe contains neurons that are reversibly inhibited by CO2 . Our exper

imental procedures are illustrated in Figure 3.1. We performed single unit extracellular 

recordings of spontaneously firing neurons in the medullary raphe. We indiscriminately 

selected cells in the medullary raphe to obtain recordings throughout 5 min of baseline 
normocapnia, 5 min of hypercapnia, and at least 5 min of recovery normocapnia. We 

classified cells as C02-inhibited if they decreased firing rate relative to baseline by >20% 
during hypercapnia, and displayed at least some recovery toward baseline with return to 
normocapnia (Fig. 3.2).

CCVinhibited raphe cells synthesize GABA, but not 5HT. 16 C02-inhibited cells were 
juxtacellularly filled, subsequently recovered, and successfully visualized. We immunos- 
tained tissue sections for glutamic acid decarboxylase (GAD67; N=12) or tryptophan hy

droxylase (TPH; N=5). One cell was stained for both enzymes. These enzymes synthesize 
GABA and serotonin, respectively, and serve as markers for 5-HT or GABA cells. None of 
the processed cells were TPH-ir (0/5), and therefore, none was serotonergic. One non-5-HT 
CO2 -inhibited cell is illustrated in Figure 3.3 (a-e), and shown to be located among neigh
boring 5-HT neurons. Another such cell is illustrated in Figure 3.3 (f-k), and immunostain- 
ing confirms both that it did not synthesize 5-HT, and that it did synthesize GABA. Im

munoreactivity for GAD67 confirms GABAergic identity of another C02-inhibited raphe 
cell (Fig. 3 .31-n).

Individual C02-inhibited raphe cells retain C02-inhibition after application of fast 
synaptic input blockade. To assess whether or not the chemosensitivity of C02-inhibited 
raphe neurons was dependent on network inputs, we bath applied antagonists for NMDA 
and AMPA/kainate type glutamate receptors (CPP; CNQX), glycine (strychnine), and 

GABAa (bicuculline) receptors. Figure 3.4 illustrates a single raphe neuron that was re
versibly inhibited by CO2 . After bath application of these pharmacological agents to block 
major fast synaptic inputs (FSI blockade), the same neuron was similarly reversibly CO2- 
inhibited during a second hypercapnic challenge. This cell was juxtacellularly filled and 

revealed to be GABAergic. Average firing frequencies for the cells on which this full pro
tocol was performed (n=6) are shown in Figure 3.5. The average firing frequencies during 

normocapnia, hypercapnia, and recovery were 4.75 ±  1.54 FIz, 2.29 ±  0.86 Hz, and 3.55 ±
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0.92 Hz, respectively, before application of FSI blockade ("pre-blockade"). The same neu

rons, under FSI blockade conditions, had normocapnic, hypercapnic, and recovery firing 
frequencies of 7.93 ±  4.99 Hz, 3.32 ±  1.58 Hz, and 2.79 dh 0.97 Hz, respectively. Mean nor

mocapnic firing rates (Fig. 3.5) were not different before and after FSI blockade (p >0.05) 

although normocapnic firing rates following FSI blockade were notably variable. Neu
rons responded to hypercapnia both prior to (p <0.05) and during (p <0.05) FSI blockade 

conditions.
When these firing rates are expressed as a proportion of their baseline firing frequen

cies (Fig. 3.6), means demonstrate that there was no difference (p >0.05) in the hypercap
nic sensitivity of C02-inhibited cells with (54% inhibition) or without (47% inhibition) FSI 

blockade. This confirms that FSI blockade did not affect the hypercapnic sensitivity of 
CO2 -inhibited cells.

Cells recovered from hypercapnic challenge prior to FSI blockade, as there was no dif
ference between average firing rates for normocapnic baseline and normocapnic recov
ery (Fig. 3.5; p >0.05). However, variability in cell firing after FSI blockade precludes 
clear interpretation of trends pertinent to recovery from hypercapnia. Under FSI blockade 
condition, mean firing rates for normocapnic baseline and normocapnic recovery differed 
(p <0.05), while firing rates did not differ between hypercapnia and normocapnic recovery 
(p >0.05), suggesting a lack of recovery from hypercapnia under FSI blockade conditions. 

Proportionally, prior to blockade, mean firing rates recovered from hypercapnia to 95% 
of baseline, whereas under FSI blockade, average firing rates only recovered to 60% of 
baseline (Fig. 3.6). However, differences in proportional recovery between pre- and post
blockade conditions could not be statistically resolved (p >0.05).

CC>2 -inhibited raphe neurons are sensitive to hypercapnia under fast synaptic input 

blockade conditions. We grouped all the characterized C02-inhibited cells into those 
recorded without FSI blockade (drug free; n=63), and those recorded during FSI block
ade (n=15; Fig. 3.7 and 3.8). Similar trends are apparent to those seen in Figures 3.5 and 

3.6. Average firing rates during normocapnia, hypercapnia, and recovery were 4.00 ±  0.62 

Hz, 2.62 ±  0.44 Hz, and 3.54 ±  0.53 Hz, respectively, for the drug free group, and 4.23 ±  
2.09 Hz, 2.00 ±  0.72 Hz, and 2.06 ±  0.52 Hz, respectively, for the FSI blockade group (Fig. 

3.7). Both groups demonstrated a hypercapnic response, confirmed by differences in mean
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firing rates between baseline and hypercapnia for both the drug free group (p <0.001) and 

the FSI blockade group (p <0.05). Cells recovered from hypercapnic challenge in drug free 

conditions, as there was no difference between mean firing rates for normocapnic baseline 

and normocapnic recovery (p >0.05). FSI blockade affected recovery from hypercapnia in 
some cells, but not others, resulting in a mean firing rate during recovery that was signifi
cantly different from baseline (p <0.05).

When these firing rates are expressed as a proportion of their baseline firing frequencies 

(Fig. 3.8), it is confirmed that hypercapnic sensitivities were not different between the CO2 - 
inhibited cells under drug free (41% inhibition) or FSI blockade (48% inhibition) conditions 
(p >0.05). Without drug, CC>2 -inhibited cells recovered to a mean firing rate of 108% of 
baseline. With FSI blockade, CC>2 -inhibited cells returned to a firing rate of 78% of baseline, 
and these recoveries are not significantly different from each other (p >0.05).

Slow firing CC>2-inhibited neurons recover more fully from hypercapnia than do fast 
firing CC>2 -inhibited neurons. We observed that our dataset potentially contain two subsets 

of neurons, based on normocapnic firing rates; cells with baseline firing frequencies less 
than 2.3 Hz were designated as "slow", and cells with baseline firing frequencies greater 
than 2.3 Hz were designated as "fast" (Fig. 3.9a). The "fast" cells often fired in irregular 

or bursting patterns (had a high standard deviation of interspike interval: SD of ISI), more 
so than those in the "slow" group, which were more likely to have a low SD of ISI (data 

not shown). To determine if these potential subsets had distinct hypercapnic sensitivities, 
we parsed the 63 C02-inhibited neurons recorded without FSI blockade drugs into two 
groups, according to whether their baseline firing frequency was less or greater than 2.3 
Hz (Fig. 3.9b). After parsing, both groups showed equal proportional inhibition with, 
and recovery from, hypercapnia. There were no significant differences other than absolute 
firing frequencies under each gas condition between these groups of cells (p <0.05).

CC>2 -inhibited raphe cells are found throughout the medullary raphe. Figure 3.10 is 
a sagittal representation of the medullary raphe and locations of CC>2 -inhibited neurons 
that were juxtacellularly filled and recovered, or were recorded under conditions of FSI 

blockade. These cells are distributed throughout the raphe.
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3.5 Discussion

Our results provide the first characterization of individual C02-inhibited raphe cells in 

an intact brainstem network. We demonstrate that C02-inhibited cells are common in 

the medullary raphe in situ, and that these cells synthesize GABA, but do not synthesize 

serotonin. The hypercapnic sensitivity of these cells is not dependent on major excitatory 
(glutamatergic) or inhibitory (glycine/GABA) fast synaptic inputs.

All of the C02-inhibited cells that we juxtacellularly filled and tested for GAD67-ir were 
immunoreactive (12/12) while all of those tested for TPH-ir were immunonegative (5/5; 
Fig. 3.3). These results are consistent with those of Wang et al. (2001), who reported lack 
of TPH immunoreactivity in 16/16 acidosis-inhibited cultured raphe neurons. Cells iden

tified as CC>2-inhibited in vitro were also confirmed as GABAergic (Hodges et al., 2005). 
Thus, we conclude that some, perhaps most, C02-inhibited raphe cells are GABAergic. 
This is not to say that all GABAergic raphe neurons are CC>2-inhibited, as this was not 
assessed.

We observed that somas of the juxtacellularly filled and recovered CCVinhibited cells 
were generally granular or fusiform in shape, and had smaller diameters and less extensive 
branching than CCb-stimulated cells (Chapter 2; Chapter 4). Others have identified that 
C02-inhibited raphe cells in culture have smaller, fusiform somas when compared to the 
larger, highly branched somas of C02-stimulated (5-HT) raphe cells (Wang et al., 1998; 
2001). Similarly, juxtacellularly characterized raphe GAD67-ir cells in vivo have smaller 
soma diameters than 5-HT cells (Allers and Sharp, 2003).

We report a mean firing rate decrease of 41% during hypercapnia for C02-inhibited 
cells in drug-free conditions (Fig. 3.7). This is consistent with data obtained in acute slice 

where approximately 15% of raphe neurons are reported to be CO2 -inhibited, having an 
average decrease in firing rate of 39-67% from baseline with hypercapnia (Richerson, 1995; 

Wang and Richerson, 1999). Under conditions of FSI blockade, we observe that chemosen

sitivity of CC>2 -inhibited cells was not affected (Fig. 3.6, 3.8). This trend was evident both 
in experiments when cells were tested before and after blockade (Fig. 3.5, 3.6), and when 

drug free cells were compared to those treated with FSI blockade (Fig. 3.7,3.8). In cultured 

neurons under similar pharmacological conditions, about 27% of raphe neurons were in
hibited by CO2 during hypercapnia, and mean firing rate decreased 44 - 75% from baseline,
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with similar changes in pH to those of our study (pH 7.4 to 7.2; Wang et al., 1998; 2001). 
Under FSI blockade conditions, we found discrepancies in recovery of CCVinhibited cells. 

A few (4/15) cells did not display signs of recovery at all. 2 of the 15 cells had an espe

cially dramatic hypercapnic response (nearly ceased firing); these clearly increased firing 
rate during the recovery period but did not recover completely. The remainder (9/15) re

turned to baseline firing rates during the recovery period. Because of the fact that the cells 
in FSI blockade conditions displayed one of these three distinct recovery responses, vari

ability in cell firing after FSI blockade precludes clear interpretation of trends pertinent 
to recovery from hypercapnia. We observed that CC>2 -inhibited cells, in general, required 
longer normocapnic recovery periods to return to baseline firing rates (data not shown) 
when compared to CCb-stimulated cells we have described elsewhere (Chapter 2, Chap
ter 4). Some of the C02-inhibited cells may have still been in the process of returning to a 

baseline firing rate when we terminated recordings, and we would have possibly observed 
a complete recovery had we extended the recording period.

We considered the possibility of heterogeneity of CCVinhibited raphe cells, and ob

served that the cells seemed to fall into one of two groups: relatively regular "slow" (<2.3 
Hz; small SD of ISI), and less regular "fast" (>2.3 Hz; larger SD of ISI) firing neurons. We 

did not observe any significant differences in response to hypercapnia between these two 
groups. Other features potentially distinguishing these cells were not considered. Wang et 
al. (2001) reported undetermined homogeneity of cultured raphe C02-inhibited neurons. 
These authors selectively recorded neurons with slow and regular firing. As such, they 
may have restricted their recording to cells that we currently distinguish as "slow". Our 

designated "fast" cells, if present in vitro, were likely avoided in this prior study. Allers 
and Sharp (2003) report that 80% of "fast-firing" dorsal raphe neurons are GABAergic 
(identified by in vivo juxtacellular labeling and GAD67-ir).

The functional significance of CO2 -inhibited GABAergic raphe cells remains to be de
termined. Raphe serotonergic neurons provide well-characterized phrenic motor nucleus 
innervation, and 5-HT raph6 neurons directly modulate breathing (DePuy et al., 2011; Hi

laire et al., 2010). Raphe GABAergic neurons also project to the phrenic motor nucleus 

in the spinal cord (Cao et al., 2006a; Hodges et al., 2005), however, their influence on 

breathing is unknown. GABA raphe neurons intermingle and share dense synaptic con
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nection with 5-HT raphe neurons (Sharp et al., 2007). Evidence from pre-synaptic and 
post-synaptic manipulations strongly supports a role for GABA inhibition of raphe 5-HT 

neurons. GABA neurons connect widely throughout the raphe, including axonal projec

tions and dendritic arborizations spanning multiple ipsilateral and contralateral raphe nu
clei (Allers and Sharp, 2003). This pattern of connection (clearly demonstrated in dorsal 

raphe) suggests the ability of raphe GABA neurons to integrate various inputs, and in

fluence large numbers of 5-HT neurons distributed amongst multiple raphe nuclei (Allers 
and Sharp, 2003).

GABA raphe neurons have the potential to modulate populations of 5HT neurons 
at the network level, perhaps functioning in an integrative and/or gain-setting capac
ity. In raphe magnus, Fukushima et al. (2012) recorded inhibitory postsynaptic currents 

from 5-HT cells that were completely abolished by the GABAa receptor antagonist bicu- 
culline, thus identifying GABAa -receptor mediated inhibition of 5-HT cells. Treatment 
with GABA antagonists increases 5-HT release and firing of 5-HT dorsal raphe neurons 
(Bagdy et al., 2000; Levine and Jacobs, 1992; Tao and Auerbach, 2000). Bicuculline in

jections into raphe pallidus increase sympathetic outflow via disinhibition of the raphe 
(Morrison, 1999; 2001a; b). Inhibition of tonically active GABAergic neurons in the rostral 

ventromedial medulla (RVM; includes medullary raphe) promotes cutaneous vasodilation 
in conscious animals. This was produced through disinhibition of tonically active (likely 
sympathetic premotor) raphe obscurus and raphe pallidus neurons (Cerri et al., 2010).

The role of GABA inhibition of sympathetic response is supported by neuroanatomical 
studies (reviewed by Stornetta, 2009). GABAergic raphe neurons project to the interome- 
diolateral cell column, suggesting that these neurons play an inhibitory role in controlling 
sympathetic outflow (Stornetta et al., 2005). Others have also demonstrated spinally pro
jecting GAD-ir raphe cells (Blessing et al., 1987; Blessing, 1990; Jones et al., 1991). Stornetta 

and Guyenet (1999) characterized a large projection pathway of GABAergic raphe neurons 
to the thoracic spinal cord, further implicating these cells in sympathetic control. This con

nection has been confirmed with anterograde and retrograde tracing studies (Antal et al., 

1996; Reichling and Basbaum, 1990). There are not only descending, but also ascending 
inhibitory (GABAergic /glycinergic) connections between the spinal cord (cervical region, 

ventral horn, and dorsal horn) and the raphe (Hossaini et al., 2012). Raphe reticulospinal
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GAD-ir neurons are involved in pain response (Morgan et al., 2008), and based on their 
neuroanatomy, are likely to mediate other sympathetic responses.

The roles of inhibition and disinhibition in ventilatory control have not been well- 

characterized. GABAergic mechanisms surely contribute to control of breathing, and are 

likely involved in maintenance of blood gas homeostasis. Half of GABAergic neurons on 
the ventral medullary surface (overlapping regions traditional considered to be chemosen

sitive) were hyperpolarized by hypercapnia (Kuribayashi et al., 2008). GABAa receptors 
are expressed by C02-sensitive neurons on the ventral medullary surface (Kanazawa et 

al., 1998). Gourine and Spyer (2001) report that GABA application to inspiratory neurons 
eliminates the hypercapnic ventilatory response. They conclude that removal of GABAa - 
mediated inhibition, and that the resulting disinhibition of inspiratory neurons may con
tribute to hypercapnic ventilatory response. GABAa activation interferes with the hy
poglossal reflex response to hypercapnia (Liu et al., 2003) and when GABA synthesis is 
prevented in the hypothalamus, the hypercapnic ventilatory response is enhanced (Peano 
et al., 1992). Wang and colleagues (2001) propose that raphe C02-inhibited neurons toni- 
cally limit respiratory output, such that under hypercapnic conditions respiratory output 
is disinhibited.

Chemical or electrical stimulation of raphe magnus causes apnea (Lalley, 1986; Cao et 
al., 2006b; Aoki et al., 1995). Vemer et al. (2004) injected glutamate into raphe magnus 
and observed dramatic apnea, bradycardia, and hypotension. They termed this region 
the "midline apneic site". They later traced connections to the midline apneic site from 
regions important in ventilation, chemosensation, cardiovascular regulation, thermoreg

ulation, nociception, and stress (Verner et al., 2008). The authors hypothesized that the 
apnea resulted from activation of inhibitory (likely GABA) neurons that project to brain 
respiratory sites and that the midline apneic site may play a role in the airway protec
tive responses that are mediated by the intertrigeminal region, including the diving re

flex and the Hering-Breuer reflex. Re magnus pain-sensing "OFF" cells (93% of which 
are GABAergic) decrease discharge during spontaneous tachypnea (Heilman et al., 2007; 
Winkler et al., 2006). Mu-opioid agonist microinjection into raphe magnus activates OFF 

cells and produces respiratory depression and exaggerated respiratory sinus arrhythmia 

indicative of parasympathetic activation (Heilman and Mason, 2012; Heilman et al., 2009).
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Mason and colleagues (2012) propose that raphe magnus is the main site of action of opioid 
anti-nociception and respiratory depression. They further propose that raphe magnus col

lectively integrates inputs and regulates sympathetic/parasympathetic tone, to produce 
appropriate homeostatic balance. This "gain-setting" is accomplished, in part, through ac

tivity of GABAergic raphe magnus neurons (OFF cells). GABA neurons may play parallel 
roles in nociception and respiration; tonic inhibition by these neurons may contribute to 
gain-setting in both systems.

We have demonstrated a critical importance of GABAergic mechanisms in ventilatory 
responsiveness to CO2  under hypocapnic conditions (Corcoran et al., 2008). Importantly, 
central chemosensitivity must be recognized as regulating ventilation to maintain pH/CC>2 

homeostasis over a range of perturbation including both alkalosis/hypocapnia as well as 
acidosis/hypercapnia. in vitro, C02-inhibited raphe neurons are excited by alkalosis (Rich

erson, 1995; Wang et al., 1998; 2001), and these neurons are identified as GABA synthesiz
ing (Hodges et al., 2005). Our data suggest that both 5-HT-mediated and GABA-mediated 

mechanisms contribute to this process. It may be that C02-inhibited GABA neurons are 
best considered to be alkalosis-stimulated, and may be most critical in the regulation of 
ventilation in response to alkalotic/hypocapnic imbalance.

Although we demonstrated that C02-inhibited medullary raphe neurons were not de
pendent on major fast synaptic inputs for chemosensitivity, we did not demonstrate that 

they are endogenously chemosensitive (as is required for characterization as a chemore- 
ceptor per se). Major fast synaptic inputs were prevented, yet a number of potential forms 
of cell-to-cell communication were retained and could impart chemosensitivity to these 
cells. Similarly, our studies do not provide information regarding CO2 transduction mech
anisms or subcellular processes involved in chemosensation. We also do not know if, or 
how, the sensitivity of the neurons described here would be different in more or less re

duced preparations. We must limit our conclusions to indicate that the mechanisms inter
rupted by the pharmacological agents used are not critical for cellular chemosensitivity in 

our experimental system. We cannot, however, identify an alternative mechanism to fast 

synaptic inhibition that would hyperpolarize these cells and produce the chemosensitivity 
we report.

GABAa receptor expression in the infant medulla (including the raphe nuclei) changes
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dramatically throughout human development and show abnormalities in SIDS (Broadbelt 
et al., 2010; 2011). Vulnerability to SIDS is associated with raphe dysfunction, chemosensi

tive dysfunction, and failure in homeostatic regulation. Our results demonstrate that raphe 

GABAergic neurons are clearly chemosensitive, and published data identify the potential 
importance of raphe cells in GABA-mediated inhibition and homeostatic control.
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Continued below on full pages..
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Figure 3.1: Juxtacellular labeling with Fast Synaptic Input blockade. Shown are extra

cellular recordings of a spontaneously active single neuron in the medullary raph6 before, 
during, and after 5 min hypercapnic challenges. Gas challenges were performed before (A) 
and after (B) bath application of agents that disrupt fast synaptic input properties: CNQX, 
CPP, strychnine, and bicuculline (antagonists for AMPA/kainate, NMDA, glycine, and 
GABAa receptors, respectively). As described later, inhibition of firing with hypercapnia 
was preserved during fast synaptic network blockade. After completion of the gas chal
lenges, the recorded cell (C) was juxtacellularly entrained (D) with 400 ms positive current 

pulses of ~  1.5 nAmp and filled with biotinamide as a result. The biotinamide fill (E; red) 
and GAD67 immunoreactivity (F; green) were visualized after histological processing to 
reveal colocalization within the recorded neuron identifying it as GABAergic (G). Height 

and width analysis of individual spikes (not shown) confirmed recording of the same in

dividual neuron throughout CO2  exposure and juxtacellular labeling.
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Figure 3.2: Single unit extracellular recordings demonstrate a C02-inhibited raphe neu
ron in situ. Recordings from a single CCVinhibited raphe neuron show spontaneous firing 

of 0.4 Hz during exposure to 5% CO2  (A), a 45% decrease in firing frequency (to 0.2 Hz) 
with exposure to 9% CO2 (B), and recovery (to 0.5 Hz) with return to baseline conditions 
(C).
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Figure 3.3: CC>2 -inhibited neurons in the raphe synthesize GABA but do not synthesize 
serotonin. A neuron (A), firing spontaneously at 18.2 Hz, decreased firing to 12.9 Hz, 
a 29% change during hypercapnia (B). The recorded cell was juxtacellularly filled with 
biotinamide (C; red) and TPH immunostaining revealed the position of 5-HT neurons (D; 
green). A lack of colocalization on the merged image (E, lacking orange which would 

denote colocalization) demonstrates that the recorded cell was non-5-HT, within the raphe, 

and closely apposed to TPH-ir 5-HT neurons. Another spontaneously active cell (1.2 Hz; 
F) decreased firing to 0.8 Hz (a 35% decrease) during hypercapnia (G). The filled neuron 
(H; red) and immunostaining for TPH (I; green) and GAD67 (J; blue) confirmed that the 

recorded and filled neuron was a non-5-HT GABAergic neuron (K; colocalization of the 
filled neuron with GAD67 appears purple). Another spontaneously active neuron (0.4 
Hz; L) decreased firing to 0.2 Hz (a 44% decrease) during hypercapnia (M). Colocalization 

between the filled neuron (red) and GAD67-ir (green), identifies it as a GABAergic neuron 

(N; colocalization of the filled neuron with GAD67 appears orange).
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Figure 3.4: C02-inhibited raphe GABA cells retain chemosensitivity during fast synap
tic input (FSI) blockade. Shown is a C02-inhibited neuron firing at a baseline of 4.5 Hz 
with 5% CO2 (A). Its firing decreased by 60% (to 1.8 Hz) with 9% CO2  (B). Firing frequency 
recovered (C; 4.0 Hz), and was unchanged by application of FSI blockade (D; 4.1 Hz). Cell 
firing was decreased again by hypercapnia under continued FSI blockade (E; 2.0 Hz at 9% 
CO2 ) and recovered with a return to 5% CO2  (F; 3.0 Hz). A coronal section (G; Paxinos et 
al., 1998) shows the location of the biotinamide filled (red) cell within the raphe magnus 
(H; lOx). A higher magnification image (I; 40x) revealed a population of GAD67-ir GABA 

cells (green). The recorded cell was colocalized (appears orange) with GAD67-ir, positively 
identifying this network independent CC>2 -inhibited GABAergic neuron.
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Figure 3.5: CC>2 -inhibited neurons retain chemosensitivity with FSI blockade. Quan

tification of CC>2 -inhibited raphe neurons (n=6) indicated mean baseline firing frequencies 
(black bars) decrease during hypercapnia (gray bar) and recover upon return to normocap
nia (white bars). When FSI blockade was applied, the normocapnic firing rates of the same 

group of neurons were variable, but did not differ from pre-blockade conditions (black 
bars). Hypercapnic sensitivity occurring prior to FSI blockade persisted during blockade 
(gray bars). Recovery from hypercapnia was not evident under FSI blockade conditions.
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Figure 3.6: FSI blockade does not decrease hypercapnic sensitivity of CC>2 -inhibited 

neurons. Shown are firing frequencies expressed proportional to baseline normocapnic 
firing rates (black bars, 100% = baseline) for pre-blockade and FSI blockade conditions. 
Proportional baseline normocapnic, hypercapnic, and recovery normocapnic are shown. 
Cells (n=6) were subjected to a hypercapnic challenge without drugs, and responded with 

an average 47% decrease in firing rate (gray bars) and returned to baseline during normo

capnic recovery (white bars). The same cells (n=6) were subjected to another hypercapnic 
challenge under FSI blockade conditions, and responded with a mean 54% decrease in fir

ing rate (gray bars). FSI blockade appeared to compromise the recovery from hypercapnia 

in some of these cells.
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Figure 3.7: C02-inhibited neurons are found in the raphS under drug-free and FSI 
blockade conditions. Quantification of all C02-inhibited raphe neurons recorded without 
FSI blockade ("drug-free"; n=63) indicates mean baseline normocapnic firing frequencies 
(black bars) which decreased during hypercapnia (gray bars), and recovered upon return 

to normocapnia (white bars). Quantification of all C02-inhibited raphe neurons recorded 
under conditions of FSI blockade (n=15) indicates mean baseline normocapnic firing fre
quencies (black bars) which decreased during hypercapnia (gray bars). Normocapnic re
covery firing rates did not return to baseline levels on average.
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Figure 3.8: CCh-inhibited neurons in the raphe are similarly chemosensitive under 
drug-free and FSI blockade conditions. Shown are firing frequencies expressed pro

portional to baseline normocapnic firing rates (black bars, 100% = baseline) for drug-free 
(N=63) and FSI blockade (N=15) conditions. Proportional baseline normocapnic, hyper
capnic, and recovery normocapnic are shown. In drug-free conditions, CCVinhibited cells 
decreased their mean firing rates by 41% with hypercapnia, and returned to baseline fir

ing rates during normocapnic recovery. CC>2 -inhibited cells recorded under FSI blockade 
decreased their mean firing rates by 48% with hypercapnia. FSI blockade appeared to 
compromise the recovery from hypercapnia in some of these cells.
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Figure 3.9: "Slow" CC>2-inhibited raphe neurons display an enhanced recovery from hy
percapnia when compared to "fast" CC>2 -inhibited neurons. Shown are mean firing rates 

for CC>2 -inhibited raphe cells, parsed into two groups based on firing rate (A). "Slow" 

cells (baseline firing rate <2.3 Hz) are represented with filled circles (n=37) and "fast" cells 
(baseline firing rate >2.3 Hz) are represented by open circles (n=26). In panel B, firing 
rates for the same cell groups are expressed proportional to baseline normocapnic firing 

rates for each treatment (baseline normocapnic, hypercapnic, and normocapnic recovery). 

Mean hypercapnic responses and normocapnic recoveries do not significantly differ be
tween each group (p >0.05).
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Figure 3.10: C02-inhibited raphe cells occur throughout the medullary raphe. Shown 

are the positions of a subset of CC>2 -inhibited neurons identified in the current investi
gation. Cell positions are plotted onto a sagittal outline representation of the medullary 
raphe nuclei. All cells were located within 100 /mx of the midline. Not shown are locations 
of CC>2-inhibited putative GABA neurons, which were not either juxtacellularly labeled or 
influenced by FSI blockade (N>40). A portion of recording efforts in the present inves
tigation was focused in the rostral medullary raphe as coincident studies were targeting 
different cell types that are clustered to these nuclei. The apparent rostral clustering of 

CC>2 -inhibited cells in this figure is due at least in part to this regional selection bias. Over
all, CO2  inhibited neurons are distributed throughout the raphe (not all data shown). We 
did not attempt recordings beyond the raph6 and cannot exclude the occurrence of these 

cells in other regions.
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Chapter 4

A group of non-serotonergic cells is CC>2 -stimulated in the medullary raphe in situ

4.1 Abstract

Serotonin/substance P synthesizing cells in the raphe nuclei of the brain are candidates 

for designation as central chemoreceptors that are stimulated by CCb/pH. We have previ
ously demonstrated that these neurons are C02-stimulated in situ. Evidence also suggests 

that y-aminobutyric acid (GABA) synthesizing cells in the raphe are inhibited by CO2 in 
vitro and in situ. Unknown is whether there are other types of chemosensitive cells in the 
raphe. Here, we showed that a previously unrecognized pool of raphe neurons also ex
hibit chemosensitivity, and that they are not serotonergic. We used extracellular recording 

of individual raphe neurons in the unanesthetized juvenile rat in situ perfused decerebrate 
brainstem preparation to assess chemosensitivity of raphe neurons. We used juxtacellular 
labeling of individually recorded cells, and immunohistochemistry for the serotonin syn

thesizing enzyme tryptophan hydroxylase (TPH) and for neurokinin-1 receptor (NK1R; 
the receptor for substance P). Staining indicated a group of CC^-stimulated cells that are 
not serotonergic, but express NK1R and are closely apposed to surrounding serotonergic 
cells. C02-stimulated serotonergic (5-HT) and non-5-HT cells constitute distinct groups 

that have different firing characteristics and hypercapnic sensitivities. Non-5-HT cells are 
more robustly stimulated by CO2  than 5-HT cells. Thus, we have characterized a previ
ously unrecognized C02-stimulated medullary raphe neuron that is not serotonergic, but 

may receive input from neighboring serotonin/substance P synthesizing chemosensitive 
neurons. The network properties of the three types of chemosensitive raphe neurons (the 
present non-5-HT cells, serotonergic cells, and GABAergic cells) remain to be elucidated.

4.2 Introduction

The brainstem raphe nuclei play a critical role in maintaining homeostasis and autonomic 
control of processes including respiration, thermoregulation, nociception, and stress re

sponses (Richerson, 2004; Heilman et al., 2007; Hodges et al., 2008; Hodges and Richerson, 

2010a). The raphe nuclei are best known as comprising the major populations of serotonin 
synthesizing (5-HT) cells in the brain. Serotonin is a known modulator of ventilation and 

serotonergic neurons in the raphe nuclei are proposed to be sensors of arterial CO2 /PH
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(Corcoran et al., 2009; Hodges and Richerson, 2010b). Indeed, 5-HT neurons demonstrate 
sensitivity to CO2  /pH in vitro, in vivo, and in situ (Wang et al., 2001; Severson et al., 2003; 

Veasey et al., 1995; 1997; Chapter 2). The raphe nuclei include many non-serotonergic cells 

and are heterogeneous with respect to neurotransmitter phenotype, response of cells to 
hypercapnia, developmental origin, and other physiological function (Gaspar and Lille- 

saar, 2012; Kiyasova and Gaspar, 2011; Millhom et al., 1988; Calizo et al., 2011; Charara 
and Parent, 1998; Jensen et al., 2008; Kirby et al., 2003; Mason, 2011; Chapter 2; Chapter 3). 

Raphe dysfunction is implicated in the pathology of the Sudden Infant Death Syndrome 
(SIDS; Paterson et al., 2006; Kinney, 2009; Kinney and Thach, 2009; Broadbelt et al., 2011).

Non-5-HT neurons in the raphe have been characterized as glutamatergic and 
y-aminobutyric acid (GABA) synthesizing (GABAergic; Calizo et al., 2011). GABA raphe 

cells are thought to be involved in processes including CO2  sensation, pain, temperature, 
stress, heart rate, and blood pressure (Winkler et al., 2006; Cao et al., 2006; Cao and Morri
son, 2005; Zaretsky et al., 2003a; b; DiMicco et al., 2006).

Some non-5-HT raphe cells have been implicated in the hypercapnic ventilatory re
sponse. GABAergic cells in the raphe are inhibited by CO2  in vitro and in situ (Wang et al., 
1998; Wang and Richerson, 1999; Severson et al., 2003; Chapter 3) and likely play some role 
in the hypercapnic ventilatory response. Raph6 neurokinin-1 receptor (NK1R) expressing 
cells do not synthesize 5-HT and toxic lesioning of these cells results in a blunted hyper

capnic response in rats and goats in vivo (Nattie et al., 2004; Commons, 2009; Hodges et al., 
2004). As substance P is the endogenous ligand for NK1R, these cells would presumably 
be receiving input from substance P synthesizing neurons. Serotonin synthesizing cells 

are the main source of substance P, and these neurochemicals are co-expressed in the 5-HT 
cells of the raph6 (Ljungdahl et al., 1978).

The present study was designed to determine if CCb-stimulated cells were present in 
the medullary raphe, and if markers for serotonin synthesis were exclusive to and uni

versally expressed by C02-stimulated cells. We tested the hypothesis that a portion of 
medullary raphe cells are stimulated by hypercapnia in situ and possess a variety of pheno

types. Here, we identify a previously unrecognized class of chemosensitive raphe neuron: 
non serotonergic cells stimulated by hypercapnia.
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4.3 Methods

Experimental animals and surgery: All protocols were in accordance with University of Alaska 

Fairbanks LA.CUC. Experiments were conducted in preparations derived from juvenile 
(P20-P30; 60-150g) male Simonsen albino rats (Sprague-Dawley derived; Simonsen Lab

oratories). Experiments were conducted in situ using the perfused decerebrate juvenile 
rat brainstem preparation, as per published methods (Toppin et al., 2007; Corcoran et al., 

2010). Under baseline conditions, perfusing solutions were equilibrated with 95% 02/5% 

CO2 (PCo2 33 mmHg; pH 7.4). Neuronal recordings were always initiated under baseline 
conditions, followed by brief (5 min) hypercapnic challenges (91% 02-9% CO2 ; Pco2 60 
mmHg; pH 7.2; 5 min) before a return to baseline.

Extracellular recording: Extracellular recordings of medullary raphe neurons were made 

using pulled glass capillary electrodes (15-40 MO), filled with biotinamide hydrobromide 
(Invitrogen) dissolved at 5% in 0.5M sodium acetate. We targeted regions of the medullary 
raphe (including the r. obscurus, r. magnus, and r. pallidus) along the midline (+ 0.1 mm 
lateral) between 0 and 3.25 mm caudal to interaural line, 10-12 mm below the dorsal sur

face. Electrodes were placed above raphe target areas, and driven into the tissue using a 
fine stepping motor (2 nm steps; Burleigh Inchworm) held in a stereotaxic 5-axes microp
ositioner integrated with a digital brain atlas (Benchmark Angle Two; MyNeuroLab). A 
minimum of 5 min of normocapnic baseline firing was recorded for each unit, followed by 

a 5 min hypercapnic challenge, and then a 5 min minimum normocapnic recovery period.
Biotinamide fills: Extracellular recordings were made with an intracellular amplifier 

(Axon Multiclamp 700B) in current clamp mode, so that current could be injected through 

the electrode while action potentials (extracellular field potentials) were monitored. Neu
rons were indiscriminately assessed for response to hypercapnia. We then attempted to 
individually fill the neuron with biotinamide using the juxtacellular labeling method (Pin- 

ault, 1996; Winkler et al., 2006). Recorded neurons were individually filled with bioti
namide by applying positive-current pulses (400 ms duration, 50% duty cycle) of gradu
ally increasing intensity (0-10 nA max in 0.2 nA steps) to each cell through the bridge cir

cuit of the recording amplifier until entrainment of cell discharge to the current pulse was 

achieved. Cell entrainment was maintained for at least 30 s. These current pulses trigger 

the iontophoretic ejection of biotinamide and entrainment facilitates uptake of this marker
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by the recorded and entrained cell. 30 min after termination of entrainment were allowed 
for biotinamide to disperse within the neuron before fixation. The stereotaxic coordinates 

of the recording site were noted. On rare occasions, more than one cell was filled with bi

otinamide during a single entrainment event. Electrophysiological detection of the second 
cell was apparent during recording in each of these cases, visualization revealed two adja

cent labeled cells, and data were not used. Height and width of individual spikes before, 

during and after juxtacellular entrainment were continuously monitored to ensure that 
previously recorded neurons were labeled (Pinault, 1996; Winkler et al., 2006). Neurons 
were selected for recording and hypercapnic challenges when we were confident that the 
electrode tip was located within the medullary raphe, the recorded unit was firing spon
taneously, and the unit's signal amplitude was sufficiently large to ensure a satisfactory 
recording. No discrimination was made based on unit firing characteristics. Chemosensi

tivity was assessed offline, and was not always obvious during the hypercapnic trials.
Immunohistochemistry: After juxtacellular labeling, rats were perfused through the de

scending aorta with 4% paraformaldehyde in 0.1M PBS. Brainstems were then removed 
and stored overnight in the fixative. A series of coronal sections (60 /um) were cut through 
the medulla using a Vibratome (Leica Biosystems), and processed free floating. Bioti
namide introduced into single neurons by juxtacellular labeling was revealed with a 

streptavidin-Alexa 546 conjugate (Invitrogen #S-11225; 4 jug/mL). Sections were blocked 
for 1 h in a buffer (PBS containing 3% normal goat serum, 1% bovine serum albumin, and 
0.3% Triton X-100), and incubated in the same blocking buffer with a mouse monoclonal 
anti-tryptophan hydroxylase (TPH) antibody (Sigma #T0678; 1:1000 dilution) for 24 h. at 
4 C. This was followed by a secondary Alexa 488-labeled goat anti-mouse (Invitrogen #A- 
11029; 1:500 dilution) antibody to reveal immunoreactivity for the 5-HT-synthesizing en

zyme TPH. Some sections were also subsequently incubated with a rabbit polyclonal anti
neurokinin 1 receptor (NK1R) antibody (Advanced Targeting Systems #AB-N33AP; 1:500) 
followed by secondary Alexa 647-labeled goat anti-rabbit (Invitrogen #A-11029; 1:500 di

lution). Immunohistochemical controls included incubation of medullary sections with

out primary antibody to rule out non-specific binding of the fluorophores and incubation 
without fluorescent antibodies to rule out autofluorescence. Low-magnification images 

were used to determine the location of biotinamide-labeled cells in relation to anatomical
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landmarks (ventral surface, pyramids, etc.), and cells were mapped onto the brain atlas 
at the appropriate location. Local biotinamide- and TPH- or NKlR-related fluorescence 
was visualized to identify absence or presence of colocalization of TPH in the soma or 

NK1R on the membrane of biotinamide-labeled neurons. Fluorophores were individually 
excited and emission spectra were collected separately to minimize interference using a 
Zeiss LSM510 confocal microscope: biotin-filled neuron, Alexa 546, 543nm laser, filter BP 

560-615; anti-TPH, Alexa 488, 488nm laser, filter BP505-530; anti-NKIR, Alexa 647, 633nm 
laser, filter LP650.

Data analysis: Using indirect immunofluorescence, 5-HT neurons were identified as 
those expressing TPH. The number and location of cells containing biotinamide, TPH im
munoreactivity (TPH-ir) or NK1R immunoreactivity (NKlR-ir) were noted. TPH-ir and 

NKlR-ir in tissues surrounding biotinamide-labeled neurons was also noted. We discrim
inated individual extracellular unit activity using computer spike sorting software (Spike 
Histogram, AD Instruments). Stable 1- to 3-min periods of single-unit firing were ana
lyzed before (baseline) and during hypercapnic challenge to provide a mean value for unit 
firing frequency (spikes/s), mean interspike interval (ms), and standard deviation and 
standard error of mean interspike interval. Subset analysis was used to classify neurons as 

CO2 -insensitive where relative frequencies do not change, or CCb-inhibited where relative 
frequencies decreased from baseline by at least 20%. We used the Shapiro-Wilk test for 
normality. To test for differences between means, we used ANOVA or t-test on normally 
distributed data, and ANOVA on ranks or Mann-Whitney rank sum test on data that failed 
the normality test. Post-hoc tests used Holm-Sidak (ANOVA) or Tukey (ANOVA on ranks) 
pairwise comparison (SigmaPlot). Values are expressed as means ±SEM, and the criterion 
for statistical significance was set at p <p0.05.

4.4 Results

The medullary raphe contains a variety of CO2 -stimulated neuron types. Single unit ex
tracellular recordings from individual medullary raphe neurons demonstrated distinct 

subclasses of neurons based on firing characteristics and responses to hypercapnia. We 

designated cells that increased firing relative to baseline (>20% during hypercapnia) as 
C02-stimulated. Cell firing frequency and regularity (Mason 1997) were used to classify
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putative 5-HT (n=24) and non-5-HT (n=46) neurons. Representative recordings (Fig 4.1) 

illustrate chemosensitivity of one 5-HT neuron (Fig 4.1a) and two non-5-HT neurons (Fig 
4.1b and c).

The medullary raph£ contains CC^-stimulated non-5-HT neurons that embed with 

raphe 5-HT neurons. Of the electrophysiologically characterized CO2 -stimulated cells 
that were juxtacellularly filled, subsequently recovered, and successfully visualized, 16 

revealed negative immunoreactivity for tryptophan hydroxylase (TPH), identifying them 
as non-serotonergic. A representative C02-stimulated non-5-HT neuron is illustrated in 
Figure 4.2. C02-stimulated non-5-HT cells, suggested not to be 5-HT based on firing anal

ysis and confirmed as non-5-HT by juxtacellular labeling, were always revealed among a 
bed of raphe TPH-ir (5-HT) cells (n=16). Two such cells are illustrated in Figure 4.3.

TPH and NK1R are expressed in the medullary raphe but do not co-localize and the 
medullary raphe contains C02-stimulated non-5-HT cells that express NK1R. TPH-ir 
was primarily localized in the raphe region of medullary sections. Cells immunoreactive 
for TPH or NK1R are found in the medullary raphe, but these markers do not co-localize 

within individual cells (Fig 4.4). We identified C02-stimulated raphe neurons (Fig 4.5a) 
immunonegative for TPH (Fig 4.5d and e) but immunoreactive for NK1R (n=3/3; Fig 4.5 
d, f and g). These neurons neighbor raphe 5-HT/substance P synthesizing cells (Fig 4.5b, 

c)-
C02-stimulated putative 5-HT and non-5-HT cells are distinct, and have different 

baseline, hypercapnic, and recovery firing frequencies. We categorized C02-stimulated 
medullary raph6 cells by firing pattern (Mason, 1997) into putative 5-FIT or putative non-5- 

HT groups. The average firing frequencies during normocapnia, hypercapnia, and recov
ery were 1.03 ±  0.19 Hz, 1.41 ±  0.23 Hz, and 1.18 ±  0.23 Hz, respectively for the putative 
5-HT group (n=24), and 2.94 ±  1.48 Hz, 4.93 ±  0.69 Hz, and 3.99 ±  0.67 Hz for the puta
tive non-5-HT group (n=46; Fig 4.6). Mean hypercapnic firing frequencies differed from 
baseline frequencies within each group (p <0.001), confirming a significant hypercapnic 

response within both putative 5-HT and non-5-HT groups. Also, in both groups, recovery 

firing frequencies differed from hypercapnic frequencies (p <0.005), confirming a return 
toward baseline firing rate after 5 min of recovery normocapnia. The mean normocap

nic, hypercapnic, and recovery firing frequencies differed between the groups (p <0.01),
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indicating distinction in firing characteristics between the putative 5-HT and non-5-HT 

groups.
Putative non-5-HT cells are more robustly stimulated by CO2  than putative 5-HT 

cells. Hypercapnic firing frequencies of the putative 5-HT (n=24) and non-5-HT (n=46) 
neurons are expressed as a proportion of their baseline firing frequencies (Fig 4.7). There 

was a difference (p <0.01) in hypercapnic response between the putative 5-HT (49% in
crease with hypercapnia) and non-5-HT (110% increase with hypercapnia) groups. These 
data illustrate that the putative non-5-HT group display twice the hypercapnic reactivity 

of the putative 5-HT group.
Definitively phenotyped C02-stimulated non-5-HT cells have different hypercapnic 

and recovery firing frequencies and more robust CO2 sensitivity than CC>2 -stimulated 

5-HT cells. When we consider only the cells that were juxtacellularly filled and immunos- 
tained for TPH, similar trends are apparent for definitively phenotyped non-5-HT (n=16) 
and 5-HT (n=7) cells. In definitively phenotyped cells, mean firing rates during normo
capnia, hypercapnia, and recovery were 2.00 ±  0.41 Hz, 4.17 ±  0.79 Hz, and 2.69 ±  0.60 

Hz for the non-5-HT group, and 0.88 ±  0.15 Hz, 1.11 ±  0.17 Hz, and 0.93 ±  0.18 Hz for 
the 5-HT group (Fig 4.8). As was evident in the previous characterization, average hyper

capnic firing frequencies differed from baseline frequencies within each group (p <0.001), 
confirming a significant hypercapnic response within both non-5-HT and 5-HT groups. 
Also, in both groups, recovery firing frequencies differed from hypercapnic frequencies 
(p <0.01) and were no different from baselines, confirming a return to baseline firing rate 
after 5 min of recovery normocapnia. In this subset of definitively phenotyped cells, we 
were unable to statistically resolve a difference in baseline firing frequencies between the 
groups (p =0.057). Firing frequencies were, however, different between groups during hy
percapnia and recovery conditions (p <0.05). Hypercapnic firing frequencies of defini
tively phenotyped non-5-HT (n=16) and 5-HT (n=7) cells are expressed as a proportion of 

their baseline firing frequencies (Fig 4.9). There was a difference (p <0.01) in hypercapnic 
response between the non-5-HT (125% increase with hypercapnia) and 5-FIT (44% increase 

with hypercapnia) groups. These data illustrate that the non-5-HT group display almost 

triple the hypercapnic response of the 5-HT group.
Overall, the trends apparent in the subset of cells classified as non-5-HT or 5-HT by
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juxtacellularly filling and staining are the same as those derived from the larger set of cells 
classified by firing pattern alone, confirming the utility of classifying unlabeled cells into 

"putative non-5-HT" and "putative 5-HT" groups by firing pattern characteristics (Mason 
1997).

CC>2 -stimulated non-5-HT cells are found throughout the medullary raphe. A sagit

tal representation of the medullary raph6 and locations of juxtacellularly filled and re

covered C02-stimulated non-5-HT neurons (Fig 4.10; n=16) indicates that these cells were 
distributed throughout the raphe, and were plentiful in the rostral medullary raphe (r. 

magnus and r. pallidus).

4.5 Discussion

Here, we describe for the first time individually characterized C02-stimulated non-5-HT 
neurons in the medullary raphe in situ, and we show that they express receptors for sub
stance P. We propose these as previously uncharacterized intemeurons that integrate input 
from neighboring raphe cells. These non-serotonergic cells had faster mean baseline firing 
frequencies and larger hypercapnic responses than raphe 5-HT neurons in situ.

The non-5-HT cells had high baseline firing frequencies, with firing rates up to 6.1 Hz 
for cells known not to synthesize 5-HT based on TPH immunonegativity (Fig. 4.8). Base
line firing frequencies of C02-stimulated 5-HT (TPH-ir) cells were never observed in excess 
of 1.49 Hz (Fig 4.8). All immunocharacterized 5-HT cells displayed spontaneous slow, reg
ular firing, stereotypical of 5-HT neurons (Mason, 1997). In no case did a cell displaying 
spontaneous firing characteristic of a non-5-HT neuron subsequently present immunore- 
activity for TPH. When baseline firing frequencies were considered between putative non- 

5-HT and 5-HT neurons characterized by firing pattern alone, differences in baseline firing 
frequencies were clearly resolved (Fig. 4.6). We were unable to statistically resolve a dif
ference in mean baseline firing frequencies between immunocharacterized non-5-HT and 
5-HT cells (2.00 ±  0.41 Hz vs. 0.82 ±  0.15 Hz, p =0.057; Fig. 4.8).

