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ABSTRACT

Daniel E. Bonder: Astrocytic Gg-GPCR-linked IP;R-dependent Ca** signaling does not
mediate neurovascular coupling in mouse visual cortex in vivo
(Under the direction of Ken D. McCarthy)
Local blood flow is modulated in response to changing patterns of neuronal activity

(Roy and Sherrington, 1890), a process termed neurovascular coupling. It has been
proposed that astrocytic Gg-GPCR-linked IP;R-dependent Ca?* signaling drives this
process, though in vivo tests of this hypothesis are largely lacking. We examined the impact
of astrocytic Gg-GPCR and IP;R-dependent Ca** signaling on cortical blood flow in awake,
responsive mice using multiphoton laser-scanning microscopy and novel genetic tools that
enable the selective manipulation of astrocytic signaling pathways in vivo. Selective
stimulation of astrocytic Gg-GPCR cascades and downstream Ca®* signaling with the
hM3Dqg DREADD designer receptor system was insufficient to modulate basal cortical blood
flow. We found no evidence of observable astrocyte endfeet Ca** elevations following
physiological visual stimulation despite robust dilations of adjacent arterioles using cyto-
GCaMP3 and Lck-GCaMP6s, the most sensitive Ca®* indicator available. Astrocytic Ca**
elevations could be evoked when inducing the startle response with unexpected air puffs.
However, startle-induced astrocytic Ca** signals did not precede corresponding startle-
induced hemodynamic changes. Further, neurovascular coupling was intact in awake,
responsive mice genetically lacking astrocytic IP;R-dependent Ca** signaling (IPsR2 KO).
These data establish that astrocytic Gq-GPCR-linked IP;R-dependent Ca®* signaling does

not mediate neurovascular coupling in visual cortex of awake, responsive mice.
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PREFACE

My beliefs about science and its ideal, my personal journey through graduate school,
and why | decided on the career and life path | aim to follow are summarized, or more
appropriatel y c anthebdodowifigdgaotes foom d lderary character who

became one of my muses.
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Ailt is a capital mi stake to theorize before one
suit theories, instead of theories to suit fact s
Sherlock Holmes , A Scandal in Bohemia
AiThe world is full of obvious things which noboc
Sherlock Holmes , The Hound of the Baskervilles
AiThere is rmdetckeipng vmortenan an obvious fact. o
Sherlock Holmes , The Bascombe Valley Mystery
iNo, i selfishness ar conceit...If | claim full justice for my art, it is because it is an

impersonal thing i a thing beyond myself. Crime is common. Logic is rare. Therefore it is
upon the logic rather than the crime that you should dwell. You have degraded what should
have been a course of |l ectures into a series of

Sherlock Holmes , The Adventure of the Copper Beeches

il confess that | have been as blind as a mol e,
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CHAPTER 1: INTRODUCTION

THE WHAT AND THE WHY

What is neurovascular coupling?

Neurovascular coupling is a well-documented phenomenon in which local blood flow
to active regions of the brain is increased, similar to how blood flow to skeletal muscles
increases during exercise. First described by researchers Roy and Sherrington in the year
1890, neurovascular coupling has garnered interest in the basic research and medical
communities for its contribution to the Blood Oxygen Level-Dependent (BOLD) signal
detected by functional magnetic resonance imaging (fMRI). Functional MRI is an incredibly
powerful technique that permits noninvasive imaging of human brain activity in real time with
millimeter spatial resolution.

While offering great utility and promise as a research and diagnostic technique, fMRI
is limited in that the BOLD signal is not a direct measure of neuronal activation. Rather, the
BOLD signal is an aggregation of blood volume, blood oxygen, and various metabolic rate
changes within the tissue (Kim and Ogawa, 2012). In other words, BOLD is merely a
correlate for neuronal activity. The cellular mechanisms responsible for each component of
the evoked BOLD response have been debated for years, and are still being investigated

today.



Glucose
use availability

Figure 1 (Raichle and Mintun, 2006). Measuring human brain activity using fMRI. Presentation of a
visual stimulus to an individual (a) results in increased blood flow to active regions of the brain,
wherein neurons consume glucose and oxygen (b). Blood flow changes and metabolic rates underlie
the BOLD signal measured in fMRI.

It is widely believed that neurovascular coupling underlying BOLD signals takes
place so that delivery of metabolic substrates, such as glucose and oxygen, keeps pace with
local metabolic demand within the tissue (refer to Figure 1), implying that local metabolic
demand ultimately drives functional hemodynamic changes. Interestingly though, this
assertion has yet to be proven. On the one hand, some studies indicate a relationship
between rates of glycolysis or mechanisms specifically involving tissue NADH/NAD" ratio
and neurovascular coupling (Ido et al., 2004; Vlassenