Comparative Biochemistry and Physiology, Part A 186 (2015) 83-95

journal homepage: www.elsevier.com/locate/cbpa

Contents lists available at ScienceDirect

Comparative Biochemistry and Physiology, Part A

Review

Neuroglia and their roles in central respiratory control; an overview ™ @CmssMark

Gregory D. Funk **, Vishaal Rajani ?, Tucaaué S. Alvares ¢, Ann L. Revill , Yong Zhang ¢, Nathan Y. Chu ?,
Vivian Biancardi ®°, Camila Linhares-Taxini *°, Alexis Katzell , Robert Reklow ?

@ Department of Physiology, Neuroscience and Mental Health Institute, Women and Children's Health Research Institute (WCHRI), Faculty of Medicine and Dentistry, University of Alberta,

Edmonton, Alberta, Canada

b Department of Animal Morphology and Physiology, Fac. de Ciéncias Agrdrias e Veterindrias/UNESP, Via de Acesso Paulo Donato Castellane km 05, Jaboticabal, SP 14884-900, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 17 August 2014

Received in revised form 15 January 2015
Accepted 16 January 2015

Available online 26 January 2015

Keywords:

Neuroglia

Homeostasis
Neuromodulation
Gliotransmission
PreBotzinger complex
Retrotrapezoid nucleus
Hypoxic ventilatory response
Central chemosensitivity
Purinergic signaling

While once viewed as mere housekeepers, providing structural and metabolic support for neurons, it is now clear
that neuroglia do much more. Phylogenetically, they have undergone enormous proliferation and diversification
as central nervous systems grew in their complexity. In addition, they: i) are morphologically and functionally
diverse; ii) play numerous, vital roles in maintaining CNS homeostasis; iii) are key players in brain development
and responses to injury; and, iv) via gliotransmission, are likely participants in information processing. In this re-
view, we discuss the diverse roles of neuroglia in maintaining homeostasis in the CNS, their evolutionary origins,
the different types of neuroglia and their functional significance for respiratory control, and finally consider
evidence that they contribute to the processing of chemosensory information in the respiratory network and
the homeostatic control of blood gases.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Neuroglia has become a generalized term that refers to a range of
cells in the central and peripheral nervous systems that are neither elec-
trically excitable nor vascular and includes macroglia (oligodendrocytes
and astrocytes, NG2 glia), cells of the choroid plexus, ependymal cells,
radial glia of the retina and microglia (Fig. 1) (Verkhratsky and Butt,
2013). Surprisingly, there is no consensus on a formal definition for
neuroglia. These cells have diverse embryonic origins, and a vast array
of morphologies, physiological properties and specialized functions.
Despite these differences, they share one unifying function, which is
the basis of the suggestion by Parpura and others that neuroglia be
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Fig. 1. Classification and origins of CNS neuroglia.

defined simply as “homeostatic cells of the nervous system” (Parpura
and Verkhratsky, 2012a,b).

The dominant view of neuroglia for almost the last century was that
they serve primarily a supportive role for neurons. Thus, they are not
nearly as well studied, or understood, as neurons, despite the fact that
in mammals neuroglia greatly outnumber neurons. However, the rela-
tively recent discovery that neuroglia can both release and respond
to neuroactive chemicals combined with growing evidence that they
participate actively in information processing (Dallerac et al., 2013;
Pirttimaki and Parri, 2013) has dramatically increased interest in this
class of cells. The purpose of this review is to provide those in the respi-
ratory field with a brief review of: i) the diverse roles played by neuro-
glia in maintaining CNS homeostasis; ii) the phylogenetic proliferation
and diversification of neuroglia and the insight that this might provide
about function; iii) the diversity of neuroglia subtypes, their embryonic
origins and their functional significance for respiratory networks; and,
iv) current views on the role of neuroglia as sensors and processors
of chemosensory information important in the homeostatic control of
blood gases by the respiratory network. This review is not intended
as an exhaustive review but as an introduction to those becoming inter-
ested in the field and a guide for those wishing to delve further.

2. Contributions of neuroglia to the maintenance of
CNS homeostasis

The concept of neuroglia was first introduced in 1856 by Rudolf
Virchow, who described it as a substance “nervenkitt” (the glue between
the neurons/nerves) in which nervous system elements are imbedded,
and as having a role in supporting neurons and in maintaining stability/
structure of the nervous system (Kettenmann and Verkhratsky, 2008;
Parpura and Verkhratsky, 2012a; Verkhratsky and Butt, 2013). Subse-
quent histological analysis by Camillo Golgi in the 1870s revealed con-
tacts between glia and vascular elements, so called “end-feet”, and led
to the hypothesis that these cells provide metabolic support and ex-
change substances with neurons. Santiago Ramén y Cajal, observing
close apposition between neurons and neuroglia, suggested that they
might isolate neighboring neurons from each other, separating differ-
ent paths of information flow (Navarrete and Araque, 2014). Potential
roles in secretory/signaling processes, transmitter uptake and patho-
logical processes were also hypothesized near the turn of the 20th
century. However, with the neurocentric view of brain function that
emerged out of the neuron doctrine and the ability to measure

electrical activity of neurons in the brain, it would be three-quarters
of a century before exploration of these hypothesized functions
began. It is now clear that neuroglia contribute to the maintenance of
homeostasis on multiple levels (Kettenmann and Verkhratsky, 2008;
Parpura and Verkhratsky, 2012a; Freeman and Rowitch, 2013;
Verkhratsky and Butt, 2013). These include but are not limited to:

Structural homeostasis. Virchow's initial view of neuroglia included
that, although passive, neuroglia maintained neuronal/CNS structure
and stability (cited in Kettenmann and Verkhratsky, 2008; Parpura
and Verkhratsky, 2012a; Verkhratsky and Butt, 2013). The impor-
tance of neuroglia in the structural integrity of the CNS is exempli-
fied in the gray matter where protoplasmic astrocytes define the
local architecture, by covering neurons within a specific region, es-
sentially dividing the territory into individual domains. In addition,
radial glia provide the substrate for neuronal migration during de-
velopment. Macro and microglia participate in synaptogenesis and
synaptic pruning during both development and different types of
plasticity (Corty and Freeman, 2013; Ji et al., 2013; Miyamoto et al.,
2013; Ota et al., 2013; Schafer and Stevens, 2013; Wake et al.,
2013; Bernardinelli et al., 2014a,b). Oligodendrocytes produce mye-
lin, effectively isolating axons from their neighbors and allowing for
faster transmission of information (Verkhratsky and Butt, 2013).
Homeostatic control of the extracellular space (ionic, neurochemical,
volumetric homeostasis). Astrocytes regulate the volume and com-
position of the extracellular space. Neuroglia also form (in lower
vertebrates) or control the cells that make up the blood brain barrier
(endothelial cells in higher vertebrates) that separates the CNS
from the rest of the body (Kimelberg, 2004b; Alvarez et al., 2013).
They control ionic composition of the cerebrospinal fluid (CSF) (es-
pecially K*), water movement, and transmitter levels, including
the removal of extracellular glutamate, degradation of glutamate to
glutamine, which is subsequently resupplied to neurons for synthe-
sis of glutamate. Neurons lack the enzyme glutamine synthase, and
thus depend on the neuroglial supply of glutamine to synthesize glu-
tamate, the main excitatory amino acid in the brain (Parpura and
Verkhratsky, 2012c; Verkhratsky and Butt, 2013).

Metabolic homeostasis occurs on at least two levels. First, unlike neu-
rons, neuroglia can store glycogen, which may be broken down into
lactate and utilized by neurons as an energy substrate (Parpura and
Verkhratsky, 2012c). This possibility is described in the astrocyte-to-
neuron lactate shuttle hypothesis (Pellerin et al., 1998; Baltan,
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