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Abstract 

 

Astrocytes, the most numerous glial cells of the central nervous system, are well 

known to provide neuronal circuits with essential structural and metabolic support. 

There is also evidence that astrocytes may modulate the activities of neuronal 

circuits controlling motor rhythms including those of the brainstem’s preBötzinger 

complex (preBötC) that generates the rhythm of breathing in mammals. However, 

the extent and mechanisms of active astroglial control of the respiratory rhythm-

generating circuits remain unknown. The morphological features of astrocytes in 

this critical brainstem region are also unknown. In this dissertation, viral gene 

transfer approaches designed to block or activate astroglial signaling pathways were 

used to determine the role of preBötC astrocytes in the control of breathing using in 

vitro and in vivo experimental models. Computer-aided morphometric analyses were 

used to investigate the structural features of brainstem astrocytes potentially 

contributing to their functional role.   

The results from these complementary, multi-faceted experiments show that (i) 

morphologically, preBötC astrocytes are larger, have more branches, and longer 

processes when compared to astrocytes residing in other regions of the brainstem; 

(ii) in conscious adult rats, blockade of vesicular release mechanisms or ATP-

mediated signaling in preBötC astrocytes by virally-induced bilateral expression of 

either the light chain of tetanus toxin (TeLC), the dominant-negative SNARE 

proteins (dnSNARE), or a potent ectonucleotidase – transmembrane prostatic acid 

phosphatase – results in a significant reduction of resting respiratory frequency and 

frequency of sighs, augmented breaths that engage preBötC circuits to increase 

inspiratory effort; (iii) hypoxic- and CO2-induced ventilatory responses are 

significantly reduced when vesicular release mechanisms in preBötC astrocytes are 

blocked; (iv) activation of preBötC astrocytes expressing Gq-coupled Designer 

Receptor Exclusively Activated by Designer Drug is associated with higher 

frequency of both normal inspirations and sighs; (v) blockade of vesicular release 

mechanisms (expression of TeLC or dnSNARE) in preBötC astrocytes is associated 

with a dramatic reduction of exercise capacity. These data suggest that astroglial 

mechanisms involving exocytotic vesicular release of signaling molecules 
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(gliotransmitters), provides tonic excitatory drive to the inspiratory rhythm-

generating circuits of the preBötC and contributes to the generation of sighs. The 

role of preBötC astrocytes in central nervous mechanisms controlling breathing 

becomes especially important in conditions of metabolic stress requiring 

homeostatic adjustments of breathing such as systemic hypoxia, hypercapnia, and 

exercise, when enhanced respiratory efforts are critical to support physiological and 

behavioral demands of the body.  
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Chapter 1       GENERAL INTRODUCTION 

 

 

 

Astrocytes, the numerous glial cells of the brain, have been proposed to modulate 

neuronal excitability, synaptic transmission, and plasticity [1], [2]. Recent studies 

have suggested that astrocytes may influence neural circuits, particularly 

neuromodulatory circuits affecting sleep, feeding, and chemosensing [3]–[5], yet we 

are far from understating how astrocytes can modulate motor circuits and have an 

impact on complex behaviors in vivo. In part, the major challenge arises from the 

suitability of techniques to specifically target astrocytic functions and reliability of 

assessments of these manipulations on neuronal network output.  

In this dissertation, complementary and multi-faceted experimental models were 

used to determine the functional consequences of genetic inhibition or activation of 

rodent’s brainstem astrocytes on network activities controlling breathing behaviors. 

In this chapter, before briefly discussing the involvement of astrocytes in the central 

respiratory network, a general background information on the anatomy of central 

respiratory networks, breathing rhythm generation, and respiratory network 

modulators are provided.  

 

1.1.1. Functional Anatomy of Respiratory network  
 

Breathing activity in mammals is generated by a rhythmic neural process that 

ensures constant levels of oxygen and carbon dioxide in the arterial blood [6]. 

Disorders of the CNS affecting this process rarely occur, but if they do, the 

disruptions of normal breathing are life threatening [e.g., Sudden Infant Death 

Syndrome (SIDS) and Congenital Central Hypoventilation Syndrome (CCHS)] [7]–



 

 

15 

[9]. Neuronal circuits controlling breathing are located in the brainstem within the 

pontine respiratory group (PRG), as well as bilaterally organized dorsal respiratory 

group (DRG) and ventral respiratory columns (VRC) of neurons in the medulla 

oblongata [10]–[13].  

The ventral medulla is essential and sufficient to generate the respiratory rhythm. It 

contains several functionally distinct compartments, including (rostral to caudal) 

retrotrapezoid nucleus/parafacial respiratory group (RTN/pFRG), the Bötzinger 

complex (BötC), the preBötzinger complex (preBötC), the rostral and caudal ventral 

respiratory group (rVRG and cVRG). Figure 1.1 illustrates a schematic of these 

functional regions. The functional role of each of these medullary regions is 

described briefly below. However, this thesis focuses on the preBötC which have 

been demonstrated to contain cellular elements essential for generating a defined 

motor output of basic inspiratory rhythm [10], [12], [14] even in highly reduced 

preparations of the mammalian CNS (such as brainstem slices in vitro) [14]–[17].  

 

PRG, consists of Kölliker-Fuse (KF) and parabrachial (PB) nuclei, located in the 

dorsolateral pons. KF has a critical role in the transition from inspiration to 

expiratory phase of breathing cycle [18], [19]. PB complex is important for 

respiratory homeostasis and transmitting information from pontomedullary 

respiratory regions to the higher centers [19]. Since PRG also receives neuronal 

projections from RTN and NTS, it is also proposed that pontine group have possible 

roles in O2 and/or CO2 chemosensation [20]–[24].  

 

DRG respiratory neurons, primarily reside within the nucleus of the solitary tract 

(NTS), receive information from the peripheral chemoreceptor of carotid bodies 

directly (see Section 1.1.3 for more details on respiratory chemosensors) [25]–[27], 

integrate the sensory information, and send projections to VRC [28] and PRG [29].  
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Figure 1.1| Neuroanatomy of the rat brainstem respiratory network. 
The diagram illustrates a horizontal (A) and a parasagittal (B) view of the rat brainstem. The 
locations of the main respiratory-related regions controlling breathing in mammals have been 
shown. comprise a nearly continuous column in the lateral brainstem. The boundaries depicted 
between the various brainstem compartments reflect functional distinctions between adjacent 
regions relative to their impact on breathing. Abbreviations: 5n, trigeminal nerve; 7, facial 
nucleus; 7n, facial nerve; A5, A5 noradrenergic neuronal group; AmbC, compact part of 
nucleus ambiguus; AP, area postrema; BötC, Bötzinger complex; cVRG, caudal division of 
ventral respiratory group; DRG, dorsal respiratory group; I5, intertrigeminal area; icp, inferior 
cerebellar peduncle; KF, Kölliker-Fuse nucleus; LPB, lateral parabrachial region; LRt, lateral 
reticular nucleus; mcp, medial cerebellar peduncle; Mo5, motor nucleus of the trigeminal 
nerve; MPB, medial parabrachial region; NTS, nucleus of the solitary tract; pFRG, parafacial 
respiratory group; Pn, basilar pontine nuclei; preBötC, preBötzinger complex; PRG, pontine 
respiratory group; RTN, retrotrapezoid nucleus; rVRG, rostral division of ventral respiratory 
group; scp, superior cerebellar peduncle; SO, superior olive; sol, solitary tract; SolC, 
commissural subdivision of the nucleus of the solitary tract; SolVL, ventrolateral subdivision 
of the nucleus of the solitary tract; sp5, spinal trigeminal tract; vlPons, ventrolateral pontine 
region; VRC, ventral respiratory column of the medulla; VRG, ventral respiratory group. 
Adapted from [46] 
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RTN/pFRG, located ventral to the facial nucleus [30], contribute mainly to the 

generation of active expiration [12], [31], [32]. Putative chemosensitive neurons of 

the RTN are expressing the transcription factor paired-like homeobox 2b (Phox2b) 

and proposed to have a central role in CO2 chemosensitivity [33] (I have discussed 

the role of RTN neurons in control of breathing in more details in Sections 1.1.2 and 

1.1.3.2, and Chapter  5).  

 

BötC, a defined group of mainly expiratory neurons [10], [34], [35], is located caudal 

to the RTN and provide inhibitory (GABAergic and glycinergic) projections through 

the VRC [10], [36]. BötC neurons are shown to be important in the transition of 

breathing phase from inspiration to expiration [10], [37]. However, BötC receives 

tonic excitatory inputs from the pons and removing of the pons (in in situ 

preparation) changes the pattern of normal breathing from a three-phase to a two-

phase breathing pattern [10].  The role of BötC neurons in respiratory rhythm 

generation has been discussed in more details in section 1.1.2 . 

 

PreBötC, a group of heterogeneous interneurons with intrinsic inspiratory rhythm-

generating properties [14], is located ventral to the semi-compact division of the 

nucleus ambiguus (NAsc) and caudal to the BötC region [12]. Pacemaker-like cells 

of the preBötC can support the rhythm even when they are isolated in medullary 

slices in vitro [14]. It is believed that the preBötC is essential for normal inspiratory 

activity in vivo [12], receives afferent inputs from the respiratory chemosensors, and 

sends extensive projections [38] to other respiratory nuclei in VRC, DRG, and PRG 

to provide inspiratory drive and/or modulate breathing pattern [37]. The preBötC 

has been described several species including  rodents [14], cats [39] and humans 

[40], [41], and it is shown that rhythmogenic neurons of the preBötC are derived 

from progenitor cells that express the developing brain homeobox 1 (Dbx1) gene 

[42]–[44]. In an innovative and well-designed experiment to explore the  minimum 

number of neurons necessary for generating rhythm in the preBötC, it was shown 

that in mouse rhythmically-active brainstem slice in vitro, generated rhythm was 

stopped after laser ablations of ~ 15% of preBötC Dbx1 neurons [45].  
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rVRG neurons, which contains a cluster of inspiratory bulbospinal premotor neurons 

[46], are modulated by excitatory neuronal projections from preBötC and RTN, as 

well as inhibitory neurons of BötC. rVRG neurons transmit the inspiratory drive to 

the diaphragm via phrenic motoneurons [46], [47]. cVRG contains expiratory 

bulbospinal excitatory neurons, receive similar convergent inputs from the preBötC, 

BötC and RTN/pFRG, and mainly project to abdominal motoneurons [48], [49]. 

 

1.1.2. Inspiratory Rhythmogenesis.  
 

The eupneic respiratory cycle consists of three distinct phases: inspiration (phase 1), 

post-inspiration (phase 2), and late-expiration (phase 3), which translate into 

coordinated activities of inspiratory and expiratory muscles [13], [18]. Traditionally, 

three-phased respiratory rhythm was  thought to emerge from neuronal cross-talk 

between preBötC and BötC, where preBötC generates rhythmic inspiratory phase 

and BötC orchestrates post-inspiration and late-expiration phases [36], [50]–[52]. 

However, the role of BötC inhibitory neurons in expiration and regulation of phase 

change from inspiratory to expiratory activities has been recently challenged  [53], 

[54]; injections of a bicuculline (GABAA receptors antagonist) and strychnine 

(glycine receptors antagonist) mix into the BötC did not interrupt normal breathing 

rhythm [54]. Instead, it has been proposed that a subpopulation of the pFRG neurons 

(located outside of the BötC) function as a separate/distinct expiratory oscillator 

which interacts with the preBötC to control active expiration and coordinate 

transitional patterns of inspiratory to expiratory activities [12], [55]. Recently , post-

inspiratory complex (PiCo), located dorsomedial to the NA and dorsal to BötC, has 

been suggested as the putative region for the coordination of the post-inspiratory 

activity in a triple oscillatory hypothesis [56], though prior data suggested KF might 

play such a role [57], [58]. The details of these proposed models of respiratory 

rhythmogenesis are beyond the scope of this thesis. Nevertheless, in all the proposed 

models, it is now accepted that the preBötC is the main source of rhythmic excitatory 

drive in the brainstem network, which is transmitted via polysynaptic pathways to 
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the respiratory motoneurons such as phrenic motoneurons [10], [14], [15].  

 

Although the intrinsic cellular properties and the circuit features that underlie 

the generation of the respiratory rhythm are not fully understood, it is accepted that 

rhythmogenic mechanisms of the brainstem may change based on metabolic 

demand, environmental circumstances, and behavioral conditions [18], [37], [59], 

[60]. Brainstem respiratory control system receives feedback from lung 

mechanosensors (to adapt the breathing pattern to the position of respiratory 

muscles) and chemosensors (to match the respiratory activity with metabolic 

demand). Changes in the arterial PO2 and PCO2/pH are sensed by specialized 

chemosensors of the central and peripheral nervous systems. The activity of the 

respiratory network is under constant modulation by inputs from the central and 

peripheral chemoreceptors as the respiratory activity requires a certain level of CO2. 

 

1.1.3. Chemoreception 
 

1.1.3.1. Peripheral chemoreceptors 

 

Oxygenation of the arterial blood is continuously monitored by peripheral 

chemoreceptors located in the carotid and (in some species) aortic bodies [61]–[63]. 

These chemoreceptors detect changes in blood PO2 in a manner also dependent on 

blood PCO2/pH, and convey chemosensory information to the brainstem respiratory 

control networks [25], [26], which adjust the respiratory activity in accordance with 

prevailing physiological and behavioral needs.  

Located bilaterally at the bifurcation of the common carotid arteries, carotid 

body chemoreceptors are believed to be the major site for respiratory oxygen sensing 

[64], [65]. When arterial PO2 decreases (e.g., during systemic hypoxia), the carotid 

bodies signal to the brainstem circuits, which increase the rate and depth of breathing 

[61]and also trigger adaptive increases in sympathetic activity [66], [67].  

In addition to hypoxia, other stimuli, including hypercapnia [as it is believed 

that peripheral chemoreceptors in the carotid bodies contribute to about one-third of 
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the hypercapnic ventilatory response [65], [68]], and acidosis [69] have been shown 

to activate carotid body chemoreceptors.  

However, conscious rats (and some other mammals, but not humans) with 

denervated peripheral chemoreceptors display robust ventilatory responses to 

hypoxia [70]–[75] and even display partial or almost complete recovery of the 

ventilatory response to hypoxia [76], which suggest that the central nervous system 

may contain a functional respiratory oxygen sensor. 

 

1.1.3.1.1. Hypoxic Ventilatory Response 

 

Acute hypoxia causes a biphasic ventilatory response including an initial rapid 

increase followed by a secondary depression in ventilation [76], [77]. It is believed 

that the peripheral chemoreceptors (of the carotid body) are responsible for the 

initial response, though hypoxia sensitive regions in the CNS (such as the caudal 

hypothalamus, NTS, and preBötC) could potentially contribute to this initial 

increase in ventilation [78], [79].  

Recent studies in rodents also reported (but did not comment on this particular 

aspect) robust respiratory responses to hypoxia in awake mice and rats with 

chronically denervated carotid bodies  [80], [81]. The latest studies of the 

mechanisms underlying peripheral oxygen sensitivity using transgenic animal 

models reported that during the early postnatal period in mice, chemosensitive 

carotid body glomus cells do not express critical components (olfactory receptor 

Olfr78) of the O2 signaling pathway [82]. Yet, neonatal mice displayed robust and 

sustained hypoxic ventilatory responses [83], [84]. These data provided further 

evidence for the existence of a central respiratory oxygen sensor ([76]; see also 

Section 5.1) located (most likely) in the brainstem which contributes to the 

development of the ventilatory response to hypoxia [76]. It has been shown that 

purinergic signaling plays a significant role in mediating both phases of the hypoxic 

ventilatory response, at both central and peripheral sites [77]. However, the source 

these signaling molecules is not identified. 
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1.1.3.2. Central chemoreceptors 

 

Significant evidence suggests that changes in the arterial levels of PCO2/pH are 

detected by specialized chemoreceptors located in the brainstem [61]–[63], [85], 

[86]. It is believed that brainstem central chemosensors mediate about two-thirds of 

the hypercapnic ventilatory response [87]–[91]. Intrinsically chemosensitive 

neurons reside in several areas within the brainstem [92]–[95] including the RTN 

[33], respiratory rhythm-generating region of the preBötC [96]–[98], and in the 

raphe nuclei [99]. However, the current prevailing model is that central respiratory 

CO2 chemosensitivity is brought about by functions of a defined group of pH-

sensitive glutamatergic neurons residing in the RTN located in the ventral regions 

of the medulla oblongata, in near proximity to the populations of respiratory and 

autonomic neurons that generate coordinated respiratory and sympathetic activities 

[85], [100], [101]. This view is supported by experimental evidence which 

demonstrated that the permanent loss or acute inhibition of RTN neurons abolishes 

or significantly reduces the amplitude of ventilatory responses induced by increases 

in the arterial PCO2 [32], [33], [102]–[105].  

 

1.1.3.2.1. Hypercapnic Ventilatory Response 

 

Breathing activity is tightly modulated by the level of partial pressure of carbon 

dioxide (PCO2) as the respiratory network is not active in the absence of CO2 and 

requires a threshold level of CO2 to operate [88], [106]. Carbon dioxide (produced 

in the mitochondria in proportion to the metabolic rate) is mainly excreted through 

the process of alveolar ventilation [6], [107]. In situations where ventilation is 

impaired, CO2 elimination becomes inadequate leading to accumulation of H+ ions 

and a reduction in extracellular pH, a condition that is rapidly corrected by 

adjustments in ventilatory and cardiovascular activities that ensure the removal of 

excess CO2 from the circulation.  

The mechanisms by which central chemoreceptors sense CO2/H+ have been 

recently reported to depend on the activity of the proton-sensitive receptor GPR4 in 



 

 

22 

putative pH-sensitive chemosensory neurons of RTN [108]. However, there is also 

evidence suggesting that the chemosensitivity of RTN neurons is (to a large extent) 

indirect and mediated by the responses triggered by changes of PCO2/[H+] in 

neighboring glial cells [5]. While extracellular adenosine triphosphate (ATP) acting 

via purinergic receptors plays a significant role in central CO2 chemoreception and 

involves in mediating CO2-induced respiratory responses at the RTN [5], [101], 

[109], [110] and maybe at the preBötC [95], [96], recent work has demonstrated a 

significant contribution of purinergic signaling by astroglial cells  [5], [109], [111]–

[114]. 

1.1.4. Astrocytes.  
 

Astrocytes, the numerous glial cells of the brain, have recently been implicated in 

the modulation of neuronal activity [115]–[118]. These electrically silent cells 

provide metabolic support for neurons [119]–[121] and alter the extracellular space 

[122], [123] that can affect neuron and circuit activity. Astrocytes enwrap all 

intracerebral and penetrating arterioles and capillaries controlling local blood flow 

[124]. Astrocytes also enwrap neuronal somata, supplying neurons with lactate and 

controlling the ionic and metabolic neuropil environment [125]–[127], which 

includes recycling and providing pre-synaptic terminals with a renewable source of 

transmitters, as well as mediating neurovascular coupling [128]–[131]. Moreover, 

astrocytes display Ca2+ excitability and release of gliotransmitters, such as 

ATP/adenosine, glutamate, D-serine, lactate and possibly many others [132]–[134]. 

There is evidence that astrocytes play an active role in some CNS homeostatic 

mechanisms, including central mechanisms of controlling breathing [5], [71], [135]–

[141]. 

 

1.1.5. Astroglial Control of Respiratory Rhythm Generating 

Circuits 
 

In vivo experiments in anesthetized and mechanically ventilated rats revealed 
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that astrocytes residing within the RTN region have an intrinsic capacity to detect 

physiological changes in extracellular pH (generated by excess CO2), responding 

with robust elevations in intracellular Ca2+ which triggers the exocytosis of ATP-

containing vesicles [5], [142]. Thus, astrocytes are likely to be at the center of the 

brainstem chemosensory mechanisms that adjust patterns of the respiratory activity 

in response to changes in PCO2/pH [5], [113], [114], [143], [144]. Chemosensory 

stimuli are known to stimulate breathing centrally via decreases in brain 

extracellular pH associated with increases in blood/brain PCO2 that independently 

triggers astrocytic release of ATP, which has been identified as the key 

gliotransmitter responsible for astrocytic control of the respiratory network [4], [5], 

[11], [137], [145]–[147]. This astrocytic release of ATP occurs via several 

mechanisms, such as vesicular exocytosis in response to acidification [5] and 

hypoxia [71], or opening of connexin hemichannels following an increase in PCO2 

[144]. Activation of individual respiratory neurons including preBötC rhythm-

generating respiratory circuits in response to ATP-mediated signaling mechanisms 

have been demonstrated before [5], [12], [148]–[150]. Therefore, preBötC astroglial 

signaling molecules, such as ATP/adenosine, can initiate an adaptive respiratory 

response that may alter the function of surrounding neurons. 

Astrocytes modulate neural activity in many other brain regions. For instance, 

ATP/Adenosine released by astrocytes has been shown to participate in the 

accumulation of sleep pressure [4], [133]; vesicular release of transmitters from 

cortical astrocytes has been shown to contribute to long-term [151] and acute [152] 

changes in cortical state and memory retention; D-serine and ATP/adenosine 

released from cortical astrocytes have been also shown to contribute to slow 

oscillations in vivo [153].  

Purinergic signaling is not unique to the respiratory system; for instance, in the 

hippocampus, it has been shown that astrocytes continuously [154], [155], and 

phasically released ATP in a SNARE-dependent manner [155], [156]. Released 

ATP in this region is rapidly degraded to adenosine, which modulates the activity of 

neurons [155]. In motor networks of the spinal cord, another rhythmic motor circuit, 

tonic purinergic signaling from astrocytes is also reported to regulate motor circuit 

activities [157]. Also, it has been shown that ATP excites the locomotor centers 
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[158], [159], whereas its metabolite, adenosine, inhibits the  network activity [160]–

[162]. In mice, application of the glial toxins (methionine sulfoximine or 

fluoroacetate) blocked most of the adenosine induced modulation of circuit activities 

in spinal motor networks, suggesting that astroglia cells are the major source of this 

purinergic signals [160]. Similarly, in respiratory rhythm-generation of the preBötC, 

ATP-mediated excitation, and adenosine-induced inhibition of the inspiratory 

neurons are reported [149], [150], [163]. Therefore, it is also plausible that 

astrocytes are likely to be at the center of this purinergic regulation of the preBötC 

respiratory rhythm-generating circuits. 

1.1.6. Conclusion 
 

This chapter has provided a scientific background and an overview of the 

organization of central respiratory control networks; inspiratory rhythm generation 

in the preBötC; peripheral and central chemosensors; hypoxic and hypercapnic 

ventilatory response; and astrocytes as new players in the respiratory control system. 

There is overwhelming evidence that that gliotransmitters may influence neural 

circuits, particularly neuromodulatory circuits affecting sleep, feeding, and 

chemosensing [3]–[5]. However, the physiological significance and mechanisms of 

astroglial control of the respiratory rhythm-generating circuits of the preBötC 

remain unresolved.  

1.1.7. Summary of Aims 
 

Experimental studies described in this thesis tested the hypothesis that exocytotic 

release of gliotransmitters by preBötC astrocytes controls the activity of the 

respiratory rhythm-generating circuits and modulates breathing behaviors at rest 

and during metabolic challenges. Methods of genetic cell targeting using viral gene 

transfer combined with in vivo approaches (anesthetized and conscious adult rats) 

were used to address the following specific aims that will be addressed in the 

subsequent results chapters: 

 

1. To study the anatomical features of brainstem astrocytes and to determine 
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whether preBötC astrocytes are morphologically different from astrocytes 

residing in other regions of the brainstem.  

2. To determine the effect of activation and blockade of signaling pathways in 

preBötC astrocytes on breathing behavior (conscious behaving rats).  

3. To determine the effect of activation and blockade of signaling pathways in 

preBötC astrocytes on breathing behavior during hypoxia, hypercapnia, and 

exercise (conscious behaving rats).  
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Chapter 2       METHODS 

 

 

 

2.1.1. Animal experimentations  
 

All animal experiments were performed in accordance with the European 

Commission Directive 2010/63/EU (European Convention for the Protection of 

Vertebrate Animals used for Experimental and Other Scientific Purposes), the UK 

Home Office (Scientific Procedures) Act (1986), and the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals, with project approval 

from the respective Institutional Animal Care and Use Committees. Animals were 

housed in temperature-controlled facilities with a normal light-dark cycle (12h:12h, 

lights on at 7:00 A.M.). Tap water and laboratory rodent chow were provided ad 

libitum. 

Juvenile (60 – 90 g) and adult Sprague-Dawley rats (250 – 300 g) were used for in 

vivo studies. Novel molecular approaches designed to activate or inhibit signaling 

pathways in preBötC astrocytes (see Table 2.1) were applied.  

 

2.1.2. Molecular approaches to block astroglial signaling  
 

Vesicular exocytosis is one of the main mechanisms that astrocytes use to release 

signaling molecules (i.e., gliotransmitters). To interfere with astroglial vesicular 

release pathways, adenoviral vectors (AVV) were used to express specific proteins 

under the control of the enhanced shortened astrocytic specific GFAP promoter 

(GfaABC1D). The AVVs were produced by homologous recombination as 
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described in detail previously [164], [165] in collaboration with Prof. Sergey 

Kasparov (University of Bristol).  

 

2.1.2.1. Adenoviral vector (AVV) for the expression of dominant-negative 

SNARE (dnSNARE) protein in astrocytes  

 

To block vesicular release mechanisms in preBötC astrocytes, novel AVV was used 

to drive the expression of a dominant-negative SNARE (dnSNARE) protein [155] 

under the control of the astrocytic specific GFAP promoter (AVV-sGFAP-

dnSNARE-EGFP; Table 2.1). The layout of the vector is shown in Figure 4.1. In 

this vector, a bicistronic construct was produced in which the enhanced shortened 

GFAP promoter (GfaABC1D) was used to drive the expression of dnSNARE linked 

to EGFP (Figure 4.1). Validation of the transgene efficacy in blocking vesicular 

release mechanisms in cultured astrocytes is provided in Chapter 4 .  

 

2.1.2.2. AVV for the expression of light chain of tetanus toxin (TeLC) in 

astrocytes  

 

PreBötC astrocytes were also targeted to express the light chain of tetanus toxin 

(TeLC), which blocks vesicular exocytosis by proteolytic degradation of SNARE 

proteins responsible for vesicular docking and fusion (AVV-sGFAP-EGFP-skip-

TeLC; Table 2.1). This vector is similar to the AVV vector used to express 

dnSNARE in astrocytes, except that the enhanced shortened GFAP promoter 

(GfaABC1D) drives the expression of EGFP linked to TeLC via a “SKIP” sequence 

[71]. With this construct placing TeLC second in the cassette after the SKIP 

sequence, TeLC expression is attenuated to minimize toxicity to transduced cells. 

The validation of the TeLC efficacy in blocking vesicular release and signaling 

between astrocytes have been described in detail in Angelova et al. [71]. 

Since dnSNARE or TeLC expression in astrocytes is likely to block exocytosis 

of several putative gliotransmitters, the specific contribution of ATP was determined 

by blocking ATP-mediated signaling within the preBötC by virally-driven 
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expression of a potent ectonucleotidase (TMPAP, see below).  

 

 

2.1.2.3. Lentiviral vector for the expression of transmembrane prostatic acid 

phosphatase (TMPAP) 

 

To block ATP-mediated signaling, a lentiviral vector (LVV) was used to 

overexpress a potent ectonucleotidase - transmembrane prostatic acid phosphatase 

(TMPAP) [166]. Expression of TMPAP was driven under the control of an 

elongation factor 1α (Ef1α) promoter (LVV-Ef1α-TMPAP-EGFP; Table 2.1). 

Efficacy of TMPAP in preventing vesicular ATP accumulation in astrocytes and 

blocking ATP-mediated signaling between astrocytes was described in detail 

previously[167], [168]. Despite the use of the generic promoter Ef1α, EGFP 

expression driven by LVVs is almost exclusively confined to astroglia [167] (Figure 

4.11). 

 

2.1.3. Molecular approach to activate astrocytes   
 

2.1.3.1. AVV for the expression of Gq-coupled Designer Receptor Exclusively 

Activated by Designer Drug (DREADDGq) in astrocytes  

 

To stimulate Gq-coupled signaling pathways in astrocytes, a novel AVV was used 

to express Gq-coupled Designer Receptor Exclusively Activated by Designer Drug 

(DREADDGq) fused with EGFP (AVV-sGFAP-DREADDGq-EGFP; Table 2.1). 

DREADDGq at the level of the expression provided by our vector appeared to be 

constitutively active as evident from higher resting PLC activity, enhanced fusions 

of putative ATP containing vesicles and facilitated ATP release in astrocytes 

expressing DREADDGq (see Chapter 4 for details).  

 

2.1.4. Molecular approach to inhibit neurons 
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Current models of central respiratory CO2 chemosensitivity are centered on a 

defined group of pH-sensitive neurons residing in the medullary retrotrapezoid 

nucleus (RTN). To determine the role of preBötC astrocytes in central respiratory 

chemosensitivity, viral vectors were used to drive the expression of an inhibitory 

receptor in the RTN neurons (see below).  

 

2.1.4.1. Adenoassociated vector (AAV) for the expression of Gi-coupled 

DREADD (DREADDGi) in neurons  

 

In order to stimulate Gi-coupled signaling pathways in the RTN neurons to inhibit 

these cells, I used an adeno-associated viral vector (AAV) to express DREADDGi 

under the control of the synapsin (hSyn) promoter (AAV-2/5 hSyn-DREADDGi-

mCitrine; University of North Carolina Vector Core, Chapel Hill, NC; Table 2.1). 

Efficacy of DREADDGi in inhibiting RTN neurons was described previously [169].  

 

2.1.1. Control transgenes 
 

2.1.1.1. CatCh 

 

Since DREADDGq is a membrane protein, a control transgene with a membrane-

bound protein was needed. Thus, an AVV to express calcium translocating 

channelrhodopsin variant (CatCh) fused with EGFP (CatCh-EGFP) under the 
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Abbreviated name Full virus name Group size Type Titer Target cells 

TeLC AVV-sGFAP-EGFP-skip-TeLC n = 12 adenovirus 2.1x108 astrocytes 

dnSNARE AVV-sGFAP-dnSNARE-EGFP n = 5 adenovirus 7.7x109 astrocytes 

DREADDGq AVV-sGFAP-DREADDGq-EGFP n = 8 adenovirus 8.6x109 astrocytes 

CatCh (control) AVV-sGFAP-CatCh-EGFP n = 5-12 adenovirus 2.1x109 astrocytes 

TMPAP LVV-Ef1α-TMPAP-EGFP n = 7 lentivirus 1x1010 all brain cells 

EGFP (control) LVV-Ef1α-EGFP n = 7 lentivirus 1x1010 all brain cells 

Table 2.2. Viral vectors used in the experimental studies 
 
Table 2.1. Viral vectors used in the experimental studies 
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control of the same GFAP promoter (AVV-sGFAP-CatCh-EGFP; Table 2.1) was 

used as a control. CatCh-EGFP is more appropriate control since it incorporates into 

the membrane similar to DREADDs. In addition, parts of both CatCh and 

DREADDs are facing the extracellular space and (as foreign proteins) may 

potentially trigger a local immune response. Thus, expression of CatCh-EGFP is a 

much harsher control than a cytoplasmic expression of EGFP which has hardly ever 

been reported to cause any detectable adverse cellular effects. AVV-sGFAP-CatCh-

EGFP was used as a control in the experiments when AVVs were used to drive the 

expression of TeLC, dnSNARE, or DREADDGq 

 

2.1.1.2. EGFP 

 

A lentiviral vector (LVV) to express EGFP under the control of EF1α promoter was 

used as a control for LVVs that drive the expression TMPAP (Table 2.1). 

 

2.1.1.3. ChR2 

 

An AAV to express ChR2 fused with EGFP (ChR2-EGFP) under the control of hSyn 

promoter (AAV-hSyn-ChR2-EGFP; University of North Carolina Vector Core, 

Chapel Hill, NC despite) was used as a control for GREADDGi (Table 2.1).  

Each experimental animal groups (expressing dnSNARE, TeLC, DREADDGq, 

TMPAP, DREADDGi) and control groups (expressing CatCh-EGFP, EGFP, or 

ChR2) were injected with the appropriate viral vector at the same time, and the 

experimental groups were compared to their control groups. Although some 

variations in the baseline respiratory frequency were observed (Figure 4.13), these 

differences in resting respiratory activity between animals from different control 

groups expressing CatCh-EGFP, ChR2-EGFP, or EGFP in the preBötC and naïve 

(non-transduced) rats were not statistically significant (Figure 4.13).  

 

2.1.2. In vitro methods to validate transgene functionality  
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2.1.2.1. Cell culture 

 

Primary astroglial cell cultures were prepared from the brainstem tissue of rat pups 

(P2 – P3 of either sex) as described in detail previously [71], [142]. The animals 

were killed by isoflurane overdose, the brains were removed, and the ventral regions 

of the medulla oblongata were dissected out. Brainstem tissue cuts from 2-3 animals 

were used for each cell culture preparation. After isolation, the cells were plated on 

poly-d-lysine-coated glass coverslips and maintained at 37°C in a humidified 

atmosphere of 5% CO2 and 95% air. Viral vectors to drive the expression of a 

transgene of interest (dnSNARE, DREADDGq, CatCh or EGFP, Table 2.1) were 

added to the incubation medium at the time of cell culture preparation at 5x108 – 

5x1010 transducing units ml-1. Experiments were performed after 7 – 10 days of 

incubation. 

 

2.1.2.2. Total internal reflection fluorescence (TIRF) microscopy 

 

In cultured brainstem astrocytes, vesicular compartments were visualized by 

quinacrine staining (5 µM, 15 min incubation at 37°C). The acridine derivative 

quinacrine is a weak base which binds ATP with high affinity and can be used to 

identify putative ATP-containing vesicles in living cells, including astrocytes [170]. 

An Olympus TIRF microscope was used to monitor fusion events of ATP-

containing vesicles as described in detail previously [142]. Briefly, quinacrine-

loaded (i.e., ATP-containing) vesicles were excited at 488 nm, and the fluorescent 

was collected at 500-530 nm, and the motility of vesicles was analyzed using time-

lapse imaging. The imaging setup included a high-numerical-aperture oil-immersion 

objective (60x, 1.65 NA), an inverted microscope (IX71; Olympus) and a cooled 

charge-coupled-device camera (Hamamatsu). Rapid destaining of quinacrine-

loaded vesicles in different experimental conditions was quantified and interpreted 

as release of quinacrine (and ATP) from the astrocyte into extracellular space [171]. 

Images were analyzed using Olympus Cell^tool software (Olympus). The 

experiments were performed at 37°C. These experiments were performed in 
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collaboration with Dr. Egor Turovsky.  

 

2.1.2.3. Ca2+ imaging 

 

Optical [Ca2+]i recordings in cultured astrocytes were performed as described in 

detail previously [71], [113]. [Ca2+]i responses in individual astrocytes were 

visualized by recording changes in fluorescence of conventional Ca2+ indicators 

Fura-2 (Molecular Probes) or Rhod-2 (Thermo Fisher). Cells were loaded with Fura-

2 (5 µM; 40 min incubation; 37°C) or Rhod-2 (10 µM; 40 min incubation; 37°C) 

with the addition of pluronic F-127 (0.005%). After incubation with the dye, cultures 

were washed three times prior to the experiment. Changes in [Ca2+]i were monitored 

by an inverted Olympus microscope with 20x oil immersion objective. Excitation 

light provided by a Xenon arc lamp was passed sequentially through a 

monochromator at 340, 380 and 490 nm (Cairn Research); emitted fluorescence was 

measured at 515 nm (Fura-2) or 565 nm (Rhod-2). The experiments were performed 

at 37°C. These experiments were performed in collaboration with Dr. Egor 

Turovsky. 

 

2.1.2.4. PLC activity assay 

 

Cultured naïve astrocytes and astrocytes transduced to express DREADDGq or 

CatCh were incubated for 18 h in M199 medium containing 10% dialyzed fetal calf 

serum (FCS) and 1 µCi/ml of [3H]-inositol (specific activity 18.5 Ci/mmole) (37°C; 

5% CO2, 95% O2). Immediately before the assay, the incubation medium was 

replaced with HBSS buffer. Lithium chloride was then added to reach a final 

concentration of 10 mM, and cultures were incubated at 37°C for an additional 30 

min. To activate DREADDGq, clozapine-N-oxide (CNO, 5 µM) was added for 20 

min. Reactions were terminated by removal of the medium and the addition of 500 

µl of ice-cold methanol. [3H]-inositol phosphate ([3H]-InsP) production was 

determined by adding the samples to 2 ml Dowex columns pre-washed with a 

mixture of ammonium formate (2M) and 0.1M formic acid. Double-distilled water 
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and a mixture of sodium tetraborate (5mM) and sodium formate (60mM) were used 

to elute unbound [3H]-inositol and glycosylphosphatidylinositol, respectively. Then, 

a mixture of ammonium formate (1M) and formic acid (0.1M) was added to the 

column to elute total [3H]-InsP into scintillation vials. 500 µl aliquots of the eluted 

samples were then transferred in duplicates to liquid scintillation vials. 

Concentrations of [3H] in [3H]-InsP and total [3H]-inositol lipids were detected using 

a Beckman LS 5801 scintillation counter (4 min, [3H] DPM program). The results 

are presented as percentages of radioactive InsP ([3H]-InsP) in the total inositol lipid 

pool. 

 

2.1.2.5. Measurements of ATP release in acute brainstem slices using 

microelectrode biosensors 

 

Adult rats were transduced to express DREADDGq and CatCh by astrocytes of the 

left and right preBötC regions. After 7 days following microinjections of viral 

vectors, the animals were humanely killed by isoflurane inhalation overdose, and 

the brainstem was quickly removed and placed in chilled (4-6°C) artificial 

cerebrospinal fluid (aCSF; 124 mM NaCl, 3 mM KCl, 2 mM CaCl2, 26 mM 

NaHCO3, 1.25 mM NaH2PO4, 1 mM MgSO4, 10 mM D-glucose saturated with 95% 

O2/ 5% CO2, pH 7.4) with an additional 9 mM Mg2+. The medulla was isolated, and 

a horizontal 400 µm thick slice was cut parallel to the ventral medullary surface 

using a vibrating microtome as described in detail previously [101], [144]. Once cut, 

the slice was stored before use in aCSF saturated with 95% O2 and 5% CO2 (pH 7.4) 

at room temperature. Recordings were made in a flow chamber (3 ml min-1) at ~35°C 

from the slices placed on an elevated grid to permit access of aCSF from both sides 

of the slice. 

 

The design and operation of the ATP biosensors (Sarissa Biomedical) are described 

in detail elsewhere [101], [172]. To control for the release of non-specific 

electroactive interferents, a dual recording configuration of the ATP biosensor and 

control (null) biosensor was used, as described [101]. A “null” biosensor (lacking 

enzymes but otherwise identical) current was subtracted from the current recorded 
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by the ATP biosensor to give “net-ATP” readings, reporting release of ATP. Sensors 

were calibrated before and after every recording by application of ATP (10 µM) 

(Figure 4.6) To convert changes in the biosensor current to changes in ATP 

concentration, an average of sensor calibrations before and after the recording was 

used. These experiments were performed in collaboration with Dr. Patrick Hosford 

and Ms. Anna Hadjihambi. 

 

2.1.3. Physiological Experiments 
 

The physiological experiments described in the thesis were conducted using in vitro 

and in vivo experimental models from rats as described in this section.  

 

2.1.3.1. In vivo experiments in conscious rats  

2.1.3.1.1. In vivo viral gene transfer 

 

Adult male Sprague-Dawley rats (240 – 280 g) were anesthetized with a mixture of 

ketamine (60 mg kg-1, i.m.) and medetomidine (250 µg kg-1, i.m.) and placed in a 

stereotaxic frame. The tooth bar was adjusted so that Bregma was positioned 5 mm 

below Lambda. PreBötC areas were targeted bilaterally by advancing a pipette from 

the dorsal surface of the medulla oblongata. Viral vectors (see Table 2.1 for viral 

titers) were delivered via a single microinjection (0.2 – 0.25 µl) per side using the 

following coordinates: 0.9 mm rostral, 2 mm lateral, and 2.7 mm ventral from the 

calamus scriptorium. After the microinjections, the wound was sutured and 

anesthesia was reversed with atipamezole (1 mg kg-1, i.m.). For post-operative 

analgesia, rats received buprenorphine (0.05 mg-1 kg-1 d-1, s.c.) for two days. No 

complications were observed after the surgery, and the animals gained weight 

normally. 

 

2.1.3.1.2. Ablation of the carotid body chemoreceptors  
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Rats were anesthetized with a mixture of ketamine (60 mg kg-1, i.m.) and 

medetomidine (250 µg kg-1, i.m.). Using aseptic technique, an anterior midline neck 

incision was performed, and the sternohyoid and sternocleidomastoid muscles were 

retracted. The carotid bifurcation was exposed, the occipital artery was retracted, the 

carotid sinus nerve and its branches were cut, and the carotid bodies were removed. 

Sham-operated rats underwent the same surgical procedures to expose the carotid 

bifurcation, but the carotid sinus nerves and the carotid bodies were left intact. After 

the surgery, the wound was sutured, and anesthesia was reversed with atipemazole 

(1 mg kg-1). No mortalities occurred, and animals gained weight normally. Carotid 

body ablations were performed 10 weeks before the main experiments. 

 

2.1.3.1.3. Assessment of sleep efficiency  

 

Established behavioral criteria [173] were used to calculate sleep efficiency (SE) 

score before, during, and after the hypoxic challenge with an epoch length of 2 s. 

Briefly, rats were considered to be awake (W: grooming, eyes open, gross body 

movement, such as crawling and changing position), in quiet sleep (QS: eyes closed, 

absence of movement except for periodic sighs and intermittent brief startles or a 

gross body movement lasting < 2 s during a relatively long period of QS), or in 

active sleep [AS: eyes closed, frequent twitches of the whiskers, ears, and 

extremities or very brief ( < 2 s ) and small movements of the head or limbs]. The 

state was recorded as indeterminate (IN) when it was difficult to establish the state. 

After rats had habituated to the plethysmography environment (below) and were 

asleep for ~30 min, room air supplying the chamber was exchanged with the 10% 

O2/90% N2 gas mixture for 10 min. SE score was then assessed for 10 min after the 

termination of the hypoxic stimulus. The SE score was calculated according to the 

following formula: SE = 100 x (QS+AS) / (QS+ AS+W+IN) [71], [174], [175]. 

 

2.1.3.1.4. Measurements of respiratory activity by plethysmography 

 

Whole-body plethysmography was used to record respiratory activity in conscious 
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adult rats [176]–[178].  The rats were placed in a Plexiglas recording chamber (~1 

L) that was flushed continuously with humidified air (21% O2, 79% N2; temperature 

22-24°C), at a rate of 1.2 L min-1. In order to take into the account circadian 

variations of the physiological parameters, respiratory activity in all the animals was 

assessed at the same time of the day, between 11.00 – 15.00. The animals were 

allowed to acclimatize to the chamber environment for ~60 min before baseline 

respiratory activity was recorded. For the experiments involving hypoxic 

challenges, the O2 concentration in the inspired air was reduced to 10% (balanced 

with N2) for 10 min. In a separate series of experiments, hypercapnia was induced 

by stepwise increases in CO2 concentration in the respiratory gas mixture to 3% and 

6% in the hyperoxic environment (~60% O2, balanced with N2) to minimize the 

drive from the peripheral chemoreceptors. Each CO2 concentration was maintained 

for 5 min. Concentrations of O2 and CO2 in the plethysmography chamber were 

monitored online using a fast-response O2/CO2 analyzer (ML206, AD Instruments,). 

Data were acquired using Power1401 interface and analyzed off-line using Spike2 

software (Cambridge Electronic Design, CED).  

 

2.1.3.2. Biotelemetry transmitter implantation 

 

Biotelemetry was used to record the systemic arterial blood pressure and heart rate 

in exercising animals. The rats were anesthetized with ketamine (60 mg kg-1 i.m.), 

and medetomidine (250 µg kg-1, i.m.) and a laparotomy was performed to expose 

the abdominal aorta. The catheter connected to a telemetry pressure transducer 

(model TA11PA-C40, Data Science International) was advanced rostrally into the 

aorta and secured with Vetbond (3M). The transmitter was secured to the abdominal 

wall, and the incision was closed by successive suturing of the abdominal muscle 

and skin layers. Anesthesia was reversed with atipamezole (1 mg kg-1; i.m.). 

Carprofen (5 mg kg-1; s.c.) was given, and the animals were returned to their home 

cages where they were allowed to recover for at least 7 days. Blood pressure and 

heart rate were sampled every second and averaged every 30-seconds. The analysis 

was performed using a custom-made Spike2 script in accord with previously 

reported protocols [179], [180]. 



 

38 

 

2.1.3.2.1. Measurements of exercise capacity 

 

Exercise capacity of experimental rats was determined in a forced exercise 

experimental paradigm using a single lane rodent treadmill (Harvard Apparatus) 

with an electrical shock grid set to the minimum perceived threshold (0.1 mA). The 

animals were selected on the basis of their exercise compliance and subjected to 

daily recruitment/training sessions involving running speeds of 20 – 30 cm s-1 over 

a 5-minute period after 15 min of acclimatization to the treadmill environment. To 

determine the exercise capacity, treadmill speed was raised from 25 cm s-1 in 

increments of 5 cm s-1 every 5 min until the animal’s hind limbs made contact with 

the grid four times within a two-minute period, which is the humanely defined point 

of exhaustion. The distance covered by the animal was recorded, and exercise 

capacity was expressed as work done in Joules (kg m-2 s-2).  

 

2.1.3.2.2. Data Analysis of the respiratory activity and statistics 

 

The respiratory cycle duration (TTOT) was measured for each respiratory cycle after 

the animals had habituated to the plethysmography chamber environment for at least 

1 hr. The average TTOT was calculated for respiratory cycles recorded continuously 

over a ~1 hr period, and used to determine the resting respiratory frequency (number 

of breaths per minute, fR). Variability of TTOT was determined by calculating the 

irregularity score (IS) for each respiratory cycle defined as the absolute value of 

(TTOTn – TTOTn-1)/TTOTn-1 for the nth respiratory cycle and expressed as a 

percentage. Tidal volume (VT, normalized to the body weight) was determined by 

measuring the pressure changes in the chamber. Poincaré plots of TTOT for the nth 

cycle versus TTOT for the nth+1 cycle were used to evaluate the temporal dispersion 

of TTOT. Calculated values of minute ventilation (VE = fR × VT) were averaged and 

reported in arbitrary units. In addition to quantifying fR, we also determined the 

frequency of sighs – augmented breaths that occur on top of normal inspirations in 

vivo [181]. A sigh was defined as a high-amplitude, biphasic augmented inspiratory 
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breath that started near the peak of a normal inspiration and lasted for a period that 

exceeded the duration of the previous inspiration [182]. Sigh rate was calculated 

(and verified manually) offline using Spike2 software (CED) as the frequency of 

augmented breaths with VT that was at least two times larger than the mean VT and 

the TTOT that was >50% longer than the average TTOT of the previous 5 respiratory 

cycles. 

Data are reported as box-and-whisker or mean ± SEM and analyzed and plotted 

with Prism 7.0 software (GraphPad Software Inc). In box and whisker plots, central 

black dot (or cross) sign illustrates the mean, central line shows the median, the 

edges of the box define the upper and lower quartile values, and whiskers show the 

minimum-maximum range of the data. Data were tested for normality using 

Shapiro-Wilk normality test and compared by Kruskal-Wallis ANOVA by ranks 

followed by Dunn's post hoc or Student’s unpaired t test for normally distributed 

data sets passing the normality test.  Mann-Whitney U or Wilcoxon matched-pairs 

signed-rank test were used as appropriate for comparing data sets that were not 

normally distributed. Values of p < 0.05 were considered to be statistically 

significant. 

Justification of the sample size. One experimental and one control group were 

compared using the abovementioned statistical tests, whereas the significance was 

set at 0.05. We expect to detect a significant difference with 5-6 animals per group. 

If the treatments cause differences between means that are as large as 2.25 SD, it is 

likely that the difference is due to a physiologically significant difference. If the 

difference was as small as 1.75 SD, we increased sample sizes per group to 9 or 12. 

Although, increasing the sample sizes per group to 15 may enable us to detect a 

difference between means of 1.25 SD, it is doubtful these differences will have a 

biological significance. 

 

2.1.3.3. In vivo experiments in anesthetized artificially-ventilated rats 

 

2.1.3.3.1. In vivo gene transfer 
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Male Sprague-Dawley rats (60 – 80 g) were anesthetized with intramuscular 

injection of a mixture of ketamine (60 mg kg−1) and medetomidine (250 µg kg−1). 

Animals were placed in a stereotaxic frame (tooth bar −18 mm below the interaural 

line), and the RTN area received two 24° and 16° angled microinjections per side 

(~100 nl of each, ~ 50 nl min−1) of the AAV-2/5 hSyn-DREADDGi-mCitrine or 

control (ChR2-EGFP) viral vectors (Table 2.1). The injections were made ±1.7 mm 

lateral from the midline and −3.7 mm ventral from calamus scriptorius. Anesthesia 

was reversed with atipamezole (1 mg kg−1). No complications were observed after 

the surgery, and the animals gained weight normally. 2-3 weeks after the first 

injection, rats received a second bilateral injection of AVV-sGFAP-EGFP-TeLC or 

control vectors (AVV-sGFAP-CatCh-EGFP) targeting preBötC at the coordinance 

provided in the previous section. The animals were allowed to recover for at least 7 

days before the experiments. After each surgery, Carprofen (5 mg kg-1; s.c.) was 

given for post-operative analgesia, and the weight gain by the animal was monitored 

for 5 days. 

 

2.1.3.3.2. Measurements of central respiratory drive 

The rat was anesthetized with urethane (1.3 g kg−1; i.v.) following femoral vein 

cannulation under isoflurane (3%) induction. The trachea was cannulated, and the 

animal was ventilated artificially with artificial oxygen−enriched air (�30% O2, 70% 

N2, < 0.04% CO2). Core temperature was maintained at ~37°C using a heating 

blanket. The end-tidal level of CO2 was monitored continuously using fast-response 

O2/CO2 analyzer (AD Instruments, ML206) and blood gasses were measured 

regularly. The right phrenic nerve (PN) was dissected, and its activity (PNA), as 

well as abdominal electromyogram (EMGABD), were recorded as indicators of 

central inspiratory and expiratory drives, respectively. The ventral brainstem surface 

was exposed as described previously [32], [101], [146]. 20 minutes after recording 

an initial response to the hypercapnic challenge (5 min, 10-12% CO2), carotid body 

nerves were sectioned bilaterally to eliminate inputs from the peripheral 

chemoreceptors. 20 minutes after the carotid body denervation (CBD), the rat was 

exposed to another hypercapnic challenge to measure the contribution of carotid 
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bodies to the hypercapnic ventilatory response. Shortly after blood gasses returned 

to their normal physiological ranges (PO2 ~120 mmHg, PCO2 30 – 40 mmHg, pH 

at 7.3 – 7.4), clozapine-N-oxide (CNO, DREADDGi ligand) was applied to inhibit 

RTN neurons (2 mg kg−1, i.v.), which followed by the 3rd hypercapnic challenge 

that enables us to investigate the contribution of RTN neurons to the overall 

hypercapnic ventilatory response (Figure 5.7).  The hypercapnic augmentation of 

PNA before (initial) and after each treatment (CBD and application of CNO) was 

determined as the percent change of the peak of every CO2-evoked response with 

respect to the baseline (normocapnic) recording and expressed as percent change in 

PNA (CO2-evoked ∆PNA; Figure 5.7). PO2, PCO2, and pH of the arterial blood 

were measured before each hypercapnic challenge. The PNA signal was amplified 

(20,000x), filtered (500-1500 Hz), rectified and smoothed (!	= 50 ms). At the end 

of the experiments, the animals were humanely killed by an overdose of 

pentobarbitone sodium (200 mg kg-1, i.v.).  

 

2.1.3.3.3. Quantification of the respiratory parameters and statistics 

 

Respiratory parameters were analyzed off-line. Inspiratory peak times were defined 

using derivatives of smoothed rectified PNA, from which instantaneous inspiratory 

frequency was calculated. For the statistical analyses, PNA was determined during 

normocapnia and at the peak of the CO2-evoked response before and after carotid 

body denervation as well as after administration of CNO. The data were digitized (3 

kHz sampling rate) and analyzed offline (Spike2, CED, Cambridge, UK). Data are 

reported as mean ± SEM and analyzed and plotted with Prism 7.0 software 

(GraphPad Software Inc). Data were tested for normality using Shapiro-Wilk 

normality test and compared by Kruskal-Wallis ANOVA by ranks followed by 

Dunn's post hoc or Student’s unpaired t test for normally distributed data sets 

passing the normality test.  Mann-Whitney U or Wilcoxon matched-pairs signed-

rank test were used as appropriate for comparing data sets that were not normally 

distributed. Values of p < 0.05 were considered to be statistically significant. 
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2.1.4. Histology and immunohistochemistry 
 

2.1.4.1. Immunostaining 

 

At the end of the experiments, the rats were given an anesthetic overdose 

(pentobarbitone sodium, 200 mg kg-1, i.p.), perfused transcardially with 4% 

paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4), the brain was removed 

and post-fixed in the same solution for 4-5 days at 4°C. After cryoprotection in 30% 

sucrose, serial transverse sections (30-40 µm) of the medulla oblongata were cut 

using a freezing microtome. Free-floating tissue sections were incubated with 

chicken anti-GFP (1:250; Aves Labs, Cat. GFP- 1020), rabbit anti-GFAP (1:1000; 

DAKO, Cat. z-0334), mouse anti-NeuN (1:1000; EMD Millipore, Cat. MAB377), 

and/or goat anti-ChAT antibody (1:200, EMD Millipore, Cat. AB144P) overnight 

at 4°C. The sections were subsequently incubated with specific secondary antibodies 

conjugated to the fluorescent probes (each 1:250; Life Science Technologies) for 1 

h at room temperature. Images were obtained using a confocal laser scanning 

microscope (Zeiss LSM 510). For cell counting, two randomly selected, non-

consecutive transverse sections of the medulla oblongata at the level of the preBötC 

were used for tallying the number of cells expressing the transgene. As a negative 

control for immunoreactivity, I obtained fluorescent images from slices treated with 

secondary but not primary antibodies. All images were color/contrast enhanced and 

adjusted with a thresholding filter in Photoshop (Adobe Photoshop CC 2015.5). 

 

2.1.4.2. Morphometric analysis of brainstem astrocytes 

2.1.4.2.1. Tissue processing and immunohistochemistry 

 

Five adult rats (~350 g) were deeply anesthetized with overdose of urethane (3 g/kg-

1) and perfused transcardially with ~250 ml phosphate-buffer (PB, 0.1 M) solution 

and then with 4% paraformaldehyde (PFA) in PB solution. The brains were removed 
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and post-fixed in 4% PFA for 3-5 days. Brains were then cryoprotected at 4°C in 

30% sucrose (in 0.1 M PB solution) over 2-3 days and coronally sectioned at 30-50 

µm on a freezing microtome (Leica). Free-floating sections (1 in 4 series) were then 

incubated in phosphate buffer saline (PBS) containing 10% methanol and 3% H2O2 

to suppress background fluorescence. Antigen retrieval was performed in 1% citrate 

buffer warmed to 80°C to unmask the proteins. Tissue sections were then incubated 

for 1-3 days at 4°C with primary antibodies against GFAP (rabbit anti-GFAP, 

1:1000, DAKO, catalog# z-0334; or cy3-conjugated mouse anti-GFAP, 1:1000. 

MiliporeSigma, catalog# MAB3402C3), choline acetyltransferase (ChAT; to label 

motoneurons; goat anti-ChAT, 1:200; EMD MilliporeSigma, catalog #AB144P) 

and/or endothelial cells (mouse anti-RECA1, 1:1000, Abcam, catalog# ab9774). 

Negative controls, in which the primary antibody was excluded, were performed for 

all antibodies to determine the level of nonspecific binding. The sections were 

subsequently incubated with specific secondary antibodies (except for mouse anti-

GFAP) conjugated to the fluorescent probes (each 1:250; Lifescience Technologies) 

for 1.5 h at room temperature. Individual sections were mounted on slides and 

covered with an anti-fading medium (Fluoro-Gel; Electron Microscopy Sciences). 

The tiled image of each location was obtained automatically under low 

magnification (10x). For reconstruction of astrocytes, image stacks of GFAP-

positive astrocytes within the preBötC, RTN, nucleus tractus solitarius (NTS), and 

an intermediate reticular formation (IRf) were obtained using an inverted confocal 

laser scanning microscope (Zeiss LSM 510) at high magnification (40x objective). 

In order to minimize differences in the background fluorescence and in the 

immunostaining of astrocytes in different animals, all the brains were fixed 

simultaneously using the identical protocol and solutions. Brainstems were 

sectioned, processed, and developed in the identical immunostaining solution for the 

same time period. 

 

2.1.4.2.2. Three-dimensional (3D) reconstruction Astrocytes and blood vessels 

 

The image stacks of astrocytes were imported into Neurolucida 360 (MBF 
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Bioscience), where reconstructions were completed with the software’s tracing tools 

by an investigator blinded to the region of the brain that the images were taken. 

GFAP-positive astrocytes that exhibited intact morphological processes were 

randomly chosen for reconstruction (2 – 5 astroglia per animal per region), and 

astrocytic processes were traced throughout the thickness of the section  

Similar to astrocyte reconstruction, the image stacks of blood vessels were 

imported into Neurolucida 360 (MBF Bioscience) and reconstructed with the 

software’s tracing tools. Blood vessels labeled with RECA1 were traced throughout 

the thickness of the section by an investigator and verified by a second investigator. 

Morphometric data was normalized with respect to the total volume containing the 

reconstructed vasculature. These experiments were done in collaboration with the 

NIH summer intern students Brian Morris, Sami Znati, Sommer Anjum, and Jared 

Collina.  

 

2.1.4.2.3. Morphometric Analysis of Reconstructed Astrocytes and Vasculature 

  

Astrocytes. A file containing the 3D tracing information was then imported into the 

NeuroExplorer software (MBF Bioscience), where the tracing was rendered as a 

maximum projection (flat) image (Figure 3.3). This image was used to collect 

metrics including total process length, the total number of nodes (branch points), 

number of primary branches (processes originating from soma), and the total 

number of terminal points. Sholl analysis was also used since the complexity of 

astrocytes increases with radial distance from the soma. This analysis utilized 

regions of interest between concentric circles, centered at the soma, with radii 

increasing by 5 µm (Sholl 1965) and quantified the number of Nodes (branch 

points), number of processes, and process length out to a given radius not including 

the area of any smaller radii (see Figure 3.3B). 3D Convex Hull analysis, which 

calculated the volume enclosed by and surface area of a polygon that joins terminal 

points of the processes, was used to estimate the volume occupied by the astrocytic 

process field and surface area of the encased region occupied by an astrocyte (see 

Figure 3.3C). Complexity Index [183] was defined automatically by the 



 

45 

NeuroExplorer software (MBF Bioscience) according to the following equation: (Σ 

terminal orders + number of terminals) × (total process length/total number of 

primary branches). 

Blood vessels. Similar to astrocyte reconstruction, a file containing the tracing 

information was then imported into the NeuroExplorer software (Figure 3.9). Total 

volume and surface area of the reconstructed blood vessels was calculated.  

 

2.1.4.2.4. Statistical Analysis for morphometric dataset 

 

The data is reported as mean ± SEM. The data were compared using nonparametric 

Mann-Whitney U test ranks, one-way ANOVA followed by Tukey's post hoc test, 

or Kruskal-Wallis ANOVA by ranks followed by Dunn's post hoc test, as 

appropriate. Differences with p < 0.05 were considered to be significant. 

 

2.1.5. Drugs 
 

Clozapine N-oxide (CNO) was obtained from Tocris Bioscience. Vasopressin was 

purchased from APP Pharmaceuticals. All other chemicals were obtained from 

Sigma. 
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Chapter 3       MORPHOMETRIC ANALYSIS OF ASTROCYTES IN 

BRAINSTEM RESPIRATORY REGIONS  

 

 

 

In the experiments described in this chapter, I have used computer-aided 

reconstruction to systemically compare the morphology of astrocytes residing 

within brainstem respiratory regions. These experiments tested the hypothesis that 

the morphology of preBötC astrocytes is different from that of astrocytes residing 

within other brainstem respiratory regions. 

 

3.1.1. Background 
 

In the rodent hippocampus and cortex, astrocytes residing in the gray matter exhibit 

high anatomical complexities [184], [185]. A single astrocyte may enwrap 

thousands of synapses [186]–[188] and a multitude of parenchymal blood vessels 

[130], putting this cell in a key position to simultaneously modulate synaptic activity 

as well as regulate local blood flow to match cerebral circulation and levels of 

neuronal activity. Although the functional significance of these complex astrocytic 

arrangements has not been definitively established [124], it has been suggested that 

astrocytic morphology is closely related to their crucial function in regulating brain 

physiology [184], [189], [190].  

Although it has been proposed that astroglia can modulate the activity of CNS 

neural circuits and affect behavior [153], [191]–[194], evidence for such modulation 

has only recently emerged [5], [195]. In the rodent brainstem, astrocytes have been 

shown to play a certain role in the modulation of the respiratory control circuit 

activity [5], [134], [138], [139], [143], [144], [196]–[198], including the rhythm-

generating circuits of the preBötC [12], [14] located within the Ventral Respiratory 
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Column (VRC) [12]. However, morphological arrangements of astrocytes that may 

be associated with glial-neuronal interactions in these regions have not been 

investigated. Considering the critical function of the preBötC for life, we 

hypothesized that preBötC astrocytes and neurons might have special structural 

arrangements. Astrocytes provide structural and nutritional support, but also, they 

are critically important for glutamate re-cycling [glutamate is critical for the 

generation of the inspiratory rhythm [12]], and release of ATP/adenosine which 

have powerful effects on the preBötC inspiratory circuit activity [137], [149], [150], 

[196], [199].  

Here, in adult Sprague-Dawley rats, immuno-labeled glial fibrillary acidic 

protein (GFAP)-positive astrocytes residing within the preBötC region. For 

comparison, we analyzed morphology of two other areas associated with respiratory 

function, namely nucleus tractus solitarius (NTS), and an intermediate reticular 

formation (IRf) region dorso-medial to preBötC in which some of the neurons have 

been shown to have respiratory activity and a premotor function [15], [200], were 

morphometrically analyzed. 

 

3.1.2. Material and Methods 
 

Confocal image stacks of the GFAP-positive astrocytes or RECA1 labeled blood 

vessels within the preBötC, IRf, RTN, and NTS were obtained from 5 different adult 

rats. The image stacks were imported to Neurolucida 360 (MBF Bioscience), where 

reconstructions were completed using the software’s tracing tools. 

Tracing information was then imported into the NeuroExplorer software (MBF 

Bioscience), and subsequently, the metrics were exported and compared. 

 

3.1.3. Results 
 

GFAP-labeled astrocytes were initially surveyed in several regions of the medulla 

associated with respiratory function including preBötC, IRf, NTS, and RTN. The 

anatomical locations of astrocytes were determined using anti-choline 
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acetyltransferase (ChAT) immunoreactivity to label motor neurons of the nucleus 

ambiguus (NA), hypoglossal nucleus (XII), and facial nucleus (VII), as illustrated 

in Figure 3.1.  PreBötC is located ventral to the semi-compact division of the 

nucleus ambiguus (NAsc; Figure 3.1A). The IRf region [200] was imaged dorso-

medial to the NAsc (Figure 3.1A), and NTS was imaged dorsolateral to XII, at the 

same medullary level containing the preBötC (Figure 3.1). The location of the RTN 

region was defined previously [30], [33], and the images were taken ventral to the 

facial nucleus and rostral to the preBötzinger Complex (BötC; Figure 3.1). 

 

 

3.1.3.1. Morphological arrangements of astrocytes in respiratory-related 

regions 

 

In ventral regions of the medulla at the level of the preBötC, processes of the 

parenchymal astrocytes projected deep into the brainstem tissue (Figure 3.2). This 

organization became less apparent moving rostrally, as an extra layer of thin 

astrocytic processes appeared at the RTN level between the ventral surface pial 

membrane and the parenchymal tissues. These laminar astrocytes abundantly 

populate the ventral surface to create a dense network of astrocytic fibers (Figure 

3.2F&G). Cell bodies of these laminar astrocytes are located close to the pial surface 

and have numerous long processes parallel to the ventral surface in the medio-lateral 
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Figure 3.1| Schematic drawings of adult rat brain in sagittal (left) and coronal (right) projections 
illustrating the anatomical locations of the preBötC (preBötzinger complex, A), an intermediate 
reticular formation region (IRf), A), nucleus tractus solitarius (NTS, A), and retrotrapezoid nucleus 
(RTN, gray color; B). Other abbreviations: *, semi-compact division of nucleus ambiguous (NAsc); 
XII, hypoglossal nucleus; py, pyramids. FN, facial motor nucleus. 
 

plane. (Figure 3.2G). This nexus of dense GFAP-positive fibers was not observed 

in the other regions surveyed and represents a feature unique to the ventral surface 

of the medulla at the level of RTN. In the preBötC, IRf, and NTS regions, the 

astrocytes were less densely arrayed and individual astrocytes, and their proximal 

processes could be readily distinguished from GFAP immunostaining. We, 

therefore, selected these regions for more detailed reconstruction of astrocyte 

morphology. The GFAP staining of the densely intermingled, nexus-like processes 

of RTN astrocytes did not permit accurate tracing of processes, and these astrocytes 

were not considered for detailed morphometric analyses.  

 

3.1.3.2. Morphometric features of reconstructed astrocytes 

 

To analyze the morphology of astrocytes, Sholl analysis [201] was applied to 

the reconstructed astrocytes from preBötC, NTS and IRf regions, by overlaying a 
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series of concentric circles (in 5 µm steps) outwardly from the center 

 
Figure 3.2| Immunostaining of GFAP-positive astrocytes in rat brainstem. A) Tiled low 
magnification confocal image of GFAP-positive brainstem astrocytes at the level of the preBötC. 
B) High magnification immunostained NTS astrocytes. C&D) Low and high magnification 
confocal images of preBötC astrocytes. E) GFAP-positive astrocytes reside within intermediate 
reticular formation region (IRf). F) Tiled low magnification confocal image of GFAP-positive 
astrocytes at the level of the RTN. G) High magnification image of laminar astrocytes making a 
network of processes at the level of RTN near the ventral brainstem surface. See Figure 3.1 for 
details. NAsc, semi-compact division of the nucleus ambiguus; VS, ventral surface of the 
brainstem; d, dorsal; m, medial; l, lateral; FN, facial nucleus. 
 

of astroglial soma (Figure 3.3A,B). In the preBötC, NTS, and IRf regions, the 

average number of terminals (Figure 3.3B), nodes (branch points), and primary 

branches, as well as the total length of processes, volume, and surface area of the 

reconstructed astrocytes were comparatively analyzed. This analysis (Figure 3.4-

Figure 3.7) revealed that preBötC astrocytes have a higher average number of 
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terminals (62 ± 5, n = 19) than IRf (41 ± 2, n = 10; p = 0.026) and NTS astrocytes 

(37 ± 5, n = 10; p = 0.007). Similarly, the average number of nodes was higher in 

preBötC astrocytes (52 ± 4, n = 19) than in IRf (30 ± 2, n = 10; p = 0.014) or NTS 

(28 ± 6, n = 10; p = 0.011) astrocytes (Figure 3.7). On the other hand, the number 

of primary branches (Figure 3.7) was only different between IRf and NTS astrocytes 

(8 ± 0.7, n = 10 vs 11 ± 1, n = 10; p = 0.014). The total length of all the GFAP-

stained processes of preBötC astrocytes (1039 ± 64 µm, n = 19 astrocytes) was 

significantly larger than that of IRf (691 ± 56 µm, n = 10 astrocytes; p = 0.028) and 

NTS (454 ± 80 µm, n = 10; p < 0.001) astrocytes (Figure 3.7).  

 

 
Figure 3.3| Morphometric analysis of brainstem astrocytes. A) Reconstructed astrocyte (blue) 
identified by GFAP immunoreactivity (green) in the preBötC region. Reconstruction of astrocyte 
morphology using Neurolucida 360 (MBF) to produce a 2D maximum projection image delineating 
the appearance of each cell. B) Sholl analysis was performed by applying concentric circles with 5 
µm increments from the center of the astroglial soma (see Materials and Methods for detail). C) 
The convex-hull analysis was performed to determine the volume and surface area of astrocytes 
(see Materials and Methods for detail). 
 
 

The convex hull surface area of the preBötC astrocytes (7727 ± 345 µm2, n = 

19) was significantly larger than that of astrocytes residing in the IRf (5461 ± 609 

µm2, n = 10; p < 0.001) and NTS (2676 ± 340 µm2, n = 10; p < 0.001) (Figure 3.7F). 

The mean convex hull surface area of the IRf astrocytes was also larger than that of 

the NTS astrocytes (p < 0.001; Figure 3.7F). Convex hull volume (Figure 3.3) of 

preBötC astrocytes (42310 ± 2600 µm3, n = 19) was found to be significantly larger 

than that of the IRf (23351 ± 3741 µm3, n = 10; p < 0.001) and NTS (7220 ± 2056 

µm3, n = 10; p < 0.001) astrocytes (Figure 3.7E).  
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To compare the complexity of astrocytes from these different areas, Complexity 

Index was determined using the NeuroExplorer software (see Material and 

Methods). The Complexity Index of preBötC astrocytes (44368 ± 5359, n = 19) was 

found to be significantly higher than that of IRf (16854 ± 1545, n=10; p < 0.001) 

and NTS astrocytes (4768 ± 1168, n=10; p < 0.001; Figure 3.8). The IRf astrocytes 

were more complex when compared to NTS astrocytes (p < 0.001; Figure 3.8).  

 

 
Figure 3.4| Morphometric analyses of preBötC astrocytes. A) Representative reconstruction of 
preBötC astrocytes.�B-D) Summary data (see Figure 3.3) of process lengths, number of 
intersections, and number of branch points of preBotC astrocytes (n=19, from 5 different rats) from 
Sholl analysis. Error bars represent SEM. 
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Figure 3.5| Morphometric features of IRf astrocytes. A) Representative morphological 
reconstruction of astrocyte in the IRf region.�B-D) Summary data of Sholl analysis (see Figure 
3.3) of IRf astrocytes (n = 10, from 5 different rats). Error bars represent SEM. 
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Figure 3.6| Morphometric features of NTS astrocytes. A) Reconstruction of a representative 
astrocyte in the NTS region.�B-D) Summary data of Sholl analysis (see Figure 3.3) of NTS 
astrocytes (n = 10, from 5 different rats). Error bars represent SEM. 
 

3.1.3.3. Comparison of regional blood vessel morphology  

 

Brainstem astrocytes, similar to astrocytes residing within other brain regions, make 

extensive contacts with all parenchymal blood vessels (Figure 3.9). Differences in 

the morphology of astrocytes could be potentially linked to the differences in the 

morphological arrangements of blood vessels. Therefore, we morphometrically 

evaluated blood vessels in the preBötC, IRf, and NTS regions. Figure 3.9 illustrates 

the 2D arrangement, represented by the maximum projection of a 3D rendered image 

stack, of blood vessels in the preBötC region. The average volume occupied by 

parenchymal blood vessels, as computed from 3D reconstructions, was similar in           
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Figure 3.7| Morphometric features of astrocytes in different brainstem regions. A-D) 
Summary data illustrating the number of terminals (A), number of branch points (nodes; B), number 
of branches (C), and total process length (D) of preBötC (n = 19), IRf (n = 10), and NTS (n = 10) 
astrocytes. E-F) Summary data of the Convex-Hull volume (E) and surface area (F) of astrocytes 
in the preBötC, IRf, and the NTS. Overall, preBötC astrocytes have longer processes, more branch 
points (nodes) and terminals, and greater Convex Hull volume and surface area, compared to IRf 
and NTS astrocytes. Data sets without p values indicated are not significantly different. 
 

the preBötC (8.9 ± 0.3 µm3, n = 4), NTS (8.1 ± 0.6 µm3, n = 3) and IRf (8.7 ± 0.1 

µm3, n = 3) regions (p = 0.64; Figure 3.9E). Similarly, the average surface area of 

parenchymal blood vessels in the preBötC (1.96 ± 0.02 µm2, n = 4), NTS (1.80 ± 

0.08 µm2, n = 3) and IRf (1.92 ± 0.03 µm2, n = 3) regions were not different from 

each other (p = 0.36; Figure 3.9E).  
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Figure 3.8| Complexity metrics of preBötC, IRf, and NTS astrocytes. Summary data comparing 
the measure of structural complexity of astrocytes obtained from the complexity index formula (see 
Material and Methods section) applied to reconstructed astrocytes from preBötC, IRf, and NTS 
regions. When compared to astrocytes from the other brainstem regions, preBötC astrocytes exhibit 
a significantly higher complexity index. Data sets without p values indicated are not significantly 
different. 
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Figure 3.9| Arrangement of blood vessels in the preBötC. A&B) PreBötC astrocytes (GFAP-
immunoreactivity, green) are intermingled with the parenchymal blood vessels (immune-stained 
with RECA1, red). C) Representative confocal image (merged Z-stack) of parenchymal blood 
vessels immuno-labeled with RECA1 in the preBötC region.  D) Maximum projection image of 3D 
reconstructed blood vessels from region shown in C. E) Summary data illustrating normalized 
volume (left) and normalized surface area (right) of the reconstructed parenchymal blood vessels 
in preBötC (n = 4; from 4 different rats), IRf (n = 4; from 4 different rats), and NTS (n = 5; from 5 
different rats).  n.s., not significant. 
 

3.1.4. Summary and Conclusions  
 

Astrocytes play an important role in modulating the activities of respiratory 

networks, however, the morphology of brainstem astroglia was not previously 
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characterized. Here, in adult rats, using computer-aided reconstruction techniques, 

the morphology of astrocytes residing within the respiratory-related preBötC, IRf, 

and NTS regions has been defined and quantitatively compared. The data obtained 

from morphometric analyses indicate that preBötC astrocytes, inherently, have more 

complex morphology compared to astrocytes from within the functionally distinct 

neighboring brainstem region of IRf or the more distant NTS region.  

 

Therefore, in this Chapter the following aim was addressed: 

 

Aim 1. study the anatomical features of brainstem astrocytes and to determine 

whether preBötC astrocytes are morphologically different from astrocytes 

residing in other regions of the brainstem.  

 

While this aim was achieved, the underlying structural/functional reasons for 

these regional morphological differences is presently unknown, but may reflect 

constraints imposed by arrangements of associated neurovascular elements and/or 

other local structural features of brainstem parenchyma. 
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Chapter 4  INVESTIGATING THE EFFECT OF ACTIVATION AND 

BLOCKADE OF SIGNALING PATHWAYS IN PREBÖTC 

ASTROCYTES ON BREATHING IN CONSCIOUS BEHAVING 

RATS. 

 

 

 

4.1.1. Introduction 
 

Astrocytes have been proposed to modulate neuronal excitability, synaptic 

transmission, and plasticity [1], [2]. The physiology of these electrically non-

excitable cells of the brain is governed by intracellular Ca2+, with increases in [Ca2+]i 

triggering release of signaling molecules or ‘gliotransmitters’ (such as 

ATP/adenosine and D-serine). Recent studies have suggested that gliotransmitters 

may influence neural circuits, particularly neuromodulatory circuits affecting sleep, 

feeding, and chemosensing [3]–[5], yet it remains unknown whether astrocytes can 

regulate motor circuits and have an impact on complex behaviors in vivo. 

Experiments with rodent brainstem slices ([138], [202]) have suggested that 

astroglial mechanisms may play a certain role in regulating the activities of neuronal 

circuits producing motor rhythms, including those within the preBötC [14] in the 

ventrolateral medulla that generate the rhythm of breathing [203]. However, whether 

such modulation is functionally important for rhythmic motor behavior has not been 

determined.  

 

Experiments described in this and the following Chapter focused on the 

astrocytes of the preBötC to test the hypothesis that they are capable of modulating 

local respiratory control circuit. Viral vectors were used to activate or block preBötC 
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astroglial signaling mechanism. This chapter first describes the detailed validation 

of the efficacy of the viral vectors used in this thesis, and then the effect of activation 

and blockade of astroglial signaling pathways (by using these viral vectors) in the 

preBötC on breathing behavior in conscious rats.  

 

4.1.2. Material and Methods 
 

In this section, in freely behaving adult rats, signaling pathways in preBötC 

astrocytes were activated (via viral expression of DREADDGq) or blocked (by viral 

expression of dnSNARE, TeLC, or TMAPA) and role of preBötC astrocytes in 

modulation of breathing was assessed when animals were challenged by hypoxia.   

 

4.1.2.1. In vitro methods to validate viral vectors.  

 

Total internal reflection fluorescence (TIRF) microscopy, Ca2+ imaging, PLC 

activity assay, and ATP biosensors assay were used to validate viral vectors. 

 

4.1.2.2. Viral gene transfer and physiology experiments 

 

Young adult male rats (250–280 g) were anesthetized and brainstem respiratory 

networks, including the rhythm-generating circuits of the preBötC were targeted 

bilaterally with microinjections of the viral vectors [LVV–Ef1α–TMPAP–EGFP, 

LVV–EF1–EGFP (control), AVV–sGFAP–EGFP–TeLC, AVV–sGFAP–

dnSNARE–EGFP, AVV–sGFAP–DREADDGq–EGFP, or AVV–sGFAP–CatCh–

EGFP (control)]. 5-7 days after the surgery, whole-body plethysmography was used 

to record respiratory activity in conscious adult rats 

 

4.1.3. Results 
 

4.1.3.1. Validation of dnSNARE efficacy in blocking astroglial vesicular 



 

61 

release mechanisms 

 

Astrocyte-specific expression of dnSNARE was controlled by an enhanced GFAP 

promoter (Figure 4.1). To determine the efficacy of the novel dnSNARE construct, 

TIRF microscopy was used to monitor vesicular fusion events in cultured brainstem 

astrocytes transduced to express dnSNARE or a control transgene (CatCh–EGFP). 

In dnSNARE-expressing astrocytes, the number of juxta-membrane vesicles labeled 

with quinacrine (putative ATP-containing vesicles) was reduced by 67% (p<0.001).  

 
Figure 4.1| Adenoviral vector (AVV) to express dominant-negative SNARE (dnSNARE) in 
astrocytes. A. Schematic of AVV–sGFAP–dnSNARE–EGFP vector. B. Expression of dnSNARE 
in astrocytes prevents vesicular docking and release. 
  

Previously, it has been shown that cultured astrocytes respond to application of 

the Ca2+ ionophore ionomycin or lowering PO2 (achieved by application of the O2 

scavenger sodium dithionite) with an increased rate of exocytosis of ATP-containing 

vesicles [71]. Facilitated vesicular fusion induced by ionomycin or sodium 

dithionite, was effectively abolished in astrocytes expressing dnSNARE (Figure 

4.2).   

    

A
 GfaABC1DmCMV   GAL4 dnSNARE-EGFP  GAL4 BS   

dnSNARE

B

normal astrocyte astrocyte expressing
dnSNARE
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Figure 4.2| Validation of dnSNARE efficacy in blocking astroglial vesicular release 
mechanisms. A) Plots of TIRF intensity changes showing loss of quinacrine fluorescence from a 
proportion of labeled organelles in response to application of the Ca2+ ionophore ionomycin (1 µM) 
in two individual cultured astrocytes transduced to express control transgene (black traces) or 
dnSNARE (red traces). In cultures of astrocytes expressing dnSNARE, digitonin was applied at the 
end of the recording to permeabilize the membranes, resulting in a rapid loss of quinacrine 
fluorescence. B) Averaged temporal profile of ionomycin-induced vesicular fusion events detected 
in cultured astrocytes expressing control transgene or dnSNARE. C) Plots of TIRF intensity 
changes showing loss of quinacrine fluorescence from a proportion of labeled organelles in 
response to application of sodium dithionite in two individual cultured astrocytes transduced to 
express control transgene (black traces) or dnSNARE (red traces). In cultures of astrocytes 
expressing dnSNARE, digitonin was applied at the end of the recording to permeabilize the 
membranes, resulting in a rapid loss of quinacrine fluorescence. D) Averaged temporal profile of 
dithionite-induced vesicular fusion events detected in quinacrine-loaded cultured astrocytes 
expressing control transgene or dnSNARE. E) Total number of ionomycin- and sodium dithionite-
induced vesicular fusion events detected in cultured astrocytes expressing control transgene or 
dnSNARE. Numbers of individual tests are indicated. 
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4.1.3.2. Validation of DREADDGq efficacy in activating astrocytic signaling 

mechanisms 

 

Release of ATP by brainstem astrocytes may occur following activation of 

phospholipase C (PLC) [71]. To facilitate the PLC-mediated release of 

gliotransmitters, we transduced preBötC astrocytes to express DREADDGq; Table 

2.1) [169]  (Figure 4.3). As expected, the DREADD designer ligand clozapine-N-

oxide (CNO) triggered robust increases in [Ca2+]i in brainstem astrocytes expressing 

DREADDGq in vitro (Figure 4.3). These responses were blocked by the PLC 

inhibitor U73122 (Figure 4.3).  

 

 
Figure 4.3| Validation of DREADDGq efficacy in activating astrocytic signaling mechanisms. 
A) Schematic of AVV-sGFAP-DREADDGq-EGFP vector layout. B) Validation of AVV-sGFAP-
DREADDGq-EGFP in vitro. CNO-induced [Ca2+]i responses in cultured astrocytes transduced to 
express DREADDGq. C) The effect of CNO is blocked by the phospholipase C (PLC) inhibitor 
U73122. 
 

When PLC activity was measured, it was revealed that cultured astrocytes 

expressing DREADDGq had higher resting (i.e., in the absence of CNO) levels of 

inositol phosphates (Figure 4.4). This higher resting PLC activity in DREADDGq 

expressing astrocytes indicated a potential constitutive activity of this receptor. 

Indeed, DREADDGq expression was also found to be associated with higher rate of 

spontaneous fusion of quinacrine-labeled vesicles in cultured astrocytes (Figure 

4.5).  
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Figure 4.4| Astrocytes expressing DREADDGq showed higher resting PLC activity. Summary 
data illustrating PLC activity in cultured brainstem astrocytes expressing DREADDGq and the 
effects of CNO on PLC activity as assessed by measuring [3H]-inositol phosphate (InsP) production 
relative to the total inositol lipid pool in naïve astrocytes (control) and in astrocytes transduced to 
express CatCh or DREADDGq. Higher resting InsP level in brainstem astrocytes expressing 
DREADDGq indicate constitutive activity of the receptor. 
 

Next, ATP tone in acute brainstem slices (from adult rats virally transduced to 

express DREADDGq in preBötC astrocytes) was measured using microelectrode 

biosensors. Both sensors (null and ATP sensor) were initially placed in the recording 

chamber having no contact with the brainstem slice. Once a steady-state baseline 

was achieved, the sensors were laid flat bilaterally (ATP sensor was placed 

randomly on either left or right side of the slice) in direct contact with the ventral 

surface of the slice in equivalent positions overlaying the preBötC. The sensors were 

left in place to achieve stable recordings of the ATP tone and then carefully lifted 

from the surface of the slice to allow measurement of tonic ATP release (Figure 

4.6). Without removing the sensors from the recording chamber, their positions on 

the left (expressing DREADDGq) and right (expressing CatCh) sides of the 
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Figure 4.5| Astrocytes expressing DREADDGq showed higher rate of spontaneous fusion. 
Summary data illustrating the rate of spontaneous and CNO-induced fusion of quinacrine-labeled 
vesicles in astrocytes transduced to express CatCh (n=10) or DREADDGq (n=10). DREADDGq 
expression in astrocytes is associated with a significantly higher rate of spontaneous vesicular 
fusion events. Numbers of individual tests from three different cultures are indicated.  
 

brainstem slice was swapped to determine tonic ATP release from the opposite site 

(Figure 4.6). It was found that DREADDGq expression was associated with 

facilitated release of ATP in conditions when preBötC astrocytes were transduced 

to express the transgene (in acute brainstem slices, Figure 4.6). All these data 

suggested that in the absence of an agonist, DREADDGq is constitutively active at 

the level of expression provided by the viral vector used. We exploited this property 

of DREADDGq in order to determine whether sustained PLC-mediated activation of 

preBötC astrocytes associated with facilitated vesicular release of ATP has an 

impact on the inspiratory rhythm-generating circuits in conscious rats.  
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Figure 4.6| Astrocytes expressing DREADDGq showed tonic release of ATP. A representative 
example of changes in ATP biosensor current after biosensor placement on the surface of the 
brainstem slice transduced to express CatCh and DREADDGq in astrocytes residing in opposite 
preBötC areas (top). Summary data illustrating facilitated the tonic release of ATP in acute 
brainstem slices of adult rats transduced to express DREADDGq by the preBötC astrocytes (bottom). 
 

4.1.3.3. Activity of the respiratory rhythm-generating circuits of the preBötC is 

modulated by astrocytes 

 

In conscious rats, bilateral expression of dnSNARE or TeLC in preBötC astrocytes 

(Figure 4.7 – Figure 4.8) resulted in a significant reduction in resting breathing 

frequency (ƒR) by 11% (94 ± 2 min-1 vs 106 ± 5 min-1 in controls; n=5, p=0.016) and 
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by 11% (92 ± 2 min-1 vs 103 ± 3 min-1 in controls; n = 12, p = 0.011), respectively 

(Figure 4.9). dnSNARE or TeLC expression also significantly decreased the 

variability of the respiratory rhythm (Figure 4.10).  

 
Figure 4.7| PreBötC astrocytes virally transduced to expressed dnSNARE. A) Schematic 
drawings of the rat brain in parasagittal and coronal projections illustrating the location of the 
preBötC. NAsc, semi-compact division of the nucleus ambiguus; XII, hypoglossal motor nucleus. 
B1&B2) Representative confocal image of dnSNARE-EGFP expression in preBötC astrocytes is 
shown on the left. High magnification image (right) shows expression of dnSNARE-EGFP in 
GFAP-positive preBötC astrocytes. NAsc neurons are identified by choline acetyltransferase 
(ChAT) immunoreactivity (left).  
 

Since dnSNARE or TeLC expression in astrocytes is likely to block exocytosis 

of several putative gliotransmitters, the specific contribution of ATP was determined 

by blocking ATP-mediated signaling within the preBötC by virally-driven 

expression of TMPAP. It is found that bilateral expression of TMPAP in the 

preBötC (Figure 4.11) reduced resting ƒR by ~11% (98 ± 3 min-1 vs 111 ±4 min-1 in 

controls, n = 7, p = 0.017; Figure 4.11D). Bilateral expression of DREADDGq in 

preBötC astrocytes (Figure 4.12) was associated with 27% higher ƒR (123 ± 5 min-
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1 vs 97 ± 1 min-1 in controls; n = 8, p < 0.001; Figure 4.12), and increased variability 

of the inspiratory rhythm (Figure 4.10). 

 
Figure 4.8| Viral targeting of preBötC astrocytes to express TeLC. A) Confocal fluorescence 
microscopy image illustrating EGFP-TeLC expression in a subset of preBötC astrocytes located 
ventral to the semi-compact division of the nucleus ambiguus (NAsc) identified by ChAT 
immunoreactivity. B) Representative higher magnification image of preBötC astrocytes targeted to 
express EGFP-TeLC.  
 
 
4.1.3.4. PreBötC astrocytes modulate the generation of the inspiratory sighs 

 

No significant variations across all the control groups (rats expressing control 

transgenes in the preBötC astrocytes) were observed when frequency of the 

respiratory sighs was analyzed. Therefore, the sigh frequency data obtained in 

representative 8 control animals transduced to express CatCh-EGFP and 7 control 

animals transduced to express EGFP were combined and used for the analysis. The 

frequency of sighs, augmented breaths generated periodically by the preBötC 

circuits (Li et al., 2016; Lieske et al., 2000) (Figure 4.14), was reduced by 27% (p 

< 0.001) in rats expressing dnSNARE and by 25% (p<0.001) in rats expressing 

TeLC in the preBötC (Figure 4.15). Similarly, bilateral expression of TMPAP in 

preBötC decreased sigh frequency by 26% (p<0.001; Figure 4.15). However, 

bilateral expression of DREADDGq in preBötC astrocytes was associated with 

increased frequency of sighs (by 31%, n = 8, p<0.001; Figure 4.15). 

 

NAsc

VS

EGFP-TeLC
ChAT
GFAP

200 μm

A B

EGFP-TeLC
GFAP
NeuN

50 μm



 

69 

 
Figure 4.9| Astrocytes control the activity of the respiratory rhythm-generating circuits of the 
preBötC. Group data showing the effects of dnSNARE (A) or TeLC (B) expression in preBötC 
astrocytes on resting respiratory frequency (fR) in conscious adult rats. In control animals, preBötC 
astrocytes were transduced to express CatCh-EGFP. 
 

Hypoxia (10% O2 in the inspired air) induces release of ATP by astrocytes [71] and 

increases sigh frequency [204], [205]. Therefore, the effects of dnSNARE, TeLC, 

TMPAP, and DREADDGq expression on sigh generation during hypoxia were next 

evaluated. Disruption of either astroglial vesicular release (dnSNARE or TeLC 

expression) or ATP-mediated signaling (TMPAP expression) reduced the frequency 

of sighs during the hypoxic challenge by 34% (n = 5, p<0.001), 36% (n = 12, 

p<0.001), and 44% (n = 7, p<0.001), respectively (Figure 4.16). DREADDGq 

expression in preBötC astrocytes had an opposite effect and increased frequency of 

sigh generation during hypoxia by 50% (n = 8, p = 0.003; Figure 4.16).  
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Figure 4.10| Astrocytes regulate the regularity of the respiratory rhythm-generating circuits 
of the preBötC. A) Poincaré plots of the respiratory cycle duration (TTOT) for the nth cycle versus 
TTOT for the nth+1 cycle in rats transduced to express the control transgene (CatCh), DREADDGq, 
TeLC or dnSNARE by the preBötC astrocytes. B) Summary data illustrating irregularity score of 
the respiratory rhythm in conscious rats transduced to express CatCh, TeLC, dnSNARE, or 
DREADDGq. 
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Figure 4.11| Tonic vesicular release of ATP provides excitatory drive to the respiratory 
rhythm-generating circuits of preBötC. A-C) Confocal fluorescence images of TMPAP-EGFP 
expression in the preBötC. Despite the use of the generic promoter (Ef1α), EGFP expression driven 
by this vector was almost exclusively confined to astroglia (see higher magnification insets in B & 
C; scale bars: 25 µm) similar to the data reported previously [167]. VS, ventral surface of the 
brainstem. D) Group data showing the effects of TMPAP expression in the preBötC region on 
resting fR in conscious rats. 
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Figure 4.12| Activation of preBötC astrocytes facilitates breathing. A-C) Confocal images 
illustrating DREADDGq-EGFP expression in preBötC astrocytes. DREADDGq expression is limited 
to astrocytes as no neurons (identified by NeuN immunoreactivity) expressed the transgene (see 
high magnification inset images. Scale bars = 25 µm). D) Group data showing the effects of 
DREADDGq expression in preBötC astrocytes on resting fR in conscious rats. 
 

 
Figure 4.13| Expression of control transgenes did not affect fR. No differences in resting 
respiratory activity were observed in naïve (non-transduced) rats and rats transduced to express 
CatCh-EGFP or EGFP in the preBötC (p=0.2). Three different groups of rats transduced to express 
control transgene CatCh-EGFP [CatCh-EGFP(1), CatCh- EGFP(2), and CatCh-EGFP(3)] were 
used as time-matched controls for the groups of animals transduced to express dnSNARE, TeLC, 
and DREADDGq, respectively (for details see section Control transgenes). Rats transduced with a 
lentiviral vector to express EGFP were used as controls for the experimental animals expressing 
TMPAP in the preBötC. P value – Kruskal-Wallis ANOVA by ranks followed by Dunn's post hoc 
test.  

D p=0.001

50

100

150

ƒ R (
m

in
 –1

) 
(8)

(8)

DREADDGqcontrol 

ChAT
DREADD-EGFP

DREADD-EGFP
NeuN

DREADD-EGFP
GFAP

NAsc

VS

A B

C

200 μm 100 μm

100 μm

50

75

100

125

150

ƒ R
 (m

in
 –1

) 

CatCh-
EGFP(3)

EGFP
control

CatCh-
EGFP(1)

(5)
(8)

naïve 
control

(8)

CatCh-
EGFP(2)

(12)
(7)

p=0.2020



 

73 

 
 

 

 
Figure 4.14| Representative whole-body plethysmography recordings obtained in conscious 
adult rats transduced to express CatCh (A), dnSNARE (B), TeLC (C), TMPAP (D) or 
DREADDGq (E) by the preBötC astrocytes. Large amplitude changes in plethysmography 
chamber pressure [indicated by the arrowheads on the compressed (left) and expanded (right) time 
scale traces] are indicative of sighs that occur periodically during normal breathing.  
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Figure 4.15| PreBötC astrocytes modulate the generation of the inspiratory sighs at rest. 
Summary data illustrating sigh frequency at resting conditions in conscious rats transduced to 
express dnSNARE, TeLC, TMPAP or DREADDGq by preBötC astrocytes. 
 

 
Figure 4.16| PreBötC astrocytes modulate the generation of the inspiratory sighs during 
systemic hypoxia. Summary data illustrating sigh frequency during systemic hypoxia in conscious 
rats transduced to express dnSNARE (n=5), TeLC (n=12), TMPAP (n=7) or DREADDGq (n=8) by 
preBötC astrocytes. 
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respiratory rhythm is generated by specialized neuronal populations of the preBötC. 

Here, we specifically targeted preBötC astrocytes to express proteins which block 

or enhance vesicular release mechanisms and demonstrated that astroglial release of 

gliotransmitters (most likely ATP) provides tonic excitatory drive to the preBötC 

circuits maintains regularity of breathing and underlies generation of sighs. 

 

 
Figure 4.17| Sigh generation is modulated by signaling molecules released by preBötC 
astrocytes in response to locally released bombesin-like peptides. A) Representative traces 
illustrating the effect of bombesin on [Ca2+]i in five individual brainstem astrocytes in culture (traces 
superimposed). B) Summary data illustrating the amplitudes of bombesin-induced [Ca2+]i responses 
in cultured brainstem astrocytes. Numbers of individual astrocytes recorded in three separate 
experiments are indicated in parentheses. C) Representative recordings of phrenic nerve activity 
and summary data illustrating the effect of bombesin (250 µM, 50 nl) on resting respiratory rate 
and sigh frequency following microinjections into the preBötC where astrocytes were transduced 
to express control transgene or dnSNARE (anesthetized spontaneously breathing rats). Blockade of 
vesicular release mechanisms in preBötC astrocytes (dnSNARE expression) reduces the effect of 
bombesin on sigh frequency by >60%. 
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Therefore, experiments described in this Chapter addressed the following Aim of 

the thesis: 

 

Aim 3: To determine the effect of activation and blockade of signaling pathways 

in preBötC astrocytes on breathing behavior in conscious behaving rats.  

 

 

The data obtained suggested that astroglial control of breathing at the level of the 

preBötC may become particularly important for the development of the appropriate 

respiratory responses to physiological metabolic challenges such as hypercapnia and 

hypoxia and exercise.  In the experiments described in the next Chapter, I have 

explored the role of preBötC astrocytes in the control of breathing in conditions of 

increased metabolic demand.  
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Chapter 5    INVESTIGATING THE EFFECT OF ACTIVATION AND 

BLOCKADE OF SIGNALING PATHWAYS IN PREBÖTC 

ASTROCYTES ON BREATHING BEHAVIOR DURING HYPOXIA, 

HYPERCAPNIA AND EXERCISE IN CONSCIOUS RATS. 

 

 

 

 

Results of the experiments described in the previous Chapter demonstrated a 

reduction in mean breathing frequency by ~10% after disruption of either astroglial 

vesicular release (dnSNARE or TeLC expression) or ATP-mediated signaling 

(TMPAP expression) in preBötC astrocytes. This decrease in mean breathing 

frequency may seem “modest,” but intact chemoreceptor pathways in conscious 

animals would be expected to limit any significant sustained changes in the baseline 

respiratory activity. It was hypothesized that a full extent of astroglial modulation 

of the respiratory network activity might be revealed when the rhythm-generating 

networks are studied in isolation or when the respiratory responses to 

metabolic/chemosensory challenges are studied. Experiments described in this 

Chapter determined the role of preBötC astrocytes in the control of breathing when 

the animals were challenged with hypoxia, hypercapnia, and exercise. For the flow 

of reading, this Chapter is divided into 3 sections. 
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5.1. The effect of activation and blockade of signaling pathways in 

preBötC astrocytes on breathing behavior during systemic 

hypoxia in conscious rats.1 

 

 

 

5.1.1. Introduction 
 

Oxygen is essential for all complex forms of life [206], and brain function is highly 

vulnerable to oxygen deprivation. Specialized peripheral oxygen-sensing elements 

have evolved to monitor and ensure adequate oxygenation of the arterial blood 

supplying the brain. However, carotid body chemoreceptors are not sensitive to 

regional CNS differences in PO2 that may develop as a result of variable levels of 

neuronal activity or significant changes in perfusion, and all mammals survive the 

complete loss of peripheral oxygen sensitivity.  

 

It is generally believed that the CNS is devoid of a physiological oxygen sensor 

(i.e., a cell capable of sensing parenchymal PO2 changes within the physiological 

range) and that no functional brain oxygen sensor is capable of stimulating breathing 

[76]. This view persists despite a number of previous studies reporting significant 

ventilatory responses to hypoxia in unanesthetized experimental animals with 

denervated (or silenced) peripheral oxygen chemoreceptors [70], [72]–[74]. The 

existence of a functional CNS oxygen sensor is also supported by the evidence 

showing that brainstem respiratory and cardiovascular control circuits are highly 

sensitive to oxygen deprivation [78], [79], [207]–[209]. Indeed, the majority of 

central neurons respond to hypoxia with a reduction in excitability. However, it has 

                                            
1  Key results presented in this section were reported in an article: “Functional Oxygen Sensitivity of 
Astrocytes. Journal of Neuroscience, 2015, 35(29), 10460–10473,” of which I am a co-author. Results of the 
experimental studies, data analysis and interpretation of the results presented in this section are my 
contribution to that published work. 
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been shown that respiratory control circuits of the brainstem show increase in 

activity in low PO2 conditions or in response to cytotoxic hypoxia [78], [79], [209]–

[211]. There is also strong evidence that the brainstem respiratory networks, 

including the rhythm generating circuits of the preBötC, are potently activated by 

ATP [137], [145], [148]–[150], [212]. In the previous Chapter, we provided 

evidence that release of gliotransmitters (most likely ATP) from preBötC astrocytes 

regulate the normal activity of the respiratory rhythm-generating circuits at rest. 

Experiments described in this section determined the effect of compromised 

gliotransmitter (most likely ATP) release mechanisms in preBötC astrocytes on 

hypoxia-induced respiratory responses in conscious rats. 

 

5.1.2. Materials and Methods 
 

In this section, in freely behaving adult rats, signaling pathways in preBötC 

astrocytes were activated (via viral expression of DREADDGq) or blocked (by viral 

expression of dnSNARE, TeLC, or TMAPA) and role of preBötC astrocytes in the 

modulation of breathing was assessed when animals were challenged by hypoxia. 

 

5.1.2.1. Viral gene transfer  

 

Young adult male rats (250–280 g) were anesthetized and brainstem respiratory 

networks, including the rhythm-generating circuits of the preBötC were targeted 

bilaterally with microinjections of the viral vectors [LVV–Ef1α–TMPAP–EGFP, 

LVV–EF1–EGFP (control), AVV–sGFAP–EGFP–TeLC, AVV–sGFAP–

dnSNARE–EGFP, AVV–sGFAP–DREADDGq–EGFP, or AVV–sGFAP–CatCh–

EGFP (control)].  

 

5.1.2.2. Ablation of the carotid body chemoreceptors (CBx) 

  

Rats were anesthetized, and the carotid sinus nerve and its branches were cut, and 

the carotid bodies were removed. Sham-operated rats underwent the same surgical 
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procedures to expose the carotid bifurcation, but the carotid sinus nerves and the 

carotid bodies were left intact.  

 

5.1.2.3. Assessment of sleep efficiency  

 

Established behavioral criteria were used to calculate sleep efficiency score (SES) 

before, during, and after the hypoxic challenge with an epoch length of 2 s. The SES 

score was calculated according to the following formula: SES = 100 x (QS+AS) / 

(QS+ AS+W+IN) (see methods for more details). 

 

5.1.2.4. Assessment of the respiratory activity  

 

Respiratory responses to hypoxia were determined in conscious rats using whole-

body plethysmography. In brief, the animal was placed in a recording chamber that 

was flushed continuously with humidified mixture of 79% N2 and 21% O2 (at 22–

24°C). The animal was allowed at least 1 h to acclimatize to the chamber 

environment at normoxia (21% O2, 79% N2) before measurements of baseline 

ventilation were taken. Hypoxia was induced by lowering the O2 concentration in 

the chamber to 10% (with the balance being N2) for 10 min. The measurements of 

ventilatory responses to hypoxia were obtained during the last 5 min of the 10-min 

hypoxia period when breathing has stabilized.  

 

5.1.3. Results 
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Figure 5.1| Hypoxia-induced arousal responses in rats with denervated peripheral oxygen 
chemoreceptors. Summary data illustrating changes in SE induced by hypoxia in the carotid body 
ablated and sham-operated animals (10 weeks after the surgery). 
 
 
5.1.3.1. The effect of peripheral chemoreceptor denervation on the ventilatory 

response to systemic hypoxia. 

 

In agreement with previous reports [70], [72]–[74], it was found that conscious rats 

with denervated peripheral oxygen chemoreceptors (10 weeks after carotid body 

ablation) displayed significant respiratory responses to hypoxia (see Figure 5.3 and 

Figure 5.5). To confirm successful ablation of the carotid bodies, the animals were 

exposed to hypoxic conditions (10% oxygen in the inspired air) while asleep (during 

the light phase of the 24 h period), and changes in sleep efficiency were assessed. 

Rats that had undergone carotid body ablation displayed markedly diminished 

arousal responses to hypoxia (Figure 5.1) confirming that the sensory inputs from 

the peripheral oxygen chemoreceptors were absent or impaired.  

 

5.1.3.2. The effect of general anesthesia on the hypoxic ventilatory response in 

peripherally chemodenervated animals. 

 

In contrast to the non-anesthetized animals, rats with denervated peripheral 
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chemoreceptors failed to mount a significant respiratory response to hypoxia when 

anesthetized (urethane, 1.5 mg kg-1) (Figure 5.2), suggesting that the mechanism 

and/or signaling pathway of central respiratory oxygen sensitivity are severely 

affected by general anesthesia. Thus, all subsequent experiments were performed in 

conscious animals. 

 

5.1.3.3. The role of preBötC astrocytes in hypoxic ventilatory response 

 

To specifically block astroglial vesicular release, an AVV for astrocyte-specific 

expression of TeLC (which cleaves certain SNARE proteins required for vesicular 

docking and fusion) was used. Tetanus toxin has been shown previously to inhibit 

ATP, glutamate and D-serine release by astrocytes [170], [213]. It was found that 

bilateral expression of TeLC in astrocytes residing within the respiratory rhythm 

generating circuits of the preBötC reduced the respiratory response to systemic 

hypoxia (10% oxygen in the inspired air) both in the carotid body intact (by 24%; 

92 ± 2 min-1 vs 103 ± 3 min-1 in controls; n = 12, p=0.011; Figure 5.3) and 

peripherally chemodenervated (CBx) animals (by 35%; 92 ± 2 min-1 vs 103 ± 3 min-

1 in controls; n = 5, p=0.006; Figure 5.3).  

 

Next, an AVV for astrocyte-specific expression of dominant-negative SNARE 

(dnSNARE) protein was used to target preBötC astrocytes. In conscious rats, 

bilateral expression of dnSNARE in preBötC astrocytes attenuated the hypoxia-

induced increases in ƒR by 27% (159 ± 10 min-1 vs 217 ± 7 min-1 in controls, n = 5, 

p=0.008; Figure 5.4) and in minute ventilation by 34% (85 ± 5 a.u. vs 128 ± 10 a.u. 

in controls, n=5, p = 0.008, Figure 5.4) 
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Figure 5.2| Hypoxia-induced respiratory responses in rats with denervated peripheral oxygen 
chemoreceptors. Summary data illustrating respiratory rate, tidal volume, and minute lung 
ventilation before, during, and after hypoxia in rats 10 weeks after the carotid body (CB) ablation 
recorded in the non-anesthetized state during quite sleeping and under general anesthesia (urethane, 
1.5 mg/kg).  
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5.1.3.4. The role of purinergic signaling at the level of preBötC in the hypoxic 

ventilatory response 

 

Since TeLC or dnSNARE expression in astrocytes is likely to block exocytosis of 

several putative gliotransmitters, next experiments determined the specific 

contribution of hypoxia-induced release of ATP to the hypoxic ventilatory response. 

This was achieved by blocking ATP-mediated signaling within the preBötC by 

virally-driven expression of a potent ectonucleotidase – transmembrane prostatic 

acid phosphatase (TMPAP). TMPAP expression is highly effective in preventing 

ATP accumulation in astroglial vesicular compartments in vitro, as well as in 

blocking extra cellular ATP actions in vivo [167], [168]. Bilateral expression of 

TMPAP within the respiratory rhythm generating circuits of the preBötC reduced 

the respiratory responses to systemic hypoxia both in the carotid body intact (by 

25%; 166 ± 7 min-1 vs 221 ± 8 min-1 in controls, n=7, p=0.017; Figure 5.5) and 

peripherally chemodenervated animals (by 24%; 136 ± 5 min-1 vs 178 ± 7 min-1 in 

controls, n=7, p=0.017; Figure 5.5). Concomitantly, minute ventilation (VE) was 

also reduced in rats expressing TMPAP in the preBötC region by 34% (94 ± 5 a.u. 

vs 142 ± 9 a.u. in controls, n=7, p < 0.001; Figure 5.5) and by 21% (80 ± 18 a.u. vs 

101 ± 6 a.u. in controls, n=7, p=0.026; Figure 5.5) in rats with carotid body intact 

and ablated (CBx), respectively. Tidal volume was not affected by bilateral 

expression of TMPAP in the preBötC (Figure 5.5). 
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Figure 5.3| Blockade of vesicular release by TeLC in brainstem astrocytes impairs central 
respiratory oxygen sensitivity. Summary data illustrating hypoxia-induced changes in the 
respiratory rate, tidal volume, and minute lung ventilation in carotid body intact and peripherally 
chemodenervated (CBx; 10 weeks) conscious rats expressing either CatCh (used as a control here) 
or TeLC within the brainstem respiratory circuits. Data sets without p values indicated are not 
significantly different.  
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Figure 5.4| Blockade of vesicular release by dnSNARE in brainstem astrocytes impairs central 
respiratory oxygen sensitivity. Summary data illustrating hypoxia-induced changes in the 
respiratory rate, tidal volume, and minute lung ventilation in carotid body intact and peripherally 
chemodenervated (CBx; 10 weeks) conscious rats expressing either CatCh (used as a control here) 
or dnSNARE within the brainstem respiratory circuits. Data sets without p values indicated are not 
significantly different. 
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5.1.3.5. The effect of activation of preBötC astrocytes on the hypoxic 

ventilatory response. 

 

Release of ATP by brainstem astrocytes may occur following activation of 

phospholipase C (PLC) [71], therefore preBötC astrocytes were next transduced to 

express a Gq-coupled Designer Receptor Exclusively Activated by Designer Drug 

(DREADDGq) [169] (see Chapter 5 for DREADDGq construct and validation). 

Results presented in the previous Chapter suggested that in the absence of an agonist 

(CNO), DREADDGq is constitutively active at the level of expression provided by 

our viral vector. This property of DREADDGq was then exploited in order to 

determine whether sustained PLC-mediated activation of preBötC astrocytes 

associated with facilitated vesicular release of ATP has an impact on the hypoxic 

ventilator response. Surprisingly, bilateral expression of DREADDGq within the 

respiratory rhythm generating circuits of the preBötC reduced the respiratory 

responses (ƒR) to systemic hypoxia in the carotid body intact rats (by 16%; 190 ± 3 

min-1 vs. 226 ± 6 min-1 in controls, n = 5, p = 0.008; Figure 5.6). Following 

administration of CNO (2 mg kg-1, i.p.), the respiratory responses to hypoxia were 

also attenuated by ~21% (176 ± 4 min-1 vs 223 ± 7 min-1 in controls, n = 5, p = 0.02; 

Figure 5.6). VE was also found to be reduced in rats expressing DREADDGq in 

preBötC astrocytes during the hypoxic challenge by 27% (114 ± 4 a.u. vs 156 ± 7 

a.u. in controls, n = 5, p = 0.008; Figure 5.6) and by 25% (118 ± 3 a.u. vs 158 ± 8 

a.u. in controls, n = 5, p=0.008; Figure 5.6) in the absence and presence of CNO, 

respectively. Tidal volume was not affected by bilateral expression of DREADDGq 

in the preBötC area (Figure 5.6).  
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Figure 5.5| Central respiratory oxygen sensitivity is mediated by ATP actions within the 
brainstem respiratory circuits. Summary data illustrating changes in the respiratory rate, tidal 
volume, and minute lung ventilation during and after hypoxia in conscious rats expressing EGFP 
(control) or TMPAP–EGFP within preBötC 10 weeks after peripheral chemodenervation (CBx). 
Data sets without p values indicated are not significantly different. 
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Figure 5.6| Normal astrocytic signaling within the preBötC contributes to the development of 
the respiratory responses to systemic hypoxia. Summary data illustrating changes in the 
respiratory rate, tidal volume, and minute lung ventilation at room air and after hypoxia in conscious 
rats expressing CatCh (control) or DREADDGq–EGFP within preBötC. Data sets without p values 
indicated are not significantly different. 
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5.1.4. Summary 
Bilateral TeLC and TMPAP expression in astrocytes of the preBötC (in the 

carotid body intact animals) and bilateral carotid body ablation (in rats expressing 

control transgenes in the preBötC) resulted in quantitatively similar reductions in 

the magnitude of the respiratory response to hypoxia (Figure 5.3 andFigure 5.5). 

These observations suggest that the relative contribution of the astroglial oxygen 

sensitive mechanism to the overall hypoxic ventilatory response is comparable to 

that of the specialized peripheral respiratory oxygen chemoreceptors of the carotid 

body. Moreover, over activation of PLC-dependent pathways in preBötC astrocytes 

via bilateral expression of DREADDGq also attenuated the hypoxic respiratory 

response. These results strongly support the hypothesis that hypoxic ventilatory 

response is critically dependent on normal function of preBötC astrocytes.  
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5.2. The effect of activation and blockade of signaling pathways in 

preBötC astrocytes on breathing during hypercapnia in 

conscious rats. 

 

5.2.1. Introduction 
 

Breathing is controlled in accord with the arterial blood levels of partial pressure of 

carbon dioxide (PCO2) as the respiratory network is not active in the absence of CO2 

and requires a threshold level of CO2 to operate [88], [106]. Increases in PCO2 in 

blood/brain are associated with decreases in pH and stimulate breathing via central 

[63] and peripheral chemoreceptors [61], [62]. It is believed that about 80% of the 

response to hypercapnia is mediated by activation of the brainstem central 

chemosensors [88].    

Current models of central respiratory CO2 chemosensitivity are centered at a 

group of pH-sensitive neurons residing in the medullary retrotrapezoid nucleus 

(RTN) [33] though significant prior evidence suggests that the functional respiratory 

chemoreceptors are also located in other brainstem areas [92], [93], [95], [98], [214] 

including the respiratory rhythm-generating region of preBötC [97]. Although 

activation of proton-activated receptor GPR4 in chemosensory neurons of RTN 

appears to be a distinct mechanism for modulating CO2-activated RTN activity 

[108], it has been shown that extracellular ATP plays a significant role in central 

CO2 chemoreception, as ATP mediates CO2-induced respiratory responses at the 

RTN [5], [101], [109], [110], [146] and preBötC [95].  

On the other hand, an increase in arterial PCO2/H+ independently triggers release 

of ATP from brainstem astrocytes [5]. Since preBötC astrocytes play an active role 

in central mechanisms of homeostatic control of breathing (Chapter 4 ; [71], [135], 

[138]–[140]), we hypothesized that they also contribute to the overall CO2-evoked 

respiratory response.  
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5.2.2. Material and Methods 
 

The experiments in this section were designed to assess CO2-evoked ventilatory 

responses in conscious and anesthetized, mechanically ventilated adult rats in 

conditions of astroglial signaling blockade in the preBötC, genetic silencing of RTN 

neurons, and silencing/removal of the carotid bodies.  

 

5.2.2.1. In vivo gene transfer 

 

Adult Sprague-Dawley rats (250–280 g) received bilateral viral injections to express 

either TeLC or dnSNARE in preBötC astrocytes. In another set of experiments, 60–

80 g male Sprague-Dawley rats were anesthetized, and the RTN area received two 

microinjections of AAV-hSyn-DREADDGi-mCitrine or control (ChR2-EGFP) viral 

vectors. 2-3 weeks after the first injection, rats received the second bilateral injection 

of either AVV-sGFAP-EGFP-TeLC or control vectors (CatCh-EGFP) targeting 

preBötC.  

 

5.2.2.2. Measurements of the respiratory activity in conscious rats 

 

Whole-body plethysmography was used to measure respiratory parameters in 

conscious rats. Briefly, 5-7 days after the injections of viral vectors, the experimental 

animal received an i.p. injection of normal saline and was placed in a Plexiglas 

recording chamber (~1 L) that was flushed continuously with humidified hyperoxic 

air (60% O2) at a rate of 1.2 l min-1 (temperature 22-24°C). To take into the account 

circadian variations of the physiological parameters, respiratory activity in all of the 

animals were assessed at the same time of the day (11.00-15.00). The animals were 

allowed to acclimatize to the chamber environment for ~60 min before recording 

baseline respiratory activity. Hypercapnia was induced by stepwise increases in CO2 

concentration in the respiratory gas mixture to 3% and 6% in a hyperoxic 

environment (~60% O2). Each CO2 concentration was maintained for 5 minutes. 

Concentrations of O2 and CO2 in the chamber were monitored online with a fast-
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response O2/CO2 analyzer (AD Instruments, ML206). The experiment was then 

repeated 10 minutes after injection of CNO (2 mg·kg-1; i.p.) to measure the 

contribution of RTN neurons to hypercapnic ventilatory response. Data were 

acquired using Power1401 interface and analyzed off-line using Spike2 software 

(CED Limited, Cambridge). 

 

5.2.2.3. Measurements and analysis of respiratory activity in anesthetized rats 

 

The rats were anesthetized with urethane (1.3 g kg−1; i.v.) following femoral vein 

cannulation under isoflurane (3%) induction. The trachea was cannulated, and the 

animal was ventilated artificially with oxygen−enriched air (�30% O2, 70% N2, 

<0.04% CO2). Core temperature was kept at ~37°C using a heating blanket. The 

end-tidal level of CO2 was monitored continuously using fast-response 

O2/CO2 analyzer (AD Instruments, ML206) and blood gasses were measured 

regularly. Phrenic nerve activity (PNA) and abdominal electromyogram (EMGABD) 

were recorded as indicators of central inspiratory and expiratory drives, respectively. 

The ventral brainstem surface was exposed as described previously [32], [101], 

[146]. 20 minutes after recording an initial response to the hypercapnic challenge (5 

min, 10-12% CO2), carotid body nerves were sectioned (CBD) bilaterally to 

eliminate inputs from the peripheral chemoreceptors. 20 minutes after CBD, the rat 

was exposed to the second hypercapnic challenge. Shortly after blood gasses 

returned to their normal physiological ranges, clozapine-N-oxide (CNO, 

DREADDGi ligand) was applied (2 mg kg−1, i.v.), which was followed by the 3rd 

hypercapnic challenge after 20 minutes (Figure 5.7).  The CO2-induced increases in 

PNA before (initial) and after each treatment (CBD and application of CNO) were 

determined as the percent change of the peak of every CO2-evoked response with 

respect to the normal PNA (i.e. before hypercapnic challenge), and expressed as 

percent change in PNA (each CO2-evoked DPNA is marked with * in Figure 5.7). 

PO2, PCO2, and pH of the arterial blood were measured before each hypercapnic 

challenge. Data were analyzed off-line using Spike 2 software. 
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Figure 5.7| Experimental design in anesthetized, vagotomized, and artificially ventilated rats 
to assess CO2-evoked ventilatory responses. Time-condensed records illustrating changes in the 
integrated amplitude of phrenic nerve activity (∫PNA) and abdominal EMG (∫EMGABD) in response 
to repeated hypercapnic challenges. 20 minutes after recording an initial response to the 
hypercapnic challenge (5 min, 10-12% CO2), carotid body nerves were sectioned (CBD) bilaterally. 
20 minutes after CBD, the rat was exposed to the second hypercapnic challenge (after CBD). 
Shortly after rat’s blood gasses returned to their normal physiological ranges, CNO was applied (2 
mg kg−1, i.v.), which was followed by the 3rd hypercapnic challenge (20 minutes after application 
of CNO).  The CO2-induced increases in PNA before (initial) and after each treatment (CBD and 
application of CNO) was determined as the percent change of the peak of every CO2-evoked 
response with respect to the normal PNA (i.e. PNA before each hypercapnic challenge), and 
expressed as percent increase in PNA (each CO2-evoked DPNA is marked with *). Expanded time 
base recordings of PNA and EMGABD are shown below, illustrating late-expiratory abdominal 
activity evoked by hypercapnia and reversibly blocked by CNO application. 
 

5.2.2.4. Immunohistochemistry 

 

At the end of each experiment, brainstem sections were stained with chicken anti-

GFP, mouse anti-TH, and/or goat anti-ChAT antibody. 
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5.2.3. Results 
 

5.2.3.1. Targeting RTN neurons using AAV-hSyn-DREADDGi-mCitrine 

 

The extent of virally-driven expression of DREADDGi was examined by post hoc 

immunostaining. DREADDGi-mCitrine expression was amplified using anti-EGFP 

immunostaining. Figure 5.8 shows a representative image taken from the center of 

the DREADDGi-mCitrine expression in the rostro-ventrolateral medulla oblongata. 

Immunostaining revealed significant expression of DREADDGi-mCitrine, both in 

the soma and processes of the neurons, in the targeted ventrolateral brainstem region 

that contains the RTN (Figure 5.8). The extent of DREADDGi expression in the 

brainstems of all the experimental animals was histologically reconstructed (colored 

regions were shown) from serial coronal sections following GFP and ChAT (to 

visualize facial nucleus) immunostaining (Figure 5.8). The peak density of 

transduced RTN neurons expressing mCitrine was within the RTN region 

(extending rostro-caudally from Bregma -12.1 to -10.8 mm), with limited expression 

in the immediately adjacent rostral and caudal areas of the ventrolateral medullary 

region (Figure 5.8).  No co-localization with TH+ neurons were observed (Figure 

5.8). 

 

5.2.3.2. Targeting preBötC astrocytes to express TeLC or dnSNARE 

 

In order to interfere with vesicular release mechanism, preBötC astrocytes were 

virally transduced to express either TeLC or dnSNARE as described in the previous 

chapter.  
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Figure 5.8| Targeting RTN neurons with an AAV to express DREADDGi A) Schematic 
illustration of the extent of DREADDGi expression following EGFP immunostaining (colored 
regions were shown) in the ventrolateral regions of the medulla oblongata in representative 
brainstems of adult rats. Adeno-associated viral vectors designed to drive the expression of 
DREADDGi-mCitrine were used to target RTN neurons bilaterally. The peak density of transduced 
neurons was within the RTN region (extending rostro-caudally from Bregma -10.8 to -12.1 mm), 
with limited expression in the immediately adjacent rostral and caudal areas of the ventrolateral 
medullary reticular formation. py, pyramids. FN, facial nucleus. B) Representative confocal images 
illustrating EGFP immunostaining expression corresponding to the brainstem section -11.6 mm 
(from Bregma). Higher magnified images illustrating neurons that are transduced to express 
DREADDGi were not TH-positive. 
 

5.2.3.3. The role of preBötC astrocytes in the development of CO2-induced 

ventilatory response 

 

The hypercapnic ventilatory response was assessed in conscious rats in the following 

groups: 

1. Experimental groups: rats expressing either TeLC (n = 9) or dnSNARE (n = 

5) in preBötC astrocytes 

2. Control Groups: rats expressing CatCh in preBötC astrocytes 

 

In conscious adult rats, astroglial signaling blockade in rats expressing TeLC or 

dnSNARE reduced baseline ƒR by 12% (94 ± 3 min-1 vs. 107 ± 4 min-1 in control; n 
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= 9, p=0.017; Figure 5.9) and 17% (86 ± 3 min-1 vs. 104 ± 4 min-1 in control; n = 5, 

p=0.008; Figure 5.10), respectively, when compared with that in rats expressing 

control transgene (CatCh) in preBötC in hyperoxic condition (~ 60% inspired O2). 

Although blockade of preBötC astrocytes signaling did not significantly affect tidal 

volume (VT), the calculated values of minute ventilation (VE = ƒR × VT) in resting 

condition was decreased by 18% and 27% in rats expressing TeLC (p=0.019) and 

dnSNARE (p=0.008), respectively, when compared with that in rats expressing 

CatCh (Figure 5.9 & Figure 5.10). Similar to normoxic condition (data presented 

in the previous section; Figure 4.9), the baseline ƒR in rats expressing TeLC were 

also found lower when compared to the control group in a hyperoxic condition, 

which was used to minimize the drive from the peripheral chemoreceptors. 

However, in hyperoxic condition, minute ventilation at resting conditions was also 

significantly lower in rats expressing TeLC or dnSNARE when compared to the 

control group (Figure 5.9 this chapter; Figure 4.9 previous chapter).  

 

Bilateral expression of TeLC in preBötC astrocytes reduced the augmentation 

of ƒR to 3% CO2 by 18% (121 ± 5 min-1 vs 149 ± 6 min-1 in controls; p=0.002) 

(Figure 5.9). There was no effect of dnSNARE expression on ƒR response to 3% 

CO2. Expression of either dnSNARE or TeLC transgenes did not affect CO2-evoked 

augmentation of VT (and VE at 3% CO2) when compared with those in rats 

expressing CatCh in preBötC astrocytes (Figure 5.9 & Figure 5.10).  

However, expression of either dnSNARE or TeLC in preBötC astrocytes 
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Figure 5.9| Astrocyte signaling within the preBötC contributes to the development of the 
respiratory responses to systemic hypercapnia. Group data illustrating the effect of TeLC 
expression in preBötC astrocytes on CO2-induced increases in the fR, VT, and VE in conscious rats. 
Data sets without p values indicated are not significantly different. 
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190 ± 8 min-1 in controls; p=0.005; Figure 5.9), respectively, concomitantly 

reducing VE (by 21%; 122 ± 7 a.u. vs. 154 ± 4  a.u. in control; p=0.008; Figure 5.10) 

and TeLC (by 23%; 119 ± 8 a.u. vs. 159 ± 9 a.u. in control; p=0.008; Figure 5.9), 

respectively. Expression of either transgene did not affect CO2-induced increases in 

VT in response to 6% CO2 when compared with that in control groups. 

 
Figure 5.10| Astrocyte signaling within the preBötC contributes to the development of the 
respiratory responses to systemic hypercapnia. Summary data illustrating the effect of 
dnSNARE expression in preBötC astrocytes on CO2-induced increases in the fR, VT, and VE in 
conscious rats. Data sets without p values indicated are not significantly different. 
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hypercapnic (6% inspired CO2) challenge. 

 

5.2.3.4. The role of RTN neurons in the development of CO2-evoked ventilatory 

response 

 

The hypercapnic ventilatory response was assessed in awake rats in the following 

experimental groups: 

1. Control rats expressing ChR2 in RTN neurons and CatCh in preBötC astrocytes 

(ChR2/CatCh, n = 5).  

2. Acute silencing of RTN chemoreceptors in rats expressing DREADDGi in RTN 

neurons and control CatCh in preBötC astrocytes (DREADD/CatCh, n = 5). The 

difference between the hypercapnic ventilatory responses evoked following 

application of CNO (2 mg·kg-1; i.p.) was considered as the individual 

contribution of RTN neurons to the overall CO2-evoked response. 

 

In conscious rats virally transduced to express DREADD/CatCh, ƒR, VT, and VE in 

resting condition (normocapnic/hyperoxic; no CNO) were not different from those 

measured in control group (Figure 5.11). Similarly, hypercapnia (increasing 

inspired CO2 to 3% and 6%) did not affect respiratory indices (ƒR, VT, and VE) 

measured in rats expressing DREADD/CatCh when compared with rats expressing 

ChR2/CatCh. (Figure 5.11).  

 

Similarly, CNO-induced inhibition of RTN neuron had no effect on breathing 

in resting condition (Figure 5.12). However, during a moderate hypercapnic 

challenge (inspired 6% CO2), inhibition of RTN neurons reduced augmentation of 

VT (by 17%; 0.76 ± 0.02 a.u. vs. 0.93 ± 0.04 a.u. in control, p = 0.016; Figure 5.12) 

and concurrently VE (by ~18%; 143 ± 5 a.u, vs. 175 ± 8 in control p = 0.016; Figure 

5.12). In summary, inhibition of RTN neurons affected VT (and concurrently VE) 

only during the hypercapnic challenge, but not at resting condition; ƒR at resting 

condition or during the hypercapnic challenge (Figure 5.12) was not affected by 

inhibition of RTN neurons.  
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Figure 5.11| Contributions of RTN neurons and preBötC astrocytes to the development of 
CO2-induced ventilatory response. Group data illustrating the effect of DREADDGi expression in 
RTN neurons (without CNO) and TeLC expression in preBötC astrocytes on CO2-induced increases 
in the fR, VT, and VE in conscious rats. Data sets without p values indicated are not significantly 
different. 
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Figure 5.12| Relative contributions of RTN neurons and preBötC astrocytes to the 
development of CO2-induced ventilatory response in conscious rats. Group data illustrating 
effects of inhibition of DREADDGi-expression RTN neurons (with CNO, 2 mg·kg-1; i.p.) and TeLC 
expression in preBötC astrocytes on CO2-induced increases in the fR, VT, and VE in conscious rats. 
Data sets without p values indicated are not significantly different. 
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5.2.3.5. Relative contributions of RTN neurons and preBötC astrocytes to the 

development of CO2-induced ventilatory response 

 

Data presented in sections 5.2.3.3 and 5.2.3.4 suggested that the effect of either 

blocking astroglial signaling in the preBötC (TeLC expression) or silencing RTN 

neurons (inhibiting DREADDGi expressing RTN neurons) produce quantitatively 

similar reductions in the ventilatory response to hypercapnia in conscious rats.  

 

Subsequent experiments determined the effect of combined blockade of preBötC 

astroglial signaling and inhibition of the RTN neurons on CO2-induced ventilatory 

responses with the addition of the following experimental group to the previous 

DREADD/CatCh and control (ChR2/CatCh) groups: 

 

3. Rats expressing DREADDGi in RTN neurons and TeLC in preBötC astrocytes 

(DREADD/TeLC, n = 5) were used to test the concurrent effect of blockade of 

astroglial signaling in the preBötC with CNO-induced silencing RTN neurons. 

The reduction in the hypercapnic ventilatory response evoked following 

application of CNO was considered as the contribution of RTN neurons to the 

overall CO2-evoked response in conditions of astroglial signaling blockade. All 

the following experiments were performed in the presence of CNO. 

 

As expected, in resting condition, when compared to the control group, inhibition of 

RTN neurons in rats expressing DREADD/TeLC did not affect VT. However, ƒR 

was found to be lower in rats expressing DREADD/TeLC (by 14%; 97 ± 4 min-1 vs 

112 ± 4 min-1 in controls; n=5, p = 0.008; Figure 5.12). VE in rats expressing 

DREAD/TeLC was not different from the one measured in rats expressing 

ChR2/CatCh (p = 0.4; Figure 5.12). 

 

During mild hypercapnia (inspired 3% CO2), inhibition of RTN neurons in rats 

expressing DREADD/TeLC did not affect hypercapnic increased in VT, though, ƒR 

(121 ± 4 min-1) was lower when compared with that in rats expressing ChR2/CatCh 

(p = 0.02) or DREADD/CatCh (p = 0.008; Figure 5.12). However, calculated VE in 
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rats virally transduced to express DREADD/TeLC was not different when compared 

to the one measured in ChR2/CatCh (p = 0.4) and DREADD/CatCh (p = 0.4) 

(Figure 5.12). 

 

At 6% inspired CO2, ƒR was found to be significantly lower in rats expressing 

DREADD/TeLC (151 ± 6 min-1, p = 0.032) when compared to the rats expressing 

ChR2/CatCh (Figure 5.12). In a similar manner, ƒR measured in rats expressing 

DREADD/TeLC was significantly lower when compared to that of rats expressing 

DREADD/CatCh (p = 0.024; Figure 5.12). VT measured in rats expressing 

DREADD/TeLC were significantly lower when compared to that of rats expressing 

ChR2/CatCh (0.77 ± 0.01 a.u vs. 0.93 ± 0.04 a.u in control, p= 0.008; Figure 5.12). 

Finally, when we compared VE in the condition of 6% CO2 in inspired air, 

expression of DREADD/TeLC significantly reduced the CO2-induced augmentation 

of VE by 34% when compared with that in rats expressed control transgenes (116 ± 

7 a.u. vs. 175 ± 8 a.u., p = 0.008; Figure 5.12). In addition, when comparing rats 

expressing DREAD/TeLC with rats expressing DREADD/CatCh, VE was also 

found to be lower by ~ 19% (116 ± 7 a.u. vs. 143 ± 5 a.u., p = 0.016; Figure 5.12), 

indicating a possible additive effect of preBötC astrocytes characterized by a more 

profound reduction of the hypercapnic ventilatory response.  

 

5.2.3.6. Contribution of the carotid bodies, RTN neurons and preBötC 

astrocytes to the CO2-evoked increases in the respiratory activity  

 

In anesthetized, vagotomized, and artificially ventilated rats expressing 

ChR2/CatCh, bilateral denervation of the carotid bodies (CBD) or inhibition of RTN 

neurons (via application of CNO, 2 mg·kg-1; i.v.) did not affect the CO2-evoked 

increases in inspiratory drive (DPNA) or abdominal electromyogram (EMGABD) 

(Figure 5.13A and Figure 5.14top).  

While bilateral CBD in rats expressing DREADD/CatCh did not affect DPNA, 

and EMGABD, inhibition of RTN neurons abolished the CO2-evoked increases in 

EMGABD (i.e. active expiration), and decreased the hypercapnic respiratory response 
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(percent change in PNA) by 54% (103 ± 20 % initial DPNA vs. 47 ± 7 % DPNA 

after CNO; n = 5, p = 0.023; Figure 5.13B and Figure 5.14).  

Similarly, in rats transduced to express DREADD/TeLC, CBD did not affect 

CO2-evoked DPNA (Figure 5.13C and Figure 5.14). However, application of CNO 

significantly reduced the CO2-evoked increases in phrenic nerve activity (71 ± 9 % 

initial DPNA vs. 30 ± 5 % DPNA after CNO; n=5, p=0.008; Figure 5.13C and 

Figure 5.14). 

 
Figure 5.13| Hypercapnia fails to trigger expiratory activity following acute inhibition of 
DREADDGi-expression RTN neurons in anesthetized rats. Time-condensed records illustrating 
changes in integrated amplitude of phrenic nerve activity (∫PNA) and abdominal EMG (∫EMGABD) 
in response to initial hypercapnic challenge (initial), as well as repeated increases in the level of 
inspired CO2 after CBD and in the presence of CNO (, 2 mg·kg-1; i.v.) in rats transduced to express 
ChR2/CatCh (A), DREADD/CatCh (B), and DREADD/TeLC (C) (see Figure 5.7 and Method 
section for details). Expanded time base recordings of PN and abdominal EMG are shown below, 
illustrating late-expiratory abdominal activity evoked by hypercapnia and reversibly blocked by 
allatostatin application to the ventral brainstem. 
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As mentioned above, the initial hypercapnic respiratory response was not 

different in rats transduced to express either transgenes (ChR2/CatCh: 103 ± 20 %; 

DREADD/CatCh: 114 ± 24 %; DREADD/TeLC: 71 ± 9 %; p = 0.276; Figure 5.15A 

top). Application of CNO (2 mg·kg-1; i.v.), decreased the CO2-evoked DPNA in rats 

expressing DREADD/CatCh and DREADD/TeLC by 51% (47 ± 7 % vs 95 ± 5 % 

in control; n = 5, p = 0.008; Figure 5.15A middle) and 68% (31 ± 6 % vs 98 ± 5 % 

in control; n = 5, p=0.008; Figure 5.15A bottom), respectively, when compared with 

that in rats expressing ChR2/CatCh. After bilateral denervation of the carotid bodies 

(CBD), the CO2-evoked DPNA in rats transduced to express DREADD/TeLC was 

significantly lower when compared with rats expressing ChR2/CatCh (51 ± 7 % vs 

90 ± 13 % in control; p=0.033; Figure 5.15A bottom).  

 

In order to determine the contribution of the carotid bodies to the overall CO2-

evoked respiratory response, we have combined data obtained from hypercapnic 

respiratory response after CBD from ChR2/CatCh and DREADD/CatCh. Bilateral 

CBD reduced the CO2-evoked increases in inspiratory drive by ~ 25% (109 ± 15 % 

initial DPNA vs. 82 ± 7 % DPNA after CBD; n = 10, p = 0.008; Figure 5.15B). 

Blockade of vesicular release mechanisms in the preBötC astrocytes had a similar 

effect and reduced CO2-induced respiratory response by 27% (71 ± 9 % initial 

DPNA in rats expressing DREADD/TeLC vs. 109 ± 15 % initial DPNA in rats 

expressing ChR2/CatCh, n = 5, p = 0.008; Figure 5.15B). This decrease in DPNA 

was higher when combining CBD with either inhibition of RTN neurons [(i.e. DPNA 

response after exclusion of RTN neurons + CB), 47 ± 7 % DPNA after CNO in rats 

expressing DREADD/CatCh vs. Initial DPNA in control group, n = 5, p = 0.008; 

Figure 5.15B] or blockade of vesicular release mechanisms in preBötC astrocytes 

[(i.e. DPNA response after exclusion of preBötC astrocytes + CB), 51 ± 7 % DPNA 

after CBD in rats expressing DREADD/TeLC vs. Initial DPNA in control group, n 

= 5, p = 0.008; Figure 5.15B]. Lastly, in conditions of silencing RTN neurons in 

rats transduced to express TeLC in preBötC [(i.e. DPNA response after exclusion of 

preBötC astrocytes + RTN neurons + CB; Figure 5.15B] the respiratory response 
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to hypercapnia was reduced by ~ 75%. [30 ± 5 % DPNA after CNO in rats expressing 

DREADD/TeLC vs. Initial DPNA in control group, n=5, p=0.008).  

 
Figure 5.14| Relative contributions of RTN neurons and preBötC astrocytes to the 
development of CO2-induced ventilatory response in anesthetized rats. Group data illustrating 
effects of inhibition of DREADDGi-expression RTN neurons (with CNO, 2 mg·kg-1; i.v.) and/or 
TeLC expression in preBötC astrocytes on CO2-evoked increases in PNA (CO2-evoked DPNA) in 
rats transduced to express ChR2/CatCh (top), DREADD/CatCh (middle), and DREADD/TeLC 
(bottom) (see Figure 5.7, Figure 5.13 and Method section for details). Data sets without p values 
indicated are not significantly different. ns, not significant. 
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Figure 5.15| Relative contributions of carotid bodies, RTN neurons, preBötC astrocytes to the 
development of CO2-induced ventilatory response in anesthetized rats. A) Summary data 
illustrating effects of denervation of carotid bodies (CBD) and inhibition of DREADDGi-expression 
RTN neurons (with CNO, 2 mg·kg-1; i.v.) on CO2-evoked increases in PNA (CO2-evoked DPNA) 
in rats transduced to express ChR2/CatCh, DREADD/CatCh, and DREADD/TeLC (see Figure 5.7, 
Figure 5.13 and Method section for details). B) relative contribution of carotid bodies, preBötC 
astrocytes and RTN neurons the overall CO2-evoked ventilatory response in anesthetized rats. Data 
sets without p values indicated are not significantly different. 
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5.2.3.7. Summary  

Our data confirmed the previous report [88] that the relative contribution of 

carotid bodies to the total CO2-evoked ventilatory response is about 25%. In 

addition, we have provided evidence for the important role of preBötC astrocytes in 

CO2-evoked increases in ventilation. Moreover, our data also suggest that, 

quantitatively, the relative contribution of these astrocytes to the overall central CO2 

chemosensitivity is equal to that of RTN neurons. In addition, we further provide 

evidences that a separate component of the CO2 drive (~ 25%) should arrive from 

the chemosensitive cells located in other parts of the brainstem [214], [215], though 

we cannot exclude contributions from RTN neurons that were not transduced to 

express DREADDGi or preBötC astrocytes that were not expressing TeLC. 
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5.3. The effect of blockade of signaling pathways in preBötC 

astrocytes on exercise capacity. 

 

5.3.1. Introduction 
 

The respiratory system rapidly adapts to ever-changing behavioral and 

environmental conditions to ensure an appropriate supply of metabolic substrates to, 

and removal of metabolic waste products from, all tissues of the body. To match O2 

and glucose delivery to increased metabolic demands during exercise, ventilation 

and cardiac output are controlled by several physiological feedforward and feedback 

mechanisms. In response to moderate exercise (constant work-load), 

cardiorespiratory changes develop in 3 distinct phases (Figure 5.16). Phase 1- an 

initial rapid increase in cardiorespiratory output that precedes increases in oxygen 

demand: Phase 2- a gradual increase in ventilation and cardiac output: Phase 3 - a 

plateau phase of elevated cardiorespiratory output, as steady state exercise is reached 

[6], [216], [217]. The rapid increase in cardiorespiratory output (Phase 1) occurs too 

soon after the onset of exercise to involve metabolic feedback, and can even occur 

prior to exercise [217]–[219]. During Phase 1, descending cortical feed-forward 

and/or muscle reflex mechanisms increase ventilation and cardiac output in 

anticipation of, and during the initial phases of, exercise [220]–[223]. Feedback 

signals from muscle stretch/metabolic receptors and possibly central and peripheral 

chemoreceptors are responsible for the gradual increases in (Phase 2), and 

maintenance of (Phase 3), enhanced cardiorespiratory activity during continued 

exercise ([224], [225].   During steady state exercise (Phase 3), the rise in ventilation 

(VE) in proportional to O2 uptake and CO2 excretion, however, in heavy exercise, 

VE continues to increase until exhaustion [226]. The mechanisms responsible for 

increases in VE proportionally to the increase in metabolic rate during exercise are 

not fully known.  
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Figure 5.16| Time course of the ventilatory response during moderate exercise. Phase 1 (green) 
represents the rapid initial increase in ventilation. Phase 2 (red) represents the gradual increase into 
steady-state levels of ventilation that are achieved in phase 3 (blue) [Adapted from [6]]. 
 

 

Putative chemosensitive neurons of RTN play an important role in the 

mechanisms of central respiratory response to CO2 [32], [33]. There is also evidence 

that the RTN is critically important for the control of expiratory activity [31], [53], 

[55], and that these neurons are activated during exercise [227]. Thus, one of the 

aims of the experiments described in this chapter was to define the role of the RTN 

neurons in determining the exercise capacity.  In addition, results presented in 

sections 5.1 and 5.2 also suggested that astroglial control of breathing at the level of 

the preBötC may become particularly important when higher metabolic demand 

(such as during physical activity and exercise) must be supported by enhanced 

respiratory effort. To test these hypotheses, preBötC astrocytes were targeted to 

express either TeLC or dnSNARE, and RTN neurons were targeted to express the 

DREADDGi receptor. The effects of blocking vesicular release mechanisms in 

preBötC astrocytes and/or inhibiting RTN neurons on exercise capacity were 

determined. 

 

 

time

ve
nt
ila
tio
n

1

2
3

exercise



 

112 

5.3.2. Material and Methods 
 

5.3.2.1. In vivo gene transfer 

 

60–80 g male Sprague-Dawley rats were anesthetized, and the RTN area received 

microinjections of the DREADDGi-mCitrine or control (ChR2-EGFP) viral vectors. 

2-3 weeks after the first injection, rats received a second bilateral injection of AVV-

sGFAP-EGFP-TeLC or control vector (AVV-sGFAP-CatCh-EGFP) targeting 

preBötC. In some experiments, adult rats (250–280 g) just received bilateral viral 

injections to express either TeLC or dnSNARE in preBötC astrocytes.  

 

5.3.2.2. Measurements of exercise capacity 

 

Exercise capacity of experimental rats was determined in a forced exercise 

experimental paradigm using a single lane rodent treadmill. The distance covered 

by the animal was recorded, and exercise capacity was expressed as work done in 

Joules (kg m-2 s-2). Biotelemetry was used to record the systemic arterial blood 

pressure and heart rate in exercising animals. 

 

5.3.3. Results 
 

5.3.3.1. Measurements of exercise capacity 

 

Bilateral expression of dnSNARE or TeLC in preBötC astrocytes resulted in a 

marked reduction of exercise capacity by 57% (0.5 ± 0.1 KJ vs 1.1 ± 0.2 KJ in 

controls; n = 5, p=0.016) and 42% (0.7 ± 0.1 KJ vs 1.2 ± 0.1 KJ in rats expressing 

CatCh (controls); n=9, p<0.001), respectively (Figure 5.17). DREADDGi 

expression in the RTN/preBötC per se had no effect on exercise capacity (1.26 ± 

0.12 KJ vs. 1.24 ± 0.09 KJ in rats expressing ChR2/CatCh (control), n = 5 per group, 

p = 0.99). Inhibition of RTN neurons by application of CNO (2 mg·kg-1; i.p.) in rats 
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expressing DREADDGi/CatCh decreased exercise capacity by 58% (0.50 ± 0.08 KJ 

vs. 1.19 ± 0.08 KJ in control, n = 5 per group, p <0.001) (Figure 5.18). Inhibition 

of RTN neurons with CNO in rats expressing TeLC in preBötC astrocytes 

(DREADD/TeLC) resulted in a dramatic reduction of exercise capacity by ~ 78% 

(0.28 ± 0.03 KJ vs 1.25 ± 0.09 KJ in control, n = 5 per group, p = 0.004; Figure 

5.19) 

 

 
Figure 5.17| Astrocyte signaling within the preBötC preBötC determines exercise capacity. 
Summary data illustrating the effects of dnSNARE (A) or TeLC (B) expression in preBötC 
astrocytes on exercise capacity. 
 

 

5.3.3.2.  Measurements of cardiovascular response to exercise 

 

Since major sources of central sympathetic drive that are critically important for 

cardiovascular control (C1 neurons) and breathing (preBötC neurons) are 

anatomically close to each other in the brainstem, using biotelemetry, we measured 

increases in heart rate and systemic arterial blood pressure during exercise in rats 

expressing TeLC or CatCh (control) in preBötC astrocytes. It was found that 

cardiovascular responses to exercise were not affected by TeLC expression (Figure 

5.20), suggesting that the impaired exercise capacity is due to the respiratory, not a 

circulatory deficit. 
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Figure 5.18| Inhibition of RTN neurons reduced exercise capacity in rats. Exercise capacity is 
unaffected by CNO in rats transduced to express ChR2/CatCh (control; n=5). However, application 
of CNO (2 mg.Kg-1, i.p.) markedly reduced exercise capacity in rats transduced to express 
DREADDGi by the RTN neurons (DREADD/CatCh; n=5). 
 

 

  
Figure 5.19| Relative contributions of RTN neurons and preBötC astrocytes to the overall 
exercise capacity in rats. Application of CNO (2 mg.Kg-1, i.p.) further reduced exercise capacity 
in rats transduced to express DREADD/TeLC when compared to rats expressing ChR2/CatCh (n=5) 
or DREADD/CatCh (n=5).  
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Figure 5.20| TeLC expression in preBötC astrocytes had no effect on the cardiovascular 
responses to exercise. MAP – mean arterial blood pressure. 
 

 

 

5.3.4. Summary  
The results presented in this chapter suggest that preBötC astrocytes are functionally 

specialized CNS chemosensors, critically contributing to the development of the 

respiratory responses to systemic hypoxia and hypercapnia. PreBötC astrocytes 

contribute to the overall respiratory response to hypoxia to ensure appropriate 

oxygenation of the arterial blood. Quantitatively, their contribution to the magnitude 

of the respiratory response to hypoxia appears to be similar to the contribution of 

the carotid body chemoreceptors. PreBötC astrocytes also contribute to the 

respiratory response to systemic hypercapnia. Their relative contribution to the 

overall hypercapnic inspiratory (phrenic) response appears to be similar to that of 

RTN neurons. Blockade of vesicular release mechanisms in preBötC astrocytes and 

inhibition of the RTN neurons are associated with similar reductions in exercise 

capacity.  

 

Therefore, experiments described in this Chapter addressed the following Aim of 

the thesis: 

 

Aim 4. To determine the effect of activation and blockade of signaling 

pathways in preBötC astrocytes on breathing behavior during hypoxia, 

hypercapnia, and exercise in conscious rats. 
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Collectively, the data obtained indicate that astrocytes are able to control the 

activities of vital rhythmic motor circuits with a significant impact on motor 

behavior in vivo. The role of preBötC astrocytes becomes especially important in 

conditions of enhanced metabolic demand such as systemic hypoxia, hypercapnia, 

and exercise when homeostatic adjustments of breathing are critical to support 

physiological and behavioral demands of the body 
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Chapter 6  DISCUSSION 

 

 

 

In mammals (and most other land animals.), breathing is generally defined as the 

movement of the air in and out of the lungs, to maintain the arterial PO2, PCO2, and 

pH within physiological ranges. This apparently simple rhythmic movement is a 

complex behavior, involving repeating cycles of inspiration and expiration. The 

current theory of how the basic rhythm and pattern of breathing are generated is 

centered around functionally distinct neuronal cell groups in the medulla oblongata 

and pons that drive and modulate rhythmic breathing [12], [37]. 

It is now accepted that the inspiratory rhythm is generated endogenously by the 

preBötC [12], [14], located bilaterally in the ventrolateral medulla oblongata. The 

essential preBötC neurons implicated in the generation of normal breathing are 

functionally (and likely molecularly) heterogeneous [12], [42], as there are 

subpopulations of excitatory and inhibitory neurons with electrophysiological 

characteristics that have distinct functions during breathing cycles [18].  

In vitro experiments with rodent brainstem tissue slices [138], [202] have 

suggested that astrocytic signaling may drive the activity of circuits producing motor 

rhythms including those within the preBötC [138]. Yet it remains unknown whether 

preBötC astrocytes can directly control motor circuits and whether such control is 

functionally important for normal rhythmic motor behavior in vivo. The 

morphological features of astrocytes in this critical brainstem region are also 

unknown. In this dissertation, we have investigated the role of preBötC astrocytes 

in the control of breathing. We also employed computer-based reconstruction of 

GFAP-immunoreactive astrocytes in several brainstem regions associated with the 

respiratory function of adult rats to characterize astrocyte morphology. 
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6.1.1. Morphometric analysis of astrocytes in brainstem 

respiratory regions 
 

Astrocytes have been proposed to modulate activities of  autonomic and 

respiratory circuits in several regions of the brainstem via release of gliotransmitters 

including in the preBötC [71], [138], [139], [197], RTN [5], [143], [144], [228], 

[229], and NTS [139], [230], however, the morphological features of astrocytes in 

respiratory-related brainstem regions were not been examined. We have shown that, 

morphologically, preBötC astrocytes are more complex compared to the 

neighboring astrocytes residing within other distinct functional regions of the NTS 

and IRf. Specifically, cellular processes of preBötC astrocytes are longer and have 

more branches compared to that of astrocytes residing within the other medullary 

regions. PreBötC astrocytes are found to be larger, i.e., they have greater volume 

and surface area when compared to astrocytes residing within NTS and IRf. The 

morphological differences that were observed, despite the similar distribution of 

blood vessels in the abovementioned regions, suggest that astrocytes in the 

brainstem have intrinsic regional specificities. 

 

6.1.1.1. Immunohistochemical labelling and reconstruction of regional 

astrocyte morphology 

We employed GFAP immuno-labeling to delineate features of astrocytic 

morphology for reconstruction.  GFAP belongs to the family of intermediate 

filament proteins that are mainly expressed in protoplasmic and specialized CNS 

astrocytes [231], [232]. This structural protein is one of the fundamental 

components of the astroglial cytoskeleton and plays a critical role in the formation 

of the complex processes of astroglia [233]–[236].  

Other astroglial markers such as S100β, vimentin, glutamine synthetase, and 

glutamate transporters (such as GLAST or GLT) have been used to study astroglial 

properties [237]. However, S100β and glutamine synthetase immunostaining is 

mainly localized to the cytoplasm of astrocytes, and  may weakly label cellular 

processes [238]. Moreover, glutamine synthetase is expressed in oligodendrocytes 

and neurons as well as astrocytes [239], [240]. Although vimentin is also a good 



 

119 

marker for analyzing the morphology of astrocytes, it is primarily expressed in 

developing (i.e., immature) glia cells [241], [242]. GLAST or GLT immunostaining 

is also not suitable for morphometric analysis of astrocytic processes [243], since 

only low-quality images can be acquired [244]. SOX9 is another astrocytic specific 

marker that can be used to identify astrocytes in the adult brain [245], but SOX9 

labels the nucleus and provides no information about projected processes. 

Additionally, a previous report stated that quantifying the morphology of 

hippocampal astrocytes when either filled with lipophilic dyes (which uncover the 

fine cellular processes) or immunostained with anti-GFAP antibody (which does not 

reveal fine processes of astrocytes), there were no significant differences observed 

between measurements of dye-filled or GFAP-stained astrocytes in vitro [246]. 

Therefore, GFAP immunostaining of astrocytes is considered to be a reliable method 

to identify the major cellular processes of mature astrocytes. As a control to show 

that the GFAP antibody is equally effective in staining GFAP in different astrocytes, 

I randomly used two different anti-GFAP antibodies, namely a polyclonal rabbit 

anti-GFAP antibody and a cy3-conjugated monoclonal mouse anti-GFAP antibody. 

There were no differences in morphometric analysis of astrocytes immunostained 

with either of these antibodies. Also, for comparative analyses of GFAP-positive 

astrocytes, the brains used were fixed with the identical protocol and solutions, 

processed at the same time, and developed in the identical immunostaining solution 

for the same period of time to standardize labeling. In addition, images used for 

morphological reconstruction were acquired for the different regions of interest from 

a single brainstem section to assure standardized conditions for immunostaining and 

image acquisition. 

It has been estimated that GFAP-positive processes occupy about 15% of the 

total volume of the astrocyte, and many of the smaller astrocytic processes are 

GFAP-negative [124], [189], [247], which is a potential limitation of our approach. 

Thus, in order to estimate the total volume occupied by the reconstructed astrocyte 

processes, a 3D Convex Hull analysis was performed to provide a metric of the 

volume occupied by the astrocytic process fields, which presumably would encase 

much of the field of fine processes not stained by GFAP. 
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6.1.1.2. Astrocyte morphometric properties  

The data presented here suggest that morphologically, preBötC astrocytes have 

larger (have higher Convex Hull volume) and are structurally more complex (higher 

Complexity Index) than astrocytes residing within the other functionally distinct 

neighboring brainstem regions of IRf, or the more distant NTS region. Specifically, 

preBötC astrocytes have longer processes, more branch points, and more nodes, 

when compared to the NTS or IRf astrocytes.  

The underlying structural/functional reasons for these regional morphological 

differences is presently unclear, but morphological features could reflect constraints 

imposed by arrangements of associated neurons and/or blood vessels. We have not 

analyzed the regional somato-dendritic morphology of neurons in relation to 

astrocyte morphology, but we analyzed the morphology of local vasculature since it 

is well known that astrocytes are intimately associated with brain parenchymal blood 

vessels. Thus, the morphological differences between the brainstem astrocytes could 

reflect architectural features of the local vasculature. We found, however, that the 

arrangement of blood vessels in terms of their average volume and surface area in 

the brainstem regions studied was not different (see Figure 3.9). 

 

6.1.2. Physiological experiments in preBötC astrocytes in vivo 
 

In conscious adult rats, genetic targeting preBötC astrocytes with adenoviral vectors 

to express either TeLC or dnSNARE effectively blocked the mechanisms of 

vesicular release in transduced astrocytes. Bilateral expression of either TeLC or 

dnSNARE in preBötC astrocytes reduced the resting respiratory rate (ƒR) and made 

the inspiratory rhythm more regular. Moreover, the frequency of functionally 

important augmented breaths (sighs), produced by increased inspiratory effort was 

also reduced in rats transduced to express TeLC or dnSNARE in preBötC astrocytes. 

Bilateral expression of either transgene in preBötC astrocytes also decreased the 

breathing frequency responses to systemic hypoxia and hypercapnia. Since TeLC or 

dnSNARE expression in astrocytes likely compromises exocytosis of several 

putative gliotransmitters including ATP, we then determined the specific 
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contribution of ATP-mediated signaling by facilitating the extracellular breakdown 

of ATP within the preBötC by virally-driven expression of a potent 

ectonucleotidase, transmembrane prostatic acid phosphatase (TMPAP). We showed 

that bilateral expression of TMPAP in the preBötC significantly reduced resting ƒR, 

sigh frequency, and hypoxic ventilatory response in conscious rats. We also 

hypothesized that stimulation of preBötC astrocytes in vivo [through facilitated 

Ca2+-dependent release of ATP (possibly via recruitment of phospholipase C 

pathway)] may increases the activity of the inspiratory rhythm-generating circuits. 

To test this hypothesis, preBötC astrocytes were transduced to express a Gq-coupled 

Designer Receptor Exclusively Activated by Designer Drug (DREADDGq), which 

exhibit a clear level of constitutive activity (i.e., in the absence of ligand). Bilateral 

expression of DREADDGq in the preBötC significantly increased resting ƒR and sigh 

frequency in conscious rats. 

 

6.1.2.1. The Effect of Activation and Blockade of Signaling Pathways in 

PreBötC Astrocytes on Breathing in Conscious Behaving Rats. 

 

6.1.2.1.1. Specificity of viral vectors with enhanced GFAP promoter 

 

Here viral vectors with enhanced GFAP promoter were used to drive the expression 

of the genes of interest in the brainstem astrocytes of adult rats. In the brainstem, 

GFAP expression is always very strong implying high activity of GFAP promoter 

in this region, which helped us to effectively drive viral transgene expression under 

the control of this promoter. The specificity of viral constructs based on the use of 

enhanced GFAP promoter was described in Chapter 2 . Moreover, here, adenoviral 

vectors were used to deliver the genes of interest, and even in the adeno-associated 

virus (AAV) backbone (which has a heavily biased gene expression toward neurons 

as the AAV transduction efficiency of neurons is many times greater than that of 

glia), GFAP promoter provided expression specificity in the brainstem astrocytes of 

>95% [164]. 
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6.1.2.1.2. TMPAP expression was almost exclusively confined to astroglial 

 

The pattern of TMPAP expression in the brainstem confirmed previous observation  

that this construct preferentially targets astrocytes [167]. Although the primary 

hypothesis is that vesicular release of ATP from astrocytes provides tonic activation 

of the inspiratory rhythm-generating circuits of the preBötC, the data obtained 

cannot discriminate the cellular origin of ATP, as it can be released by neurons, 

astrocytes, microglia and potentially pericytes [248]–[250].  

 

6.1.2.1.3. Regulation of brainstem respiratory rhythm-generating circuits by 

astrocytes  

 

All three approaches (expression of dnSNARE in astrocytes, expression of TeLC in 

astrocytes, and TMPAP expression in the preBötC region) resulted in quantitatively 

similar changes in resting respiratory activity. On the other hand, bilateral 

expression of DREADDGq (which exhibit some level of constitutive activity) in 

preBötC astrocytes was associated with a higher ƒR and increased irregularity of 

inspiratory rhythm. These data strongly suggesting that tonic vesicular release of 

ATP by brainstem astrocytes provides excitatory drive to the respiratory rhythm-

generating circuits. 

 

6.1.2.1.4. Role of preBötC astrocytes in modulation of sigh generation  

 

There is recent evidence that generation of sighs is facilitated by the actions of 

bombesin-like peptides [251] and inhibited when astroglial function is compromised 

[252], suggesting that sigh generation may be modulated by signaling molecules 

released by preBötC astrocytes in response to various stimuli, including locally 

released bombesin-like peptides. In fact, we found that bombesin triggers robust 

[Ca2+]i responses in cultured brainstem astrocytes. Bilateral expression of TeLC or 

dnSNARE in the preBötC significantly reduced sigh frequency in conscious rats. 

On the other hand, in conscious rats, bilateral expression of DREADDGq in preBötC 
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astrocytes was associated with an increase in sigh frequency. Together these data 

suggest that at rest, vesicular release of gliotransmitters(s) (most likely ATP) by 

preBötC astrocytes modulates the generation of sighs (functionally important 

augmented breaths). In addition, blockade of vesicular release mechanisms in 

preBötC astrocytes (dnSNARE expression), in anesthetized adult rat, reduces the 

effect of bombesin on sigh frequency by >60% (Figure 4.17). These data support 

the hypothesis that the actions of bombesin-like peptides within the preBötC [251] 

are (at least in part) mediated by astrocytes.  

 

6.1.2.2. activation and blockade of signaling pathways in preBötC astrocytes 

on breathing behavior during systemic hypoxia in conscious rats. 

 

Decreased PO2 activates astrocytes that is associated with increased exocytosis of 

putative ATP-containing vesicles [71]. Hypoxia-induced fusion of these vesicles in 

astrocytes appears to recruit SNARE proteins sensitive to cleavage by tetanus toxin 

[71]. In section 5.1, to determine the physiological significance of this mechanism 

of astroglial O2 sensitivity, two different strategies were employed to interfere with 

astroglial signaling pathways. First, to block the mechanisms of vesicular 

exocytosis, astrocytes were targeted to express either TeLC or dnSNARE. Second, 

to promote the rapid breakdown of the vesicular and released ATP in the preBötC, 

an LVV was used to drive the expression of a potent ectonucleotidase TMPAP 

[166]. We found that the central stimulatory effect of hypoxia on breathing appears 

to be largely mediated by astroglial ATP release, which acts within a restricted 

region of the brainstem that embraces the respiratory rhythm-generating circuits. It 

is also possible that direct sensitivity of the respiratory neurons to the decreases in 

PO2 contributes to the hypoxic ventilatory response. Indeed, a number of studies 

performed using in vitro, in situ, and in anesthetized animal models reported that the 

brainstem respiratory and cardiovascular control circuits are sensitive and activated 

in response to oxygen deprivation [78], [79], [207]–[209]. Despite this significant 

evidence, the existence of a functional CNS oxygen sensor capable of stimulating 

breathing is not accepted universally, perhaps reflecting questions about the 

physiological relevance of the hypoxia-evoked responses observed in the reduced 
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preparations and the results obtained in anesthetized animal models. Indeed, in 

section 5.1, we confirmed that the respiratory responses to hypoxia in peripherally 

chemodenervated rats are reduced dramatically when the animals are anesthetized, 

suggesting that the mechanism(s) and/or signaling pathway(s) of central respiratory 

oxygen sensitivity are very sensitive to general anesthesia.  

 

Previous studies performed in non-anesthetized mammals (but not humans) 

showed significant hypoxic ventilatory responses after denervation (or silencing) of 

the peripheral oxygen chemoreceptors [70], [72]–[74] and support the existence of 

a functional central oxygen sensor capable of stimulating breathing [for recent 

review see [76]]. Data presented in Chapter 4 (and the recent publications [71], 

[141]) point toward an important role of preBötC astrocytes in central O2 sensitivity 

as well as the hypoxic ventilatory response. PreBötC astrocytes sense hypoxia (in a 

mitochondrial-dependent sensing mechanism [71]), release ATP (involving 

exocytotic vesicular release mechanism [71]), and excite the respiratory network 

(most likely via activation of P2Y1 receptors [141]).  

We also found that the hypoxic ventilatory response was lower in rats 

transduced to express DREADDGq in preBötC astrocytes when compared to the 

control group. It is possible that over activation in PLC pathways preBötC astrocytes 

(via expression of DREADDGq) leads to depletion of ATP vesicles that normally are 

used during hypoxia, which may lead to an impaired augmentation of breathing 

during hypoxic challenge. Application of CNO did not change the decreased 

hypoxic ventilatory response in rats transduced to express DREADDGq in preBötC 

astrocytes, which suggests that the activity of transmitter release mechanisms is 

already saturated in these astrocytes by constitutive activity of the DREADDGq. 

 

6.1.2.3. The effect of activation and blockade of signaling pathways in preBötC 

astrocytes on breathing during hypercapnia in conscious rats. 

 

In Chapter 5, by removing inputs from the peripheral (carotid body) and putative 

central CO2 chemoreceptors (RTN), we determined the role of preBötC astrocytes 

in the development of the respiratory response to hypercapnia. The data obtained 
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suggest that preBötC astrocytes play an important role in the CO2 chemosensory 

control of breathing in adult rats, as interfering with vesicular release mechanisms 

in preBötC astrocytes led to decrease in augmentation of CO2-evoked ƒR, but not 

CO2-evoked VT. 

It also was found that in conscious rats, inhibition of DREADDGi-expressing 

neurons in the RTN had no effect on respiratory activity at rest (Figure 5.12), but 

significantly decreased the respiratory response to increases in the level of inspired 

CO2 by decreasing the tidal volume (VT), as reported before [32], [55], [253]. 

However,  

Post hoc immunostaining of the brainstems transduced to express DREADDGi-

mCitrine in the RTN showed that ~1500 neurons expressed the transgene in the 

ventrolateral brainstem, including the RTN. Although we amplified the viral 

expression by immunohistochemical detection of mCitrine, it is possible, that still 

we may have underestimated the actual transduced neurons. However, since 

application of CNO almost completely abolished active expirations [measured by 

abdominal electromyogram (EMGABD, Figure 5.7)], this physiological evidence 

suggests that a critical number of key RTN neurons were clearly transduced. 

Analysis of the distribution of the EGFP-positive neurons revealed that the 

majority of the transduced neurons are located near the ventral surface at the medial 

RTN/pFRG region [59] and display anatomical features of the chemosensitive RTN 

neurons [86]. Some GFP-labeled neurons were also found caudal to the facial 

nucleus in the ventrolateral medulla, where catecholaminergic C1 neurons are 

distributed [254]. However, immunohistochemical staining of tyrosine 

hydroxylase–positive (C1) neurons revealed no co-labeling of GFP+ and TH+ cells, 

which is consistent with the data reported previously that AAV2 vectors have a 

lower affinity towards TH neurons in the rat’s brainstem [38]. It has been also shown 

that hSyn promoters are less active in catecholaminergic neurons of substantia nigra 

[255]. In this context, even if a small number of TH+ neurons are transduced to 

express DREADDGi transgene and concomitantly inhibited by CNO, their 

contributions to the CO2-evoked expiratory activities are small since the inspiratory 

responses elicited by the RTN neurons are not dependent on the activity of C1 

neurons [32], [256], [257]. Moreover, it has been reported that C1 neurons in RTN 
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are important in transmitting some of the acute respiratory response produced by 

stimulation of carotid body [257]. However, in our experimental protocol, we have 

inhibited DREADDGi expressing RTN neurons after minimizing effects of the 

carotid bodies (i.e. placing conscious animals in 60% O2 to decrease the drive from 

the peripheral chemoreceptors or bilateral denervation of the carotid bodies in 

anesthetized preparations), thus the deficit in CO2-evoked respiratory response after 

inhibition DREADDGi expressing neurons with CNO is most likely due to inhibition 

of RTN neurons, rather than C1 neurons.  

In vagotomized, carotid body-denervated urethane-anesthetized rats in vivo, we 

have shown that inhibition of RTN neurons decreased inspiratory drive in 

hypercapnia (decrease in DPNA) by ~ 50% – similar to the effect of blocking 

vesicular release mechanisms from preBötC astrocyte. Based on these data, it is 

possible that the RTN neurons and the preBötC astrocytes employ separate pathways 

to augment the ventilatory response during hypercapnia. Although, preBötC has 

neuronal H+/CO2 sensing mechanisms [96], [97], results presented in this section 

suggested that preBötC astrocytes are important for the development of the 

appropriate respiratory responses to hypercapnia.  

The provided evidence show that preBötC astrocytes are critically involved in 

the CO2-evoked augmentation of breathing, in which this contribution is 

quantitatively similar to the effect of RTN neurons. In ventilatory response to 

hypercapnia, as opposed to RTN neurons that contribute to augmentation of tidal 

volume, preBötC astrocytes affect the breathing rate – maybe by altering the 

excitability of the preBötC network or recruiting more respiratory neurons to 

participate in the hypercapnic ventilatory response. Earlier studies suggested a role 

for astroglial in CO2/pH detection and central chemosensitivity [5], [100], [142], 

[144], [147], [229] in the RTN and NTS [111], [143], [258], [259]. These scattered 

CO2-sensitive astrocytes and neurons [260] in RTN, NTS, and preBötC provide 

further evidence for the idea of the widely distribution of chemoreception in the 

medulla (Nattie, 1999, 2000, 2001; Thomas and Spyer, 2000; Nattie and Li, 2009). 

 

6.1.2.4. The effect of blockade of signaling pathways in preBötC astrocytes on 
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exercise capacity. 

Together data presented in Chapter 4 and Chapter 5 indicate that astrocytic signaling 

provides ongoing excitation of preBötC respiratory circuits that regulates the 

inspiratory rhythm, underlies generation of sighs, and shapes respiratory responses 

to physiological challenges such as hypercapnia and hypoxia. Based on these results, 

we hypothesized that astroglial control of breathing might become particularly 

significant during physical activity when increased oxygen demand requires 

augmented respiratory effort. Accordingly, we determined whether compromised 

vesicular release mechanisms in preBötC astrocytes in adult rats impairs the ability 

to exercise in an experimental model of forced treadmill exercise. Bilateral 

transduction of preBötC astrocytes with TeLC or dnSNARE resulted in premature 

fatigue, and dramatically reduces exercise capacity. Cardiovascular responses to 

exercise (increases in heart rate and systemic arterial blood pressure) were not 

affected by TeLC expression in preBötC astrocytes, suggesting that the impaired 

exercise capacity is due to a respiratory, not a circulatory, deficit. 

Physical exertion is essential for the survival of all animals, whether it be to 

avoid predators, escape natural disasters, or any other circumstances that require 

explosive power or endurance. Large increases in metabolic demand associated with 

surges in muscular effort, require an increase in the delivery of oxygen and 

metabolic substrates and removal of waste products, e.g., CO2 and lactate. Mammals 

have developed several physiological feedforward and feedback mechanisms to 

ensure that metabolic demands of working muscles are met. Here, we tested the 

hypothesis that RTN neurons and preBötC astrocytes are critically involved in 

defining exercise capacity. 
We found that in rats, acute silencing of RTN neurons is associated with a 

dramatic (~ 60%) reduction in exercise capacity. Since our viral injections did not 

transduce catecholaminergic C1 neurons (no co-localization of DREADDGi
+ and 

TH+ cells were observed; section 5.3), it is possible that this reduction in exercise 

capacity was due to inability to mount an appropriate respiratory response.  Critical 

involvement of RTN neurons in defining exercise capacity is in line with the 

proposed role of RTN neurons in respiratory control system, in which they provide 

a powerful drive during active breathing [55], [59], [253], during systemic 
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hypercapnia [32], [86], [108], [144], or when brain lactate concentration increases 

[261]. RTN neurons receives inputs from the peripheral respiratory chemoreceptors, 

other respiratory groups of the brainstem [21], and may function as an integrative 

center of respiration [100], [262] to increase breathing rate during heavy exercise. 
Similarly, disruption of vesicular release mechanisms in preBötC astrocytes 

remarkably decreased the exercise capacity by ~ 60%. The mechanism by which 

preBötC astrocytes affect exercise capacity is not known. During heavy exercise, VE 

increases disproportionally to O2 uptake, which leads to increase in PO2 and 

decrease in PCO2 from their values at rest. This increase in PO2 might generally 

reduce the tonic activity and responsivity of carotid bodies [217], [263], and as we 

have shown in the previous section, the role of preBötC astrocytes in modulation of 

VE become more important when peripheral input from carotid bodies are decreased 

(Figure 5.3).  

Maximal exercise leads to an increase in concentration of adenosine, 

norepinephrine (NE), extracellular [K+], and maybe other chemicals in the brain 

[217], [219], [264], [265]; NE, K+, and adenosine can activate astrocytes [120], 

[266]–[269]. Thus, it is possible that interfering with vesicular releasing 

mechanisms of preBötC astrocytes leads to inappropriate respiratory response 

during exhausting exercise. Moreover, recent data indicated that ATP level is 

maintained constant during heavy exercise [270], and since astrocytes are the main 

source for extracellular ATP, it is plausible that by blocking release mechanisms in 

preBötC astrocytes (by expressing TeLC or dnSNARE), the local concentration of  

ATP is decreased. In Chapter 4 , we showed that activity of the preBötC respiratory 

circuits are modulated by release of ATP from local astrocytes; thus, blocking this 

release (by expressing TeLC or dnSNARE) may markedly decrease the exercise 

capacity of these rats. 

Moreover, to meet metabolic demands of preBötC neurons, it is also possible 

that preBötC astrocytes locally release lactate during heavy exercise. In fact, it has 

been shown that despite the protection of brain from lactate by the blood brain 

barrier [271], CNS lactate level increases in heavy exercise [270]. In the brain, 

astrocytes provide lactate as an energy source to neurons to maintain their functions. 

Thus, it is likely that disruption of the normal function of preBötC astrocyte by 
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expressing dnSNARE or TeLC, might have some effect on providing energy 

resource (lactate) to preBötC neurons. More experiments are required to explain 

how preBötC astrocytes affect exercise capacity. 

On the treadmill, all rats were able to begin running. However, interfering with 

vesicular release mechanisms in preBötC astrocytes or inhibiting RTN neurons 

markedly affects sustain physical activity. Thus, the RTN neurons and preBötC 

astrocytes do not appear to receive process feedforward inputs responsible for rapid 

increases in respiratory activity at the onset of physical exertion. The importance of 

the RTN neurons and preBötC astrocytes only became apparent when the 

maintenance of enhanced respiratory effort became contingent on feedback 

mechanisms [222], [223]. We have also provided evidence that disrupting vesicular 

release mechanism of gliotransmitters in preBötC astrocytes and silencing RTN 

neurons resulted in quantitatively similar reductions in the magnitude of exercise 

capacity (Figure 5.17and Figure 5.18). In addition, interfering with both astrocytic 

release mechanisms and activity of RTN neurons further decreased the exercise 

capacity by ~ 80% (Figure 5.19), which suggests that preBötC astrocytes and RTN 

neurons may act in parallel in terms of their role in defining exercise capacity.   

 

6.1.3. Conclusions and Future directions 
 

Deciphering the functional and structural properties of the mammalian respiratory 

control circuits is a longstanding problem [12]. The fact that the respiratory system 

is ancient and primal, and other body systems cannot exist without it, makes the 

CNS extremely vigilant about homeostatic control of breathing. Homeostatic 

regulation of O2, CO2, and pH is a dynamic process, in which the respiratory system 

(in accordance with other systems) should adjust rhythm and pattern of breathing in 

response to internal or external metabolic demands in order to maintain a steady-

state condition. Thus, it is vital for the brain to maintain rate and depth of breathing 

normally stable and be able to flexibly increases or decreases these variables to react 

to environmental stimuli or physiological demand of the body.  

We have provided evidence that preBötC astrocytes are capable of regulating 
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the activities of the respiratory rhythm-generating circuits, and the normal function 

of these astroglial cells is critical for the optimum function of the respiratory system. 

It is suggested that variabilities in breathing ensures respiratory system sensitivity 

[272], [273]. In fact, disruption of either astroglial vesicular release (TeLC or 

dnSNARE expression) or ATP-mediated signaling (TMPAP expression) reduced 

breathing irregularity (i.e. decreased breathing variability). Rats exhibiting this 

somehow “regular breathing” were not able to mount appropriate responses to 

arising challenge or body demand (such as hypoxia or exercise). On the other hand, 

activation of preBötC astrocytes via expression of DREADDGq increased the 

variability of breathing, and rats showing this “irregular breathing” were also not 

able to optimally react to a physiological challenge (hypoxia). This capacity of 

astrocytes to maintain an appropriate level of variability in the respiratory system 

seems critical for adaptability of breathing to face challenges. More experiments are 

needed to further explore this idea in the future. 

 

Recent data showed that a small subpopulation of preBötC neurons appear to be 

dedicated to the generation of sighs in a manner associated with bombesin-related 

peptides [251]. Our data suggests that sigh generation may be modulated by 

signaling molecules released by preBötC astrocytes in response to various stimuli, 

including locally released bombesin-like peptides, though it is possible that 

astrocytes can independently regulate the sigh-generating neurons of the preBötC.  

Moreover, it has been shown that a small molecularly-defined subpopulation of 

preBötC neurons can regulate higher order brain function (i.e., arousal state) without 

roles in eupneic rhythm generation, sighs, or mediating chemosensory-related 

adjustments of breathing pattern in freely behaving mice [274]. Therefore, it is 

possible that preBötC astrocytes intermingled with these neurons can also modulate 

this “gateway” circuit, affecting brain arousal state. Consequently, future 

experiments will be designed to investigate breathing behavioral changes related to 

arousal in rats following interfering with gliogtransmitter release mechanisms in 

preBötC astrocytes. Specifically, I hypothesize that expression of TeLC in preBötC 

astrocytes shift breathing rates toward slower breathing frequencies associated with 

mild arousal conditions during the acclimatization period.  
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In this thesis, in multifaceted experimental paradigm, contemporary chemogenetics 

methods, viral gene transfer, and pharmacological approaches were used to 

manipulate astroglial signaling mechanisms residing within respiratory rhythm 

generating circuits of the preBötC. Experiments presented in this thesis addressed 

several questions which are relevant to the current understating of the role of 

astrocytes in controlling rhythm-generating circuits of the preBötC at rest and during 

increased metabolic demand. More experiments are needed to further investigate the 

signaling molecules that mediate the bidirectional communication between 

astrocytes and neurons residing within the preBötC region, possibly by employing 

optogenetics and chemogenetics methods in transgenic animals. 
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