Our staining indicates that markers for 5-HT synthesis do not colocalize with NK1R, 
the receptor for substance P, in the medullary raphe (Fig 4.4). This observation is consis

tent with reports of others (Commons, 2009; Leger et al., 2002; Nattie et al., 2004). Sub

stance P is a known modulator of breathing (Doi and Ramirez, 2010; Ptak et al., 2009),
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and NK1R are highly expressed in brain regions known to be important in the hypercap

nic response, including the retrotrapezoid nucleus, locus coeruleus, and the preBotzinger 
complex/rostral ventral respiratory group (Stometta et al., 2006; Chen et al., 2000; Gray et 

al., 2001). Nattie and Li (2002) used substance P-saporin (SP-SAP) to selectively kill >40% 
of NK1R expressing neurons in the retrotrapezoid nucleus/parapyramidal region of rats, 
and observed a significant decrease in baseline ventilation, and a 28-30% decrease in the 

hypercapnic response. When SP-SAP was injected throughout the ventral medulla to kill 
many NK1R expressing cells in several medullary nuclei, there was a 65% reduction in the 
hypercapnic ventilatory response, in addition to hypoventilation and a perturbed hypoxic 

response (Nattie and Li, 2006). Therefore, NK1R expressing neurons compose a group of 
cells critical to normal ventilation and chemoresponses.

Hodges et al. (2004) injected either SP-SAP (targeting NK1R expressing neurons) or 
ibotenic acid (targeting glutamate receptors and producing nonspecific neurotoxicity) into 
medullary raphe of goats. SP-SAP reduced the hypercapnic response by 24% (resulting 
from specific loss of NKlR-expressing cells) while ibotenic acid reduced the hypercapnic 
response by 27% (resulting from the loss of multiple raphe neuron types, including both 
NKlR-ir and TPH-ir cells). These results suggest that partial destruction of NK1R express
ing raph6 neurons is sufficient to induce a deficit in CO2 responsivity comparable to the 
deficit induced by more general raphe destruction.

Nattie and colleagues (2004) injected either SP-SAP, or an anti-serotonin reuptake trans
porter conjugated to SAP (anti-SERT-SAP, targeting 5-HT releasing cells), or a combina

tion of both toxin conjugates into the medullary raphe of rats. SP-SAP reduced the num
ber of NKlR-ir raphe neurons by 31% and decreased the hypercapnic response during 
both wakefulness (21%) and sleep (16%). Anti-SERT-SAP reduced the number of TPH-ir 

neurons by 28% and decreased the hypercapnic response during both wakefulness (15%) 
and sleep (18%). SP-SAP and anti-SERT-SAP coapplication produced similar reductions in 
NKlR-ir and TPH-ir neurons as did individual treatments. Coapplication, however, did 

not enhance the hypercapnic response deficit (12% during both wakefulness and sleep) 
from that produced by either individual treatment. These results demonstrated that par

tial destruction of 5-HT neurons and NK1R expressing neurons in the raph6 was not addi

tive. The authors concluded that both groups of neurons are important for the hypercapnic
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response. We propose that the two groups of neurons identified in our current study rep
resent the same groups as those identified by Nattie (et al., 2004).

Rice and colleagues (2009) applied rabies virus to the diaphragm of cats in a retrograde 

tracing study. Unsurprisingly, serotonergic cells in the brainstem (including raphe) were 
labeled, identifying them as a source of efferent diaphragmatic innervations. Surprisingly, 

the majority of labeled raphe cells were non-serotonergic. The neurochemical identity and 

function of these cells is unknown, but the results indicate a sizeable population of non- 
5-HT raphe cells that send innervation to the diaphragm. It is reasonable to suppose that 
whatever their identity, those cells modulate breathing. Pete et al. (2002) found hyper

capnic c-Fos activation in raphe cells that express preprotachykinin mRNA, a precursor 
for substance P. c-Fos staining was also found in other raphe neurons that did not express 
this marker (did not synthesize substance P). Haxhiu et al. (2001) found similar hyper
capnic c-Fos activation in the medullary raphe, occurring in both 5-HT and in non-5-HT 
cells. The latter cells could be the same population of hypercapnia-activated 5-HT neurons 
described here, and by Nattie et al., (2004) and Hodges et al. (2004). The above studies 
support our interpretation that at least two distinct groups of raphe cells are activated by 
hypercapnia: 5-HT/SP, and non-5-HT/SP, and that the raphe provides both non-5-HT and 
5-HT innervation to the diaphragm.

The raphe contains sympathetic premotor neurons (reviewed in Stornetta, 2009). These 

presympathetic cells include serotonergic and GABAergic cells in the raphe (rostral ven
tromedial medulla). Commons (2009) demonstrated that some dorsal raph6 5-HT and 
non-5-HT cells contain the vesicular glutamate transporter VLGUT3. The non-5-HT cells 
that contain VGLUT3 were often NKlR-ir, and NK1R are found on glutamate immunore
active dorsal raphe neurons (Commons and Serock, 2009; Commons and Valentino, 2002). 
It remains to be tested whether or not the present non-5-HT CCVstimulated cells always 

express NK1R, and if they also express VGLUT3 or other markers for glutamatergic neu
rons. The projections of these non-5-HT cells have not been traced. Raphe NK1R express
ing neurons are thought to interact with 5-HT neurons in a reciprocal fashion (reviewed 

in Valentino and Commons, 2005) to fine-tune the serotonin system. In this circuit, 5- 
HT cells release substance P, which binds to NK1R on a cell that then releases glutamate 

(possibly via VGLUT3). Resulting glutamatergic activation of AMPA/kainite receptors
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on 5-HT neurons causes excitation of these cells and release of 5-HT, to post-synaptic tar

gets. 5-HT release activates somatodendritic 5-HTxa autoreceptors, hyperpolarizing the 
5-HT cell. In this way, 5-HT/SP neurons excite NK1R expressing glutamatergic neurons, 

and 5-HT/SP neuron excitation is enhanced by this glutamate release, in a reciprocally 
excitable coupling, amplifying 5-HT neuron activity (Valentino et al., 2003; Nattie et al., 
2004; Liu et al., 2002). When 5-HT neuron activity is elevated, extracellular 5-HT con

centrations can become sufficient to activate somatodendritic 5-HTia autoreceptors. The 
resulting 5-HTxa mediated feedback inhibition limits 5-HT neuron activity. SP release from 
5-HT/SP neurons activate glutamatergic NK1R expressing neurons to reciprocally activate 
the 5-HT/SP neuron in a positive feedback loop. Eventually this amplification is balanced 
by autoinhibitory activation of 5-HTxa receptors, such that serotonergic tone is regulated 
through network and autoreceptor-mediated control of 5-HT neuron activity (Soiza-Reilly 
and Commons, 2011; Fig. 5.9).

Non-5-HT neurons that express VGLUT3 provide sympathetic outflow through the 

interomediolateral cell column to activate brown adipose tissue during the hyperthermic 
stress response (Lkhagvasuren et al., 2011; Nakamura et al., 2004). They are also implicated 
in anxiety, ventilatory responses to hypoxia, and excitatory modulation of other neurons 

(Miot et al., 2012; Amilhon et al., 2010). The potential role of VGLUT3 expressing raphe 
neurons in chemosensation has not been explored. The neurons described in the present 
study were not immunostained for VGLUT3.

We have previously shown extensive staining for 5-HT and GABA cells in the raphe, 
and demonstrated their chemosensitivity in the in situ preparation (Chapter 2; Chapter 
3). The C02-stimulated non-5-HT cells described here are surrounded by 5-HT neurons 
and are likely also surrounded by GABA neurons (Fig. 5.3). Given this, and because they 
express receptors for substance P, it is reasonable to hypothesize that they may be receiv

ing input from the CO2 -stimulated 5-HT /substance P cells and might receive input from 
the CCVinhibited GABA cells. If the chemosensitivity of the non-5-HT neurons is medi
ated by intra-raphe network interactions, these three chemosensitive cell types could form 

a chemosensory network. The non-5-HT cells are at least twice as responsive to hyper

capnia as the 5-HT cells (Fig. 4.7, 4.9) and, if they are receiving input from GABA cells 
as well, they could be functioning as chemosensory amplifier intemeurons within a local
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raphe circuit. Nattie et al. (2004) suggested one possible relationship in which chemosensi
tive 5-HT neurons affect NK1R expressing neurons downstream, ultimately enhancing the 

hypercapnic ventilatory response. When either or both of these cell types were silenced, 

the same attenuation of the hypercapnic response was observed, suggesting a serial rather 
than an additive relationship. Our demonstration of individual C02-stimulated non-5-HT 

cells in the raphe begs the identity of inputs to and outputs from these cells. Since these 

cells express NK1R, do they also express 5-HT2A receptors? What inhibitory input do they 
receive, and is it mediated by GABAa receptors, as is common in this region (Bagdy et al., 
2000)?

The response of 5-HT cells to CO2  in vitro is much greater than that observed in situ in 
either acute slice or anesthetized preparations (Chapter 2; DePuy et al., 2011; Mulkey et 

al., 2004; Richerson, 1995). In these less responsive preparations, 5-HT neurons display a 
relatively modest average response to CO2 (all under 100% increase from baseline). Fur
thermore, most putative 5-HT neurons do not exhibit chemosensitivity in situ, in acute 
slice, or in vivo (Chapter 2; Richerson, 1995; Wang and Richerson, 1999; Veasey et al., 1995; 

1997). It is unknown which preparation(s) are most likely to represent the endogenous ac
tivity of 5-HT neurons. The proportion of responsive cells and the modesty of 5-HT neuron 

chemoresponsiveness observed in situ may or may not be reflective of endogenous 5-HT 
neuron behavior. The relevance of neuronal behavior observed in situ can be validated by 
comparison with single unit recordings in chronically instrumented awake, freely moving 
animals (Veasey et al., 1995; 1997). 31% of raphe neurons are stimulated by CO2  in situ and 
22% are stimulated by CO2  in vivo. Of those C02-stimulated neurons, the average degree 
of responsiveness is 43% in situ (in response to a 4% increase in arterial Pco2)/ ar>d ~35% 
in vivo (in response to a similar 4% increase in inspired CO2 ).

5-HT neurons may have a "ceiling" firing rate, which they are unlikely to exceed en

dogenously. This could be a result of tonic tuning, via the cascade of substance P, gluta
mate, and 5-HT release with subsequent autoinhibition of 5-HT release (described above; 
Fig 5.9), or via a GABA mediated inhibition and negative feedback. In this proposed GABA 

raphe circuit (reviewed in Sharp et al., 2007), synaptically released 5-HT binds to 5 -HT2A/C 
and/or 5 -HT7 receptors on GABA neurons, exciting them to release GABA (Boothman et 

al., 2003; Boothman and Sharp, 2005; Liu et al., 2000; Roberts et al., 2004). The GABA binds
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to GABAa receptors and hyperpolarizes 5-HT neurons. Coincident to 5-HT activation of 

GABA neurons, 5-HT also binds to 5-HTia autoreceptors to hyperpolarize the 5-HT cells, 
as described above. In this way, GABA neurons could serve in a raphe circuit that provides 
both network mediated and autoreceptor mediated negative feedback to 5-HT neurons 

(Richardson-Jones et al., 2011). When this negative feedback loop is combined with the 

NK1R/5-HT neuron positive feedback loop (discussed above), raphe neurons can func
tion collectively as a fine tuned, highly feedback regulated tonic modulator of many phys
iological processes. In this way, serotonergic tone can be tightly regulated, and the negative 

consequence of ungoverned excitation of 5-HT neurons prevented (Stembach, 1991). This 
system incorporates modestly C02-stimulated 5-HT neurons and CC>2 -inhibited GABA 
neurons, both of which mediate robust CCb-responsiveness of network-driven non-5-HT 
cells. We propose this model of a raphe network which explains the relative sensitivities of 
raphe cells and the mechanism by which even modestly chemoresponsive 5-HT neurons 
play a vital role in ventilatory (and perhaps general homeostatic) control.

Our studies do not address whether the chemoresponsive raphe neurons possess this 
capacity through intrinsic chemosensitivity, or if it is conferred by inputs from other cells 
within or beyond the raphe. Nor do our studies provide information regarding potential 

CO2 transduction mechanisms or subcellular processes involved in raphe neuron chemosen- 
sation. 5-HT cells are more strongly stimulated by CO2 in raphe primary culture than we 
show here in situ. This difference may stem from differences in the network properties in
fluencing these cells under these different experimental conditions. For example, network 

properties mediated by GABAa inhibition and glutamatergic input present in our prepa
ration are disrupted in vitro. In addition, normal development may be disrupted under 

conditions of primary cell culture. We do not know if or how the sensitivity of the neurons 
described here would be different in a more or less reduced preparation.

We have demonstrated that CCb-stimulated cells are present in the medullary raphe, 
and that these include two distinct classes: modestly stimulated 5-HT, and robustly stim

ulated non-5-HT neurons. The CCVstimulated non-5-HT neurons constitute a previously 

unrecognized class of chemosensitive raphe neuron. We propose that the non-5-HT cells 

presented here are dependent on network inputs from 5-HT and/or GABA raphe cells for 

chemoresponsiveness, and that the three cell types compose a raphe network. This net
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work potentially amplifies the chemosensory responses to CO2 and may also limit toxic 
over excitation of 5-HT neurons. Our subsequent considerations will be directed at illus

trating the nature of and mechanisms contributing to this raphe network.
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4.7 Figures

Continued below on full pages..



normocapnia: 5% C 0 2 hypercapnia: 9% C 0 2 recovery: 5% C 0 2

Figure 4.1: Single unit extracellular recording of CC>2 -stimulated raphe neurons in situ. 

Recordings from single CCVstimulated raphe neurons show spontaneous firing during ex
posure to 5% arterial CO2 (left column), a >20% increase in firing frequency with exposure 
to 9% CO2 (center column), and recovery with return to 5% CO2 conditions (right column). 
Row A illustrates a 5-HT neuron (characterized as putative 5-HT based on firing charac
teristics and confirmed as 5-HT by juxtacellular labeling) with normocapnic, hypercapnic, 
and recovery firing rates of 0.72 Hz, 0.99 Hz, and 0.68 Hz, respectively, and a 38% hy

percapnic response. Row B depicts a non-5-HT (characterized as putative and confirmed) 
neuron with firing rates of 1.24 Hz, 1.93 Hz, and 0.73 Hz, a 56% hypercapnic response. 

Row C shows a second non-5-HT (characterized and confirmed) with firing rates of 2.74 

Hz, 5.53 Hz, and 1.93 Hz, a 101% hypercapnic response.
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Figure 4.2: Extracellular recording of a C0 2 -stimulated non-5-HT neuron. Recordings 
(A) during normocapnia and hypercapnia demonstrate a C0 2 -stimulated cell, which was 
juxtacellularly entrained (B) with 400 ms positive current pulses of ~1.2 nAmp and filled 

with biotinamide as a result. The biotinamide fill (C; red) and TPH immunoreactivity 
(D; green) were visualized after histological processing to reveal the recorded neuron as 
non-serotonergic (E). A low magnification photomicrograph (F; ventral surface visible at 
bottom) shows the cell location within the raph6  magnus, near the midline. Height and 
width analysis of individual spikes (not shown) confirmed recording of the same individ
ual neuron throughout CO2 exposure and juxtacellular labeling.
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Figure 4.3: Extracellular recordings demonstrate C0 2 -stimulated non-5-HT cells embed
ded with raphe 5-HT neurons. A neuron (A), firing spontaneously at 4.26 Hz, increased 

firing to 8.45 Hz, a 98% change with hypercapnia, and was subsequently filled and stained 
immunonegative for TPH (B). Another spontaneously active cell (0.54 Hz; C) increased fir

ing to 1.21 Hz (123% increase) during hypercapnia and was also immunonegative for TPH 
(D). Both cells were within the raph6  and closely apposed to several TPH-ir 5-HT cells.



Figure 4.4: TPH and NK1 R do not colocalize in the medullary raphe. Shown are TPH (A;
green) and NK1 receptor (B; red) immunostaining in the raphe magnus. Immunoreactivity 
of these two markers were never observed to colocalize in any of our tested sections (C).



Figure 4.5: The medullary raphe contains CC>2 -stimulated non-5-HT cells that express 
NK1R. Shown is a cell that increased firing frequency by 82% with hypercapnia (A). lOx 
views of two adjacent sections (B, C; ventral surface visible at bottom) show the juxtacel
lular fill and extensive dendritic processes of the recorded neuron (red) in raphe magnus 
and tissue staining for TPH (green). 40x views of the filled cell (D) demonstrate that the 
recorded cell lacks immunostaining for TPH seen in neighboring cells (E; green) but is 
NKlR-ir (F; white), indicating expression of NK1R by the recorded cell. This pattern of 
receptor expression and dendritic arborization suggests the recorded cell to be a non-5-HT 
intemeuron receiving input from neighboring raphe 5-HT /substance P synthesizing cells.
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Figure 4.6: CC>2 -stimulated putative 5-HT and non-5-HT cells are distinct and have dif
ferent baseline, hypercapnic, and recovery firing frequencies. Mean firing frequency of 
CO2 -stimulated 5-HT cells (filled circles; classified by firing pattern) and putative non- 

5-HT cells (open circles; also classified by firing pattern), during baseline normocapnic, 
hypercapnic, and normocapnic recovery conditions. Both groups displayed an elevated 

firing frequency with hypercapnia that returned toward baseline with recovery. Baseline, 
hypercapnic, and recovery firing frequencies differed between CO2 -stimulated putative 

5-HT and non-5-HT neuron groups. Letters denote p <0.05 between means (e.g. means 
labeled "a" differ from each other, means labeled "b" differ from each other, etc.).
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Figure 4.7: Putative non-5-HT cells are more robustly stimulated by CO2 than are pu

tative 5-HT cells. Shown are firing frequencies expressed proportional to baseline nor
mocapnic firing frequency (1 0 0 % = baseline) for each treatment (baseline normocapnic, 
hypercapnic, and normocapnic recovery) in each group (putative 5-HT and non-5-HT neu

ron; n=24 and 46, respectively). On average, putative 5-HT increase firing by 49% during 
hypercapnia. Non-5-HT cells had a more robust sensitivity, increasing firing by 110% with 
hypercapnia.
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Figure 4.8: Definitively phenotyped CC>2 -stimulated non-5-HT and 5-HT cells are dis
tinct and have different hypercapnic and recovery firing frequencies. Shown are mean 
firing frequencies of CCVstimulated non-5-HT (open circles; n=16) and 5-HT (filled cir
cles; n=7) cells classified by juxtacellular labeling and subsequent immunohistochemistry. 

Mean firing frequencies are illustrated for normocapnic baseline, hypercapnic, and nor
mocapnic recovery conditions. We do not resolve a difference in baseline firing frequen
cies between groups (p =0.057), while hypercapnic and normocapnic recovery frequencies 

differed between C0 2 -stimulated 5-HT and non-5-HT neurons (p <0.05). Letters denote 
p <0.05 between means (e.g. means labeled "a" differ from each other, means labeled "b" 
differ from each other, etc.).
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Figure 4.9: Non-5-HT cells are more robustly stimulated by CO2  than are 5-HT cells.
Relative changes in firing frequency during hypercapnia (same cells as in Fig. 7) confirm 
differences in hypercapnic sensitivity between the C0 2 -stimulated 5-HT and non-5-HT 
cells. On average, C0 2 -stimulated non-5-HT and 5-HT cells increase firing during hyper
capnia by 44 and 125%, respectively. Shown are firing frequencies expressed proportional 
to baseline normocapnic firing frequency (1 0 0 % = baseline) for each treatment (baseline 

normocapnic, hypercapnic, and normocapnic recovery) in each group of immunohisto- 
chemically identified neurons (non-5-HT and 5-HT cells; n=16 and 7, respectively). On 

average, 5-HT increase firing by 44% during hypercapnia. The non-5-HT cells had a more 
robust response, increasing firing by 125% with hypercapnia.
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Normalized rostro-caudal distance from bregma (mm)

Figure 4.10: CC>2 -stimulated non-5-HT cells are distributed throughout the medullary 
raphe. Shown are the positions of juxtacellularly labeled non-5-HT neuron plotted onto a 
sagittal outline representation of the medullary raphe nuclei.
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Chapter 5 
Conclusions

5.1 Summary of results

My results demonstrate that the medullary raphe is heterogeneous and clearly contains at 

least three distinct classes of CCVsensitive neurons. I provide the first application of ex
tracellular recording and the juxtacellular labeling techniques, linking electrophysiological 

characterization with immunostaining, to identify specific chemosensitive and insensitive 
raphe neurons in an unanesthetized and relatively intact rodent preparation. These are the 
first characterizations of raphe chemosensors in situ. I have shown that some, but not all 

5-HT neurons in the raphe are stimulated by CO2 . My demonstration of CC^-stimulated 
serotonin (5-HT) synthesizing cells in situ confirms in vitro and in vivo results, and sup
ports these cells as central respiratory chemoreceptors. Also confirming in vitro results, I 
have shown C0 2 -inhibited y-aminobutyric acid (GABA) synthesizing raphe neurons. Fi
nally, I have identified a previously unrecognized class of robustly C0 2 -stimulated raphe 
neurons that do not synthesize 5-HT, but express receptors for substance P (co-released 
by 5-HT neurons, suggesting these cells receive input from 5-HT neurons). Based on my 

identification of three distinct types of chemosensitive raphe cells, I propose a new raphe 
chemosensory amplifier (RCA) network model to explain raphe contributions to central 
chemosensitivity. In this model the three cell types interact as a C0 2 -sensing network. I 
have revised our push-pull model for raphe chemosensitivity (Chapter 1) to include the 
newly identified CO2 -simulated non-5-HT neurons, described earlier in this dissertation 
(Chapter 3) and now termed RCA interneurons (Fig. 5.1). This RCA network model for 
raphe chemosensitivity retains the push-pull elements, with raphe C0 2 -stimulated 5-HT 

neurons that excite RCA interneurons, and CCb-inhibited GABA neurons that inhibit 5-HT 
and/or RCA intemeurons. Hypercapnia stimulates RCA intemeurons through activation 
of CC>2-stimulated 5-HT neurons and through disinhibition resulting from deactivation 

of C0 2 -inhibited GABAergic neurons. Within the network, 5-HT neuron chemorespon- 
siveness may be a combination of intrinsic chemosensitivity and changing inhibition from 

chemosensitive GABAergic neurons. Also within this network, overactivation of 5-HT 

neurons is limited by two features; synaptic activation of GABA neurons by 5-HT neu

rons, which then feed back inhibition (GABA inhibits the 5-HT neurons), and autoinhi
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bition of 5-HT neurons by somatodendritic 5-HTia autoreceptors stimulated by increases 
in extracellular 5-HT (perhaps originating from overflow from synapses of 5-HT neurons 

on neighboring GABAergic neurons or RCA intemeurons). Direct or indirect projections 

from the cells in this RCA network activate central rhythm generators and/or motor neu
ron pools to enhance breathing frequency and tidal volume, resulting in increased venti
lation during hypercapnia. Similarly, disfacilitation and/or inhibition from these network 
elements decrease ventilation during hypocapnia.

I have begun to test the hypothesis that RCA intemeuron raphe chemosensitivity is me
diated by 5-HT and GABAergic raphe neurons. In this chapter, I present some preliminary 
data collected in pursuit of evaluating this hypothesis.

5.2 Raphe neurons receive local GABA input

Tissue staining for tryptophan hydroxylase immunoreactivity (TPH-ir; indicates seroton

ergic neurons) and GABAa receptors demonstrates that both 5-HT and non-5-HT raphe 

neurons express GABAa receptors on their membranes. These GABAa expressing cells 
may be CO2  stimulated 5-HT neurons and non-5-HT RCA intemeurons (Fig. 5.2a). Vesi
cles containing glutamic acid decarboxylase (GAD, the enzyme that synthesizes GABA) 
are closely apposed to raphe 5-HT neurons, and GAD67 stained soma neighbor 5-HT 
neurons (Fig 5.2b). Similarly, RCA intemeurons are surrounded by 5-HT and GABAer
gic neurons. CO2 -stimulated non-5-FlT RCA intemeurons reside amongst a bed of TPH-ir 
5-HT neurons (Chapter 3) and GABAergic neurons (Fig 5.3). Taken together, these stain
ing data illustrate an intermixed heterogeneous population of neurons within the raphe, 
having proximity, neurotransmitter phenotypes, and receptor types predicted by the RCA 
network model.

RCA interneuron chemosensitivity is dependent on GABA and 5 -HT2A receptors 
and RCA excitatory drive is 5 -HT2A receptor mediated. The RCA network model, pre
dicts that C02-inhibited GABA cells provide tonic inhibitory input to CC^-stimulated 5- 

HT neurons and to RCA interneurons. When CO2 inhibits the GABA cells, the 5-HT and 
RCA cells are released from tonic inhibition. The additive effects of this disinhibition, plus 

the facilitatory 5-HT input to RCA intemeurons during hypercapnia, allow the RCA in

temeurons to integrate and amplify the activities of the other two types of (presumably
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intrinsically) chemosensitive raphe cells. RCA intemeurons receiving a modest excitatory 
5-HT input and the removal of GABA inhibition will exhibit robust excitation during hy

percapnia. To test this model, I recorded RCA intemeurons during hypercapnic challenges 

before and after bath application of ketanserin and/or bicuculline (antagonists for 5 -HT2A 
and/or GABAa receptors, respectively).

CC>2 -stimulated RCA intemeurons were no longer sensitive to hypercapnia after ap

plication of ketanserin (Fig. 5.4), bicuculline (Fig. 5.5), or both (Fig. 5.6) drugs. Block of 
5-HT2A receptors with ketanserin dramatically reduced or eliminated RCA interneuron fir
ing (Fig. 5.4b; 5.5c; 5.6b), illustrating the necessity for 5-FIT neuron inputs in determining 

baseline RCA intemeuron activity. In one trial, RCA neuron firing failed to increase with 
hypercapnia subsequent to ketanserin treatment, suggesting 5-HT neuron inputs are also 

important for network mediated RCA neuron chemoresponsiveness. When bicuculline 
was applied by itself, RCA intemeuron activity increased and the cell was no longer sen
sitive to hypercapnia (Fig. 5.5b), indicating removal of both tonic inhibition and a GABAa 
receptor mediated network chemoresponsiveness. The same neuron ceased firing dur
ing subsequent antagonism with ketanserin and remained insensitive to hypercapnia (Fig. 
5.5c). In another experiment, when bicuculline and ketanserin were applied together, an 
RCA intemeuron stopped firing completely and did not resume despite a hypercapnic 

challenge (Fig. 5.6b). In all cases, spontaneous activity of RCA intemeurons was stopped 
or attenuated by 5 -HT2A receptor antagonism (data not shown). In all cases of GABAa 
receptor antagonism, chemosensitivity was abrogated (data not shown).

Some, but not all, raphe neurons appear to be chemosensitive, independent of net

work inputs. We tested the hypothesis that C02-inhibited raphe cells are chemosen
sitive independent of network inputs (the alternative being chemoresponsivity, depen

dent on major fast synaptic inputs). Firing rates of C02-inhibited cells were assessed be

fore and after bath application of CNQX, CPP, strychnine, and bicuculline (antagonists 
for NMDA, AMPA, glycine, and GABAa receptors, respectively). C02-inhibited cells 
retained chemosensitivity during blockade of fast synaptic inputs, suggesting network- 

independent chemosensitivity of these cells (Chapter 3). I also recorded C02-stimulated 

putative 5-HT neurons under the same conditions of fast synaptic blockade (n>5; data 
not shown), but was unable to label and recover any of these cells for immunostaining.
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5-HT neurons are C02-simulated in primary culture and slice, with a similar combination 

of drugs to block fast synaptic transmission, suggesting that 5-HT raphe neurons are in

dependently sensitive to CO2  (Corcoran, 2009). It will be important to evaluate this in 

conclusively identified 5-HT cells in an intact network, to determine whether or not these 
cells are intrinsically chemosensitive, or if they rely on input from another chemosensitive 
neuron.

To determine whether or not RCA intemeurons were dependent on major fast synaptic 

inputs for chemoresponsiveness, I recorded RCA intemeurons during hypercapnic chal
lenges before and after bath application of CNQX, CPP, and strychnine (antagonists for 
NMD A, AMPA, and glycine receptors, respectively, but absent GABA receptor antagonist 
used above). Baseline firing of an RCA intemeuron increased after application of these 
agents, and the neuron was still stimulated by hypercapnia (Fig 5.7b). Subsequent appli

cation of bicuculline and saclofen (antagonists for GABAa and GABAg receptors, respec
tively) did not further change baseline firing rate of the cell, but eliminated chemosen

sitivity of the cell (Fig. 5.7c). Finally, antagonism of 5 -HT2A receptors with ketanserin 
ultimately silenced the RCA interneuron (Fig 5.7d). The disinhibition (increase in base
line firing rate) of this RCA intemeuron after application of CNQX, CPP, and strychnine 

may have been due to removal of inhibitory glycinergic input. Alternatively, antagonism 
of glutamate receptors on GABA neurons could have indirectly disinhibited the RCA in
terneuron. This is consistent with the fact that subsequent GABAa receptor antagonism 
did not further increase the baseline firing of the RCA cell. Retention of chemoresponsive
ness with removal of the initial compliment of synaptic inputs demonstrates that these are 
not necessary; however, the loss of responsiveness with subsequent removal of GABAa 
mediated inputs identifies that GABA is critical for the network dependent chemorespon
siveness of RCA intemeurons.

The results of these pharmacological experiments collectively suggest that RCA in
terneurons are not dependent on major fast synaptic network inputs, but are dependent 

on GABA and 5-HT inputs for chemosensitivity and tonic drive. This supports our model 
of a raphe chemosensory amplifier circuit (Fig. 5.1).



122

5.3 Possible identity of RCA intemeurons

I have identified RCA intemeurons that are immunoreactive for neurokinin-1 receptors 
(NKlR-ir), the receptor for substance P (Chapter 3). It remains to be seen if all RCA in

temeurons are NKlR-ir, or if only a subset are. Also unknown is the neurotransmitter 

identity of RCA intemeurons. Glutamatergic raphe cells with sympathetic outflow have 
been identified by others, including cells that contain the vesicular glutamate transporter 

VGLUT3 (Lkhagvasuren et al., 2011; Nakamura et al., 2004). VGLUT3 is a candidate for 
expression in RCA intemeurons, as NK1R and VGLUT3 are frequently expressed in the 
same dorsal raphe neurons (Commons and Serock, 2009). I found the same to be true in 
staining for medullary raphe NK1R and VGLUT3 immunoreactivity (Fig. 5.8). Further 

immunohistochemical experiments are warranted to determine the neurotransmitter phe
notype and receptor expression of RCA interneurons.

5.4 Neuronal interactions within the RCA network

The known and putative interactions and connections present within the RCA network 

are presented schematically in Figure 5.9. Raphe 5-HT neurons express GABAa receptors 
and GABAb receptors (Fig 5.2; Bowery et al., 1987; Bagdy et al., 2000; Templin et al., 2012), 
and are tonically inhibited through the activity of GABAa and GABAb receptors (Abelian 
et al., 2000; Boothman et al., 2006; Gallager and Aghajanian, 1976; Tao et al., 1996). In
hibitory postsynaptic currents in raphe 5-HT cells are mediated by GABAa receptors (In- 
yushkin et al., 2010). Allers and Sharp (2003) described dorsal raphe GABAergic neurons 

that branch extensively amongst multiple raphe nuclei, sometimes crossing the midline 
and contacting various raphe 5-HT neurons. Thus, both anatomic and functional data il
lustrate that raphe GABAergic neurons inhibit 5-HT neurons as predicted by my model. 
Also, as predicted by this model, raphe 5-HT and GABAergic neurons share a reciprocal 
connection, which would provide a negative feedback loop to inhibit 5-HT release (Bagdy 
et al., 2000; Richardson-Jones et al., 2011). In this proposed loop (discussed in Chapter 3) 

5-HT excites raphe GABAergic neurons via phasic activation of 5 -HT2a/c and/or 5 -HT7  

receptors. Enhanced activity in the GABAergic neuron, in turn, releases GABA onto 5-HT 

neuron GABAa receptors, inhibiting the 5-HT neuron and completing the negative feed

back loop. Coincident to simulation of 5-HT receptors on the postsynaptic GABAergic
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cells, released 5-HT may bind to 5-HTia somatodendritic autoreceptors on 5-HT neurons, 
providing another means of negative feedback to regulate 5-HT neuron activity (Liu et 

al., 2000; Boothman et al., 2003; 2006). Raphe 5-HT stimulation of GABA neurons and 

the resultant GABA inhibition and autoinhibition of the 5-HT cells provide autoreceptor 
and network mediated serotonergic tone (Gocho et al., 2012; Richardson-Jones et al., 2011; 
Sharp et al., 2007).

Another proposed raphe reciprocal positive feedback loop is that occurring between 
5-HT neurons and NKlR-expressing glutamatergic neurons (reviewed in Valentino and 
Commons, 2005; discussed in Chapter 4). Raphe 5-HT cells release 5-HT and SR SP binds 

to the NK1R on a glutamatergic cell, which returns stimulation through glutamate release 
onto 5-HT cell AMPA/kainite receptors. This positive loop possesses a self-regulatory 

mechanism in that enhanced 5-HT release activates 5-HTxa autoreceptors, hyperpolarizing 
the 5-HT neuron. This feedback loop allows an amplification of the 5-HT signal, limited 
by eventual 5-HT autoinhibition (Liu et al., 2002; Valentino et al., 2003; Soiza-Reilly and 
Commons, 2011).

5.5 Heterogeneity of medullary raphS

I demonstrate that CC>2 -sensitive neurons are common in the medullary raphe in situ. CO2 - 
inhibited neurons and CCVstimulated RCA intemeurons were found throughout all nu
clei of the medullary raphe. CCVstimulated 5-HT neurons were only conclusively identi
fied in the rostral half of the medullary raphe, but as discussed in Chapter 2, an apparent 
absence of CCb-stimulated 5-HT cells in the caudal raphe may be due to small sample 
size. However, the clustering of CCb-sensitive 5-HT cells in the rostral medullary raphe 

in the present studies (especially within raphe magnus) is probably representative of the 
tendency for CCb-stimulated 5-HT neurons to arise from the r5 rhombomeric sublineage 
(Jensen et al., 2008; Brust et al., 2010; Ray et al., 2011; 2012). I recorded from several (n>10) 
C0 2 -stimulated putative 5-HT neurons (classified by firing pattern) in the more caudal 
raphe, but these were not conclusively identified through immunostaining.

As discussed in Chapter 2, although homogeneous with respect to firing pattern (con

sistently slow and regular) 5-HT neurons are heterogeneous in their responses to CO2 . Just 
under half of neurons that we conclusively identified as 5-HT (by expression of TPH) re



124

sponded to hypercapnia with a 2 0 % or higher increase in firing rate, while the balance 
were not influenced. 5-HT neurons did not reduce firing with hypercapnia.

As discussed in Chapter 3, C0 2 -inhibited neurons consisted of two broad classes. One 
exhibited fast and often irregular firing (>2.5 Hz, large standard deviation of interspike 

interval) while firing of the others was slow and less irregular (<2.5 Hz, small standard 
deviation of interspike interval). All C0 2 -inhibited neurons tested for immunoreactivity 

for GAD67 were positive. I did not resolve statistical differences in hypercapnic responses 
between these classes and do not know if they differ in other parameters. I did not at

tempt to parse RCA intemeurons into different groups; thus, their possible heterogeneity 
is undetermined.

5.6 Comparison of raphe chemosensitivity in vitro, in situ, and in vivo 

My finding that 31% of all spontaneously active medullary raphe cells are stimulated by 
CO2 is fairly consistent with data from awake, freely moving cats (22%; Veasey et al., 1995; 

1997). Those are the only assessments of raphe neuronal chemosensitivity obtained in vivo 
without use of anesthetic, the most undisturbed preparation closely indicative of intrinsic 
capacities. Approximately 15-18% of raph6  cells are stimulated by acidosis when studied 
using acute slices (Richerson, 1995; Wang et al., 1998). The slightly lower proportional 
occurrence of such neurons may be due to their study in slices from 14-18 day old rats. 
The 5-HT system (including CO2 -sensitivity) is not fully developed until 20 days after 
birth (Wong-Riley and Liu, 2008). About 25% of all cultured raphe neurons are stimulated 
by CO2 (Wang et al., 1998; Wang and Richerson, 1999).

Although the relative percentages of CO2 -stimulated raphe neurons may be similar, 
the proportion of chemosensitive 5-HT neurons, and the changes in their activity, vary 
between these different preparations. Wang et al. (1998; 2001) reported that 75-90% of 5-HT 

neurons in culture are stimulated by CO2 , and exhibit a two- to three-fold increase in firing 
rate. In contrast, here I report less than half of in situ 5-HT neurons are CC>2 -stimulated 
(Chapter 2), and that these show an average increase of 43% during hypercapnia. Veasey 

et al. (1995; 1997) also report a similarly modest response to hypercapnia amongst CO2- 
stimulated 5-HT cells recorded in awake cats.

I propose that tonic GABAergic inhibition is responsible in part for the discrepancy of
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the results obtained in situ, in vivo, and from acute slice versus those obtained in culture. 
Cultured raphe neurons were recorded in conditions similar to our fast synaptic blockade, 

with antagonists for NMDA, AMPA, and GABAa receptors. Hypercapnic responsiveness 
of putative 5-HT neurons is enhanced by synaptic blockade. In one example (in acute 

slice), a CCVstimulated neuron increased its responsiveness to CO2  three-fold after such 
blockade (Richerson, 1995). In culture, firing of putative 5-HT raphe neurons increased by 

87% on average after GABAa antagonism, indicating that firing is suppressed in culture 
by GABAa mediated inhibition. I did not record a baseline firing rate in excess of 2.5 Hz 
for any 5-HT cell. I propose (Chapter 2) that 5-HT neurons have a ceiling, above which 

they do not endogenously increase firing. Tonic GABA inhibition could be partly respon
sible for this ceiling effect and be one means by which 5-HT neuron discharge frequency 
is kept within the narrow range that is characteristic of 5-HT neurons in vivo. Removal of 
tonic GABA inhibition could also account for the more robust chemosensitivity observed 
in 5-HT raphe cells in vitro, as GABAa receptors are antagonized in culture recordings. In 
my studies, 23% of the CCVstimulated cells were positive for TPH (n=7 of 23 immunos- 
tained cells). The balance (n=16/23) were RCA intemeurons (non-5-HT). Because RCA in
temeurons were not CC>2 -stimulated when GABAa receptors are blocked in situ (Fig. 5.5; 
5.6; 5.7), they would not be responsive to CO2 in culture conditions, which include simi
lar GABAa antagonism. Unsurprisingly, 1 0 0 % of CC>2 -stimulated cultured raphe neurons 
are immunopositive for TPH. RCA intemeurons would not have demonstrated respon
siveness to CO2 in such culture conditions, and therefore would not be amongst the pool 
classified as C0 2 -stimulated and subsequently immunostained for TPH in those studies 
(Wang et al., 2001; Severson et al., 2003; Wang and Richerson, 1999; Bradley et al., 2002).

5.7 Previous identification of RCA interneurons

I propose that the RCA intemeurons characterized here and in Chapter 4 are the same 
group of NKlR-expressing cells described by Nattie et al. (2004) and Hodges et al. (2004). 
In these studies, a toxin conjugated to substance P was focally injected to selectively kill 

some NKlR-expressing cells in part of the medullary raphe, decreased the hypercapnic 
ventilatory response 21-24%. The few RCA intemeurons I immunostained for NK1R were 

all immunopositive (n=3/3), but this small sample only demonstrates that at least some
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RCA intemeurons express NK1R. It remains to be seen what role RCA intemeurons play 
in the hypercapnic ventilatory response, and if these are indeed the same NKlR-expressing 

raphe cells that contributed to the hypercapnic responses in the above studies (Nattie et 
al., 2004; Hodges et al., 2004).

Raphe chemosensors may concurrently serve multiple homeostatic roles Mason and 

colleagues performed a series of studies that illuminated the nociceptive functions of raphe 
magnus neurons and also correlated the respiratory function of these same neurons. The 
raphe magnus has been studied extensively in pain research and contains ON and OFF 

cells. Noxious stimuli excite ON cells and inhibit OFF cell firing (Basbaum and Fields, 
1984). Recently, Heilman and Mason (2012) determined that these cells fire tonically in 
the absence of noxious stimuli and phasically in response to such stimulation. Noxious 
inhibition of OFF cells synchronizes nociceptive circuits and stimulation of ON cells facil
itates magnitude of withdrawal motor behavior. Through spinal descending projections, 
raphe magnus modulates incoming sensory inputs to set the gain of the afferent system. 
The raphe pathway is necessary for supraspinal opioid analgesia and plays a significant 

role in systemic opioid analgesia (Gilbert and Franklin, 2002). Raphe magnus cells both 
facilitate and suppress pain transmission. Morphine was suspected to have its analgesic 
effect via modulating raphe magnus activity, and indeed, OFF cells are stimulated by opi
oid, and ON cells silenced, preventing noxious stimuli from having the opposite effects 
on these cells. ON and OFF cells respond to both noxious and innocuous stimuli. Ma
son (2 0 1 1 ) proposes that these cells respond to any unexpected sensory event, including 
any challenge to homeostasis, such as respiratory perturbations. Heilman et al. (2007; 
2009) examined the effect of opioids on individual raphe magnus cells and the resulting 
influences on breathing, arousal, nociception, and cardiovascular function. They discov

ered that raphe magnus simultaneously modulates breathing, arousal, pain response, and 
heart rate.

The firing of ON cells increases, and that of OFF cells decreases, during spontaneous 
tachypnea, and -opioid agonist microinjection into raphe magnus depresses respiration. 

Raphe magnus cell activity predicts tachypnea and pain responsiveness (Heilman et al., 

2007). Morphine suppresses both ON and OFF cell phasic responses in raphe magnus, 

making them less responsive to noxious stimulation and disabling pain response. In this
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way, raphe magnus produces on-demand gain-setting modulation of the nociceptive cir
cuit (Heilman and Mason, 2012; Mason, 2012). 93% of OFF cells are immunoreactive for 

GAD67, and neither OFF nor ON cells are serotonergic (Winkler et al., 2006). Since OFF 

cells appear to be similar to the C0 2 -inhibited GABA cells described in Chapter 3, and 
ON cells seem to be similar to RCA intemeurons described in Chapter 4, I hypothesize 

that these cell populations overlap. I further hypothesize that the same subset of raphe 

magnus 5-HT cells that increased firing during noxious stimulation (17%) would also be 
CO2 -stimulated if tested (Mason et al., 2007). The ones that respond to pain do so mod

estly, in contrast to the robust response of ON cells. This is similar to the modest response 
of raphe 5-HT cells to CO2 and the more robust response of RCA intemeurons to CO2 . As 
a network, raphe cells could function to integrate information about multiple challenges 
to homeostasis, and to coordinate an appropriate (not over-reactive and destabilizing) re
sponse.

5.8 Potential outflow of raphe chemosensors

The potential outflow of CCVstimulated 5-HT neurons is well-described and includes pro
jections to numerous regions important to breathing and chemosensitivity, including the 
phrenic motor nucleus (diaphragmatic innervation), facial motor nucleus, dorsal motor 

nucleus of the vagus, hypoglossal motor nucleus, trigeminal motor nucleus, nucleus am- 
biguus, retrotrapezoid nucleus, preBotzinger complex, locus coeruleus, and brainstem no
radrenergic cell groups (Hilaire et al., 2010; Hodges and Richerson, 2010b; a; Corcoran et 
al., 2009). As described in Chapter 1, 5-HT neurons project to many other regions that are 
not implicated in breathing, including dense innervation of several spinal cord regions via 
three main tracts (dorsal horn, interomediolateral cell column, and ventral horn; Skager- 
berg and Bjorklund, 1985). This supports a role for raphe 5-HT neurons in sensory, motor, 
and general sympathetic processes. 5-HT neurons facilitate normal breathing by providing 

tonic, excitatory drive to respiratory nuclei, and also contribute to the hypercapnic venti
latory response (reviewed in Hodges and Richerson, 2010a). Raphe 5-HT neurons are also 

implicated in a host of other functions, most of which involve homeostatic regulation (see 
Chapter 1).

Less well-characterized than 5-HT raphe respiratory outflow is the potential outflow
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of raphe GABA neurons. Studies identifying raphe 5-HT projections also often revealed 

many non-serotonergic raphe neurons following the same pathways. Often, these non-5- 
HT neurons were not stained for other markers; however, raphe GABA projections to re

gions important for sympathetic response are well-characterized (reviewed by Stometta, 

2009; discussed in Chapter 3). Cao et al. (2006) identified direct projections of medullary 
raphe GABA neurons to the phrenic motor nucleus. Hodges et al. (2005) further demon

strated these projections from C0 2 -inhibited GABA neurons. It is likely that respiratory- 
related GABAergic projections are present but have yet to be investigated. As described 
in Chapter 4, projections from RCA interneurons are not yet identified and may mirror 

those of 5-HT raphe neurons. Once these cells are characterized, their connectivity may be 
established.

5.9 A raphe midline apneic site

Studies in which raphe magnus is stimulated chemically or electrically provide insight 
into the region's role in breathing and other homeostatic reflex regulation. Raphe magnus 

stimulation by glutamate injection or electrical stimulation can produce apnea as well as 
bradycardia and hypotension (Aoki et al., 1995; Cao et al., 2006; Lalley, 1986; Verner et 

al., 2004). Verner et al. (2004; 2008) have termed this the midline apneic site and propose 
that activation of inhibitory (likely GABA) neurons that project to brain respiratory sites 
are responsible for these effects. Verner et al. (2008) demonstrated that projections to this 
site originate in regions involved in chemosensation, respiration, cardiovascular regula

tion, thermoregulation, nociception, and stress. One notable projection is that from the 
intertrigeminal region. Stimulation of the intertrigeminal site also produces profound ap

nea (Chamberlin and Saper, 1994). Verner et al. (2008) suggest that the midline apneic site 
may play a role in the airway protective responses that are mediated by the intertrigeminal 
region, including diving and Hering-Breuer reflexes.

The diving reflex is effected by activation of the trigeminocardiac reflex pathway: a 

parasympathetic response that is endogenously modulated by 5-HT and GABA (Gorini 
et al., 2009; Dergacheva et al., 2011). Respiratory activity influences parasympathetic pre

motor neurons and medullary raphe neurons send projections to parasympathetic cardiac 

ganglia (Dergacheva et al., 2010). Opioid injections into raphe magnus activate OFF cells
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(likely GABAergic) and produce exaggerated respiratory sinus arrhythmia indicative of 
parasympathetic activation (Heilman et al., 2009). Indeed, Mason and colleagues propose 

that raph6  magnus collectively integrates inputs and regulates sympathetic/ parasympa

thetic tone to produce appropriate homeostatic balance. If raphe GABAergic activation 
(via electrical, glutamate or opioid stimulation) could cause a profoundly inhibitory re

flex (such as the diving reflex), inappropriate GABAergic activation could be pathological. 
Others have noted the similarities between the diving reflex and the bradycardia, apnea, 
and hypotension preceding SIDS (Verner et al., 2008). Hypothetically, inappropriate acti
vation of raphe GABA neurons would be sufficient to cause this complement of potentially 

lethal events.

5.10 Potential mechanisms of raph£ chemosensitivity

The cellular mechanisms underlying raphe neuron chemosensitivity have not been de
scribed. Apparently 5-HT neurons are intrinsically acidosis-stimulated; these cells demon

strate such behavior when acutely dissociated in culture and during synaptic blockade 
(either NMD A, AMPA, and GABAa receptor antagonism, or with high Mg2+ low Ca2+). 
A calcium-activated non-selective cation (CAN) current has been proposed as a candidate 
mechanism by which acidosis is transduced by raph6  5-HT neurons (Corcoran et al., 2009), 

but this has not been conclusively shown. Astrocytes are known transducers of CO2  via 
connexin 26 hemichannels on the astrocytic membrane (Huckstepp and Dale, 2011). CO2 

stimulation of astrocytes increases their intracellular Ca2+ concentration, prompting ATP 
release. This ATP then binds to receptors on at least one group of chemosensitive neurons 
(in the retrotrapezoid nucleus) to excite them. 5-HT raphe neurons express ATP recep
tors, but their role and that of astrocytes in CO2 transduction in the raphe has not been 
explored, despite the fact that astrocytes are present in raph6  cultures. No mechanisms for 
acid transduction of CCVinhibited raphe cells have been proposed.

5.11 Future directions

Many functionally unidentified non-5-HT raphe presympathetic motor neurons have been 

anatomically described (reviewed in Stornetta, 2009). I plan to characterize RCA interneu
rons anatomically with immunostaining for VGLUT3 and NK1R, and with anterograde
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and retrograde tract tracing studies. I want to further characterize both chemosensitive 
5-HT and RCA intemeurons functionally with juxtacellular labeling coupled with fast 

synaptic blockade or antagonists of intra-raphe connections. A higher-throughput study 

would involve raphe tissue immunostaining for c-Fos (indicative of cell activation) and 
markers for chemosensitive raphe neurons (5-HT, GABA, NK1R) after hypercapnia or 

hypocapnia. If c-Fos colocalizes with markers for CC>2 -sensitive raphe cells in tissues ex
posed to hypercapnia or hypocapnia, we can conclude that those cells have been activated 
by the experimental CO2  manipulation. We can also conduct these studies after application 

of pharmacological agents to elucidate mechanistic processes.

5.12 Relevance of this dissertation

Given the broad role of the raphe in homeostatic regulation, and its abundant ascending 
and descending projections, dysfunction of this region is associated with a wide range of 
pathologies (reviewed in Richerson, 2004). Raphe abnormalities are implicated in the Sud
den Infant Death Syndrome (SIDS) (Kinney et al., 2009; Kinney and Thach, 2009; Richerson 
et al., 2001). In infants that have died from SIDS, brain tissue has been found to have lower 
levels of 5-HT and its associated enzymes, as well as 5-HT receptor binding abnormality. 

SIDS is thought result from the brain's inability to restore homeostasis following a life- 
threatening challenge (a failure of state-dependent autonomic control; Kinney et al., 2009). 
SIDS pathologies linked to raphe dysfunction are not exclusive to abnormalities in 5-HT 
cells, as GABAa receptor expression in the infant medulla (including the raph6  nuclei) 
changes dramatically throughout human development and shows abnormalities in SIDS 
(Broadbelt et al., 2010; 2011). Patients with Rett syndrome have respiratory dysfunction, in
cluding frequent hyperventilation, apneas, and impaired hypercapnic response; dysfunc

tion in the 5-HT system contributes to this pathology (Katz et al., 2009). Methyl CpG bind
ing protein 2 (MeCP2) deficient mice are a model for Rett syndrome and show reduced 
brain 5-HT and an impaired hypercapnic response. When 5-HT levels were experimen

tally increased in these mice (by blocking 5-HT reuptake), the hypercapnic response was 

rescued (Toward et al., 2013). Similar treatment in a patient with Rett syndrome dramat
ically improved breathing function (Gokben et al., 2012). Modifying GABA and 5-HTia 

receptor activity also improves respiratory function in MeCP2-deficient mice (Abdala et
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al., 2010).

Dysfunction of the raphe, including 5-HT neurons, is implicated in other diseases in 
which respiration is abnormal, including Central Congenital Hypoventilaton Syndrome, 

Prader-Willi Syndrome, obstructive sleep apnea, and neurodegenerative diseases (Hilaire 
et al., 2010). Raphe neurons must affect multiple physiological processes simultaneously. 
Each type of raphe neuron surely does not function in one and only one capacity, as ev

idenced by recordings of simultaneous raphe modulation of breathing, arousal, pain re
sponse, and heart rate (Heilman et al., 2007). Individual OFF and ON cell activities are also 
simultaneously correlated with spontaneous breathing, supporting multiple functions for 
each type of raphe neuron.

5.13 Summary

Here, I have demonstrated that the medullary raphe is heterogeneous and clearly contains 
at least three distinct classes of pH/C0 2 -sensitive neurons: modestly C0 2 -stimulated 5- 
HT neurons, C0 2 -inhibited GABAergic neurons that possess this sensitivity independent 
of major fast synaptic inputs, and robustly C0 2 -stimulated non-5-HT neurons. The CO2- 
stimulated non-5-HT neurons constitute a previously unrecognized class of chemosensi
tive raphe neuron that express receptors for substance P and are dependent on network 
inputs from 5-HT and GABA raphe cells for chemoresponsiveness. Based on my identifi
cation of these three distinct types of chemosensitive raphe cells, I have proposed a new 
raphe chemosensory amplifier (RCA) network model to explain raphe contributions to 
central chemosensitivity. In this model the three cell types interact as a pH/CCb-sensing 
network that potentially amplifies the chemosensory responses to changes in pH/CCb 
and guards against toxic 5-HT neuron over-excitation. Considering the wide range of 
autonomic functions that are mediated by the raphe:, activity of each individual raphe 
cell likely affects multiple sympathetic/parasympathetic processes in concert, necessitat
ing tight regulation to prevent harmful over- or under-activation of downstream targets. 

In this way, the RCA network could integrate inputs and respond to changes in tissue 
pH/CC>2 with an appropriate modulation of sympathetic and/or parasympathetic out

flow. The raphe have extensive afferent and efferent connections and play a very broad 

role in autonomic control, ultimately promoting homeostasis. These unique collective
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properties of the raphe suggest that the neurons within the RCA network likely also in
fluence processes other than ventilation. It is my view that these three neuron types are 

integral for appropriate homeostatic regulation, and dysfunctions in any of these cells, or 
their interactions, could induce profound homeostatic pathologies.

5.14 Methods

All methods are the same as those described in Chapter 4. In addition, pharmacological 
receptor antagonists were applied before and after gas challenges to assess whether or not 

chemoresponsiveness was dependent on various network inputs. Gas challenge protocols 
were repeated after addition to the perfusate of one or more of the following receptor an

tagonists: 5 -HT2A (ketanserin, 5 //M), GABAa (bicuculline, 20 /iM), GABAb (saclofen, 20 
juM), NMDA (CPP, 10 //M); AMPA/kainate (CNQX, 20 //M), or glycine (strychnine, 1 //M). 
Some tissue was immunostained for VGLUT3 using guinea pig polyclonal anti-VGLUT3 
(Millipore #AB5421; 1:1000) and secondary goat anti-guinea pig Alexa 647 (Invitrogen 
#A21450) using processing similar to that described in Chapter 4.
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Figure 5.1: A raphe chemosensory amplifier (RCA) network model of CC>2 -sensitivity.
We propose a network model that incorporates CO2 -stimulated raphe 5-HT/SP neurons, 

which excite RCA interneurons, and CC>2-inhibited GABAergic neurons, which inhibit 5- 
HT neurons and/or RCA interneurons. The RCA interneurons are stimulated by CO2 

through activation of CC>2 -stimulated 5-HT neurons and by disinhibition, achieved by de

activation of C02-inhibited GABAergic neurons. Together, these three cell types form what 
we are terming the raphe chemosensory amplifier (RCA) network. Direct or indirect out

put from this network activates central rhythm generators (CRG) to increase breathing 
frequency, and/or motor neuron pools (MNP), to enhance tidal volume, resulting in in
creased ventilation (VE) with hypercapnia.
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Figure 5.2: Raphe neurons receive local GABA input. Shown in panel A, TPH-ir (green; 
serotonin synthesizing) neurons have GABAa receptors on membranes, illustrating GABA 

inhibition of 5-HT neurons (arrows) within the network. GABAa-immunoreactivity also 
occurs on non-5-HT neurons (arrowheads), which may include RCA intemeurons. In 
panel B, soma and processes of a TPH-ir (green; noted by arrow, serotonin-synthesizing) 

neuron are closely apposed to GAD65/67 (GABA synthesizing) vesicles. The arrowhead 

denotes a soma immunoreactive for GAD65/67 indicating a GABAergic neuron proximal 
to the bed of 5-HT neurons.
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Figure 5.3: RCA interneurons are surrounded by 5-HT and GABA neurons. A sponta
neously firing neuron (A) increased firing over baseline by 170% with hypercapnia, and 
was subsequently juxtacellularly filled and stained immunonegative for TPH (B; green) 
and GAD67 (C; blue). This C02-stimulated non-5-HT neuron (D) was closely surrounded 
by punctate GAD67 immunoreactivity and 5-HT neurons (E).
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Figure 5.4: RCA intemeurons are dependent on 5 -HT2A mediated drive. A sponta
neously firing neuron (A) increased firing over baseline by 25% with hypercapnia. Bath 

application of ketanserin (a 5 -HT2A receptor antagonist) decreased firing of the same neu
ron and a second hypercapnic challenge produced no change in firing, indicating loss of 
CC>2 -sensitivity after ketanserin. The cell gradually slowed and ceased firing during the 

post-hypercapnic recovery period.
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Figure 5.5: RCA interneuron chemosensitivity is dependent on GABAa receptors, and 

excitatory drive is dependent on 5 -HT2A receptors. A spontaneously firing neuron (A) 
increased firing over baseline by 80% with hypercapnia. Bath application of bicuculline 
(GABAa receptor antagonist) increased firing of the same neuron by ~80%, a disinhibitory 
increase from baseline. A second hypercapnic challenge produced no change in firing, in

dicating loss of C02-sensitivity after bicuculline. Bath application of ketanserin (5 -HT2A 
receptor antagonist) decrease firing to <1 Hz, and a third hypercapnic challenge demon

strated continued cell insensitivity to CO2 .
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Figure 5.6: RCA intemeuron chemosensitivity and tonic drive are mediated by GABAa 

and 5 -HT2A receptors. A spontaneously firing neuron (A) increased firing over baseline 
by 48% with hypercapnia. Bath application of bicuculline and ketanserin (GABAa and 

5 -HT2A receptor antagonists, respectively) silenced firing of this cell, and a second hyper
capnic challenge did not stimulate the cell to resume discharge.
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Figure 5.7: RCA interneuron chemosensitivity is not dependent on glutamate or glycine 

input, but is dependent on local network (5-HT and GABA) mediated interactions. A

spontaneously firing neuron (A) increased firing over baseline by more than three-fold 
during hypercapnia. Bath application of CNQX, CPP, and strychnine (AMPA, NMDA, 

and glycine receptor antagonists, respectively) increased firing of the same neuron (B). A 

second hypercapnic challenge increased neuronal firing, indicating retention of hypercap
nic sensitivity. Bath application of bicuculline and saclofen (GABAa and GABAb receptor 

antagonists, respectively) did not change firing rate (C). A third hypercapnic challenge 

produced no change in firing, indicating loss of CCb-sensitivity. Bath application of ke

tanserin (5-HT2a receptor antagonist) decreased firing steadily (D), until it ceased firing, 
despite a fourth hypercapnic challenge.
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Figure 5.8: NK1R and VGLUT3 colocalize in the medullary raphe. Immunostaining for 
neurokinin-1 receptor (NK1R; red) and vesicular glutamate transporter 3 (VGLUT3; green) 
in the raphe demonstrates widespread immunoreactivity for both markers, and colocaliza

tion of VGLUT3 and NK1R in a subset of raphe cells.
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Figure 5.9: Hypothesized mechanistic model of the raphe chemosensory amplifier 
(RCA) network. A schematic illustration of the RCA network depicts hypothesized intra
network relationships and downstream respiratory targets. We propose a network model 

that incorporates C02-stimulated raphe 5-HT/substance P neurons, which excite RCA in
terneurons, and CCVinhibited GABA neurons, which inhibit 5-HT neurons and/or RCA 

interneurons. The RCA intemeurons are stimulated by CO2  through activation of CO2 - 
stimulated 5-HT neurons and by disinhibition, achieved by deactivation of CC>2 -inhibited 
GABA neurons. Together, these three cell types form what we are terming the raph6 
chemosensory amplifier (RCA) network. Direct or indirect output from this network ac

tivates central rhythm generators (CRG) to increase breathing frequency, and/or motor 

neuron pools (MNP), to enhance tidal volume, resulting in increased ventilation (VE) 

with hypercapnia. This hypothesized network collectively tunes 5-HT output with two 

reciprocal feedback loops: one between 5-HT and GABA neurons, and another between 
5-HT/substance P and NKlR-expressing gluatamatergic neurons.
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Figure 5.10: Distribution of individually recorded and characterized CC>2 -sensitive 
raphe cells. Shown are the positions of CCVstimulated and CCVinhibited neurons iden
tified in this dissertation. Cell positions are plotted onto a sagittal outline representation 
of the medullary raphe nuclei. All cells were located within 100 fim  of the midline. Not 
shown are locations of CCVsensitive neurons, which were not either juxtacellularly la

beled or influenced by FSI blockade (n>200). CC>2 -stimulated 5-FIT neurons were only 
found in the rostral medullary raphe, and not in the raphe obscurus. A portion of sub
sequent recording efforts for CC>2 -inhibited neurons was focused in the rostral medullary 

raphe since the CO2 -stimulated 5-HT neurons were clustered in these nuclei. The appar
ent rostral clustering of CCVinhibited cells in this figure is due at least in part to this 

regional selection bias. Overall, CO2 inhibited neurons and C02-stimulated RCA neurons 
are distributed throughout the raphe. We did not attempt recordings beyond the raphe 
and cannot exclude the occurrence of these cells in other regions.
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Appendix

General juxtacellular labeling and immunohistochemistry methods

Juxtacellular labeling is an experimental technique developed by Didier Pinault (1996) 

to visualize electrophysiologically characterized individual neurons. A single neuronal 
extracellular recording is made using a high impedance biotinamide-filled glass capillary 

electrode, which is typically placed stereotaxically into living neuronal tissue in an in vivo, 
in vitro acute slice, or in situ preparation. After a single neuronal unit in the area of interest 
is located and is in the juxtacellular configuration with the electrode tip, a stable record

ing is initiated, the experimental variable is manipulated, and the electrophysiological re
sponse to the variable manipulation is recorded. When the experimental manipulation is 

complete, the recorded cell is then filled with biotinamide. This is accomplished by stimu
lating the cell in the juxtacellular configuration with positive current pulses via the record
ing electrode. The cell entrains its firing activity to the current pulses, which iontophorese 
the biotinamide from the capillary into the extracellular space, and biotinamide is taken up 
by the entrained neuron through what is thought to be an electroporation process. If the 
entrainment is maintained for a sufficient duration (about 30 s), and the cell survives the 
entrainment process, the biotin-filled neuron can be later visualized, if necessary after al

lowing the animal to recover overnight from the procedure before tissue collection. When 
combined with other methodological techniques, juxtacellular labeling can be a powerful 
way to obtain detailed information about a single cell.

Theoretically, any experimental variable manipulation that can be used with high 

impedance single-unit extracellular recording can be used with juxtacellular labeling. As 
long as the juxtacellular configuration can be established and stability of the electrode tip 

relative to the cell is sufficient throughout the duration of the recording and entrainment, 
juxtacellular labeling should be possible. This is a good alternative to intracellular stain
ing for cell types that do not survive impaling and holding with a sharp microelectrode. 

Both tonically active and experimentally stimulated cells can be labeled. Among the cells 

that have been juxtacellularly labeled are cells that have been physiologically characterized 
thermosensors (Winkler et al., 2006), chemosensors (Mulkey et al., 2004), nociceptors (Win

kler et al., 2006), and arousal state-controlling (Kocsis et al., 2006). Juxtacellular current in
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jection has even been used recently to nanostimulate individual neurons to determine the 
physiological affect of a single units activity (Houweling et al., 2010). Usually, visualiza

tion of the filled neuron is coupled with either immunohistochemistry for neurochemical 

phenotyping, or with retrograde labeling or some type of 3-D microscopic reconstruction 
for morphological characterization. Sometimes recordings of electroencephelogram or ad
ditional physiological parameters are made concurrently with extracellular recordings to 
provide more physiological information. Each of these techniques adds another layer of 

complexity to the procedures, and in practice, can be difficult to implement and time
intensive to perform. Although complicated juxtacellular labeling protocols are low-yield 
in terms of characterized neurons per animal, the information that is gleaned from care
fully performed experiments is dense and usually of high quality.

After LACUC approval of protocol, an animal is anesthetized and tissue is exposed for 
either an in vivo, in situ, or in vitro preparation. A biotin-electrolyte solution is made, typi
cally using biocytin, or Neurobiotin (Vector Labs; biotinamide hydro-bromide or -chloride) 

in sodium or potassium acetate or chloride solution. A fine glass micropipette with an in
ternal filament is pulled to a resistance of 15-40 M il and is backfilled with the biotin solu
tion. The electrode is placed stereotaxically in the target area and signal is amplified with 
a device that can provide constant current, usually a direct current intracellular recording 
amplifier in bridge mode, and recorded information is sent to a computer hard drive. The 
electrode is advanced until the extracellular action potential amplitude reaches its maxi
mal value, but not close enough to contact the cell directly. After the physiological variable 
has been manipulated (e.g. drug, stimulation, activation, lesioning) and the desired elec
trophysiological information has been recorded, the entrainment attempt is initiated.

To entrain the unit, current pulses (usually positive) are passed from the amplifier in 

bridge mode, through the recording electrode, at 200-500 msec, 50% duty cycle, starting 
at a low amplitude (~0.2nA), and then increased gradually under close monitoring for 
electrical changes. When the current is at the ideal level, and the membrane is ready to 

take up the biotin solution, changes in background noise and action potential amplitude 

are often noted, and the cell will usually entrain its action potentials to fire synchronously 

with the stimulus current pulses. Sometimes the cell will fire a robust volley of spikes 
with each stimulus pulse, but sometimes sufficient labeling can be achieved even if the
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cell only mildly synchronizes its firing with the stimulus pulses, as long as the membrane 
has attained the juxtacellular configuration. These current pulses trigger the iontophoretic 

ejection of biotinamide and entrainment causes uptake of this marker by the recorded and 
entrained cell. The entrainment should be maintained for as long as necessary, but not 
long enough to damage the cell (usually 2-5 min is ideal for simple labeling). 30 min to 

16 h after termination of entrainment are allowed for biotinamide to disperse within the 
neuron before tissue fixation.

The tissue containing the biotin-filled neuron is then fixed with a cross-linking fixa
tive, and is sectioned with a microtome (if not already sectioned). Incubation with an 
avidin-conjugated fluorophore and subsequent fluorescent imaging provides the quickest 
and simplest route to visualization of the labeled cell. This can be performed in parallel 
with or in advance of immunofluorescent labeling of cell proteins of interest, such as neu

rotransmitters and enzymes. If a more permanent or signal-intensified stain is desired, 
one can use ABC (avidin, biotin, horseradish peroxidase) incubation and DAB treatment 
for light microscopy or electron microscopy, even after immunofluorescent processing.

Various controls and techniques must be employed to ensure that the visualized cell 
is the recorded cell. Labeling of adjacent cells, damaged cells, ambiguous or weak label

ing, labeling of non-entrained cells, labeling of non-recorded cells, and inaccurate stereo
taxic location of cells are all potential pitfalls of juxtacellular labeling. Pinault and others 
have performed extensive control experiments that demonstrate the reliability of the tech
nique. Some potential problems are unlikely to occur because of the nature of the method, 
and other potential problems can be avoided with proper precautions. Despite these pre
cautions, when problematic evidence is inevitably observed, the data are not used. Most 
researchers who employ juxtacellular labeling will encounter the scenarios from these con

trol experiments during the normal course of attempting to label cells. It is important that 
each researcher performs the controls and methods necessary to maximize the certainty 
that the labeled cell is the recorded cell.

The high resistance electrodes used in juxtacellular labeling help prevent two closely 

neighboring cells from being entrained during an entrainment attempt, because higher 

resistance electrodes are less likely than lower resistance electrodes to detect signal from 
different units simultaneously. However, this can still happen, and it is clear to the re



153

searcher most of the time, as the high signal to noise ratio characteristic of these electrodes 
allows even faint neuronal activity to be apparent prior to an entrainment attempt. Usu

ally, when activity from two units is recorded, the electrode can merely be advanced until 

only one unit is detected. It is best to advance the electrode past both units and to find 
another one entirely, if possible. Sometimes a second unit becomes apparent only after 

an experimental manipulation or during entrainment. In this case, it it best to stop and 
to move on to a totally different unit. When two units are detected during entrainment, 

two labeled neurons are usually visualized, sometimes one labeled more weakly than the 
other, which would probably be the one with the lower spike amplitude, but nevertheless, 
these data are not reliable. Labeling and visualization of two adjacent cells without elec
trophysiological detection of the second cell is quite rare, and if this occurs, the data are 
not used. Height and width analysis of individual neuronal spikes is performed to confirm 

the recording of the same neuron throughout the procedure. When a cell dies during or 

after entrainment, a neuron with evidence of damage is usually recovered. If the tissue is 
fixed soon after a mild damage, the biotin has not diffused much and the neuron can be 
obviously labeled, but show faint signs of damage. Sometimes when an entrained neuron 

is severely damaged, an electrode tract with a concentrated corona of stain at the end and 
an obviously damaged cell are visible.

Ambiguous labeling can occur when a cell is weakly entrained, is damaged during 
entrainment, or when a cell body fill doesnt have a obvious somatic morphology. Even 
when a cell is weakly entrained, labeling can be sufficient to fill the soma, which is the 
minimum necessary to establish its identity. When the label fills the soma, but has not 
diffused to any processes, and there is no counterstain (e.g. immunostaining) to confirm 
the shape of the labeled neuron, it can appear like a bright blob, and is indistinguishable 
from debris. These data should not be used. When the soma and at least one process is 

labeled, and especially if the cell is counterstained for a protein, identity can usually be 
confirmed.

Labeling of non-entrained and non-recorded cells has not been seen in extensive control 

experiments by Pinault (1996). When no neuron is detected by the electrode but current is 
applied (and therefore, biotin is ejected), there is no histological evidence of cell labeling, 

and at most, a very faint accumulation of tracer can sometimes be found. Even when
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neuronal activity is recorded, but the cell does not entrain to the current pulses (because it 
is too far away, for example), no evidence of cell labeling is found. Biotin diffuses quickly 

in the extracellular space and will not be taken up by a cell unless the cell is juxtacellularly 

entrained. It will diffuse away from the electrode tip to a dilution that is undetectable with 

histology.
If more than one cell in a small anatomical region is entrained, upon visualization it can 

be difficult or impossible to distinguish the cells from each other. One solution is to only 
attempt entrainment on one neuron per animal. A final yield of one visualized neuron per 

animal is fine, however, many entrainment attempts fail, or cannot be determined to be a 
success or failure until the tissue is examined later. Even with the most careful techniques, 
not every neuron can be entrained, nor can every entrained neuron be visualized. Most 
preparations require more than one entrainment attempt to yield a visualized neuron and 
it would be unethical to euthanize an animal after only one unsuccessful entrainment at
tempt. The need for accuracy must be balanced with the need to use animals responsibly 

and to not waste time and resources on quickly aborted experiments. Because of this, it is 
best to have at least one unambiguously and robustly entrained neuron per animal. This 
is likely to be recovered. As long as the cells are separated by enough space to accurately 
resolve them (about 0.75 mm), several neurons can be entrained and correctly visualized 
in each animal. Obtaining two or three entrained neurons per animal, at least one of which 
entrained very well, is a reasonable goal and a good use of an animal, as it is very likely 
that at least one labeled cell will be recovered and visualized. Experimental procedures 
should continue to be optimized until failure (no neurons visualized from an animal) is 
rare.

One of the best ways to eliminate ambiguity in labeling and visualizing individual 

cells is to practice precise electrode placement and tissue handling. When only 1-5 cells 

are entrained in each animal, and separated from each other by at least 0.75 mm in each 

direction, it should be possible to correctly identify a visualized cell, even if it is the only 

one successfully recovered from the animal. Meticulous aligning of the stereotaxic device, 

marking of the zero point, recording of all three coordinates of entrainment site, embed
ding of the specimen, and aligning the microtome axes for slicing are all crucial steps to 

ensuring that the recorded cell can be accurately recovered and identified. If any of these
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steps are neglected, and only one neuron has been visualized in an animal in which two 
neurons were entrained, it cannot always be determined which of the two entrained neu

rons has been visualized. If the two neurons were located at very different depths, for 

example, one near the dorsal surface and the other near the ventral surface, the identity of 
the visualized neuron could be determined; however, this is not usually the case in such 

situations. When recording bilaterally, notching one side of the brain during histology 
helps in cell identification.

Immunohistochemical controls are standard and should include incubation of tissue 
without primary antibodies to rule out non-specific binding of the fluorophores and in
cubation without secondary antibiodies to rule out autofluorescence. The immunohis- 
tochemistry protocols should also be performed on tissue known not to express target 
immmunoreactivity. Using careful control experiments, and probing its limitations, the 
originator and early adopters of juxtacellular labeling established the technique as precise 
and trustworthy. Since its introduction, juxtacellular labeling has been used by a small 

but successful group of researchers whose work has been widely published, justifying 
juxtacellular labeling as a legitimate and powerful experimental assay. When a researcher 
properly and carefully employs juxtacellular labeling techniques, performing all necessary 

controls, and especially when combined with other procedures, a wealth of information 
can be obtained from just one neuron.

Conducted in situ using an unanesthetized perfused decerebrate juvenile rat brainstem 
preparation, extracellular recordings of medullary raphe (r. magnus, r. obscurus, r. pal
lidus) neurons are made using pulled glass capillary electrodes, fabricated (20 MO; filled 
with 5% biotinamide hydrobromide in 0.5 M sodium acetate). With a dorsal approach, 
electrodes are placed in target regions of the medullary raph under stereotaxic and visual 
guidance using surface landmarks (midline and obex). Raph regions are targeted along 
the midline (+ 1 mm lateral) between 11 and 13.5 mm caudal to bregma, 10-12 mm below 

the dorsal surface, based on atlas coordinates. Electrodes are placed above raph target ar
eas, and driven into the tissue using a fine stepping motor (2 //m steps; Burleigh Inchworm) 

held in a stereotaxic 5-axis micropositioner integrated with a digital brain atlas (Benchmark 

Angle Two; MyNeuroLab). Spontaneously active neurons are identified electrophysiologi- 

cally and classified according to changes in firing frequency elicited by elevation of arterial
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CO2 concentrations via manipulation of CO2 gas levels in brain perfusate.

Recorded neurons that demonstrate chemosensitivity (either CCVstimulated or 

-inhibited) are individually filled with biotinamide using positive-current pulses (400 ms 
duration, 50% duty cycle) of gradually increasing intensity (0-10 nA in 0.2 nA steps) ap
plied to each cell through the bridge circuit of the recording amplifier until entrainment of 

cell discharge to the current pulse is achieved. Cell entrainment is maintained for at least 

30 s when possible. The stereotaxic coordinates of the recording site are noted. When pos
sible, juxtacellular labeling is performed at multiple sites in a given experimental prepara
tion.

The preparation is perfused through descending aorta with 300 mL of 4% paraformalde
hyde and 0.1% glutaraldehyde in 0.1M PBS. The brainstem is removed and postfixed in the 

same solution 24 hrs and then cryoprotected in 30% sucrose until infiltrated (1-2 days). Tis
sue is embedded in OCT sectioning medium and frozen at -80 degrees C for 1-3 d. until 
sectioning on a cryostat at 30 /jm slices, mounted on Superfrost Plus (VWR) slides. Bioti

namide is revealed with 1 h. incubation in streptavidin-Alexa 546 conjugate and confocal 
imaging of sections. When labeled cell is located, high resolution images are saved to aid 
in subsequent relocation of cell. Section containing labeled neuron is then treated to reveal 
immunoreactivity for the 5-HT-synthesizing enzyme tryptophan hydroxylase, TPH and 
the GABA-synthesizing enzyme glutamate decarboxylase, GAD67. Slides are incubated in 
primary antibody solutions (mouse monoclonal anti-TPH, rabbit polyclonal anti-GAD67) 
overnight. Sections are rinsed in PBS, then incubated in secondary antibody/fluorphore 
solution: goat anti-mouse Alexa 488, goat anti-rabbit Alexa 647). Slides are rinsed in PBS, 

air-dried, mounted with Vectashield (Vector Labs), coverslipped and sealed with nail pol
ish. The labeled cell is located, and low magnification images are used to determine the 

location of biotinamide labeled cells in relation to anatomical landmarks (ventral surface, 
pyramids, etc), and cells are mapped onto the brain atlas at the appropriate location. Local 
biotinamide-, 5-HT-, and GABA-related fluorescence are visualized to identify colocaliza

tion of serotonergic or GABAergic markers in biotinamide labeled neurons. Fluorophores 

are individually excited and emission spectra are collected separately to minimize interfer
ence using a Zeiss LSM510 confocal microscope: biotin-labeled neuron, Alexa 546, 543nm 

laser, filter BP 560-615; anti-TPH, Alexa 488,488nm laser, filter BP505-530; anti-GAD65/67,
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Alexa 647, 633nm laser, filter LP650. Incubation with an avidin conjugated fluorophore 
and subsequent fluorescent imaging provides the quickest and simplest route to visualiza

tion of the labeled cell. If a more permanent or signal-intensified stain is desired, one can 

use ABC (avidin, biotin, horseradish peroxidase) incubation and DAB treatment for light 
microscopy or electron microscopy, even after immunofluorescent processing.

Obex is used (instead of bregma) as the zero point for the stereotaxic device in this 
preparation because it is very close (less than 4mm) to and caudal to the recording sites. 
The skull suture with the bregma zero point is removed during the decerebration, making 

it difficult to estimate the location of bregma, but more importantly, bregma is so far away 
from the recording site (about 12 mm) that a large margin of error would be introduced 
even if bregma were intact and the electrode was zeroed there. Bregma would be a good 
zero point for higher brain structures, especially ones that lack nearby distinguishing ex

ternal landmarks. Setting the zero point under high magnification at obex, which is nearby 
on the surface and very easy to recognize, and carefully noting on the stereotaxic software 
how far rostral, lateral, and ventral the electrode is in relation to the zero point when 

recording provides the most reliable way of estimating the precise location of the recorded 
neuron. When the animal is secured in the headframe with earbars, and the skull over the 
brainstem has been removed, the brainstem slants down at an angle (the caudal portion is 
slanted ventrally) that can be minimized with a prop under the animals thorax, but cannot 
be eliminated because of the aortic perfusion cannula. If the electrode enters the brainstem 
at any angle other than perpendicular, the deeper below the surface (more ventral) that 

electrode is, the more caudal it will be, introducing error into the rostro-caudal location 
estimate. Because of this, the electrode holder is carefully tilted so that the electrode path 
is perpendicular to the brainstem dorsal surface, ensuring that as the electrode is advanced 
ventrally, the rostro-caudal location will not change. The position of the recorded cell on 

the rostro-caudal axis is an important measurement, because this is used to estimate on 
which section the cell will be located and visualized. After the experiment is terminated, 

the electrode tip is dipped in a bit of India ink and moved back to the zero point at obex, 

and plunged ventrally into the tissue at obex. This provides a nice visual landmark for 
obex when sectioning, to ensure accurate estimation of the rostro-caudal location of each 

slice. When the brainstem is sectioned coronally, the tissue is again carefully adjusted to
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be sliced at an angle perpendicular to the dorsal surface. Slices are numbered in relation 
to the slice containing obex (identified by black ink track on slice), and the number of the 

slice containing the recorded cell is estimated based on the rostro-caudal distance of the 

recorded cell from obex. Using this method, the recorded neuron can be located and visu
alized, usually within a margin of ±120 fim. Only midline neurons are targeted, and the 

depth (dorso-ventral) of the entrained neuron is known, so the slices are only examined 
down the midline, and the distance of the visualized cell from the brainstem surface must 

correspond to the depth of the entrained neuron. Because entrained neurons are separated 
by a distance of at least 750 /an, these methods ensure that the recorded neurons location 
is pinpointed in all three dimensions during both recording and histological processing 
and examination, even when only one neuron is recovered from an animal in which two 

or three neurons were entrained. No more than three neurons are entrained per animal 

because the target area is at the midline (no bilateral recording) and is approximately 3 
mm in length.

Using indirect immunofluorescence, 5-HT neurons are identified as those expressing 
5-HT related immunoreactivity, whereas GABA neurons are identified as those express
ing GABA related imunoreactivity. The number of exclusively biotinamide labeled neu

rons are counted, and the number and location of any double-labeled cells, those contain
ing both biotinamide and either 5HT or GABA related immunoreactivity, are noted. 5HT 
or GABA immunoreactivity in tissues surrounding biotinamide labeled neurons are also 
noted. From these data we derive a 3-D reconstruction representing the distribution of 
CC>2 -insensitive neurons exclusive of 5HT and GABA neuron markers, the distribution of 
CC>2 -insensitive neurons that do possess such markers, and the relative frequency of 5HT 
and GABA neurons exclusive of, but proximal to, biotinamide-labeled neurons across the 
raph. The locations of any biotinamide labeled cells that do not immunostain for 5-HT or 
GABA neuron markers are also be plotted.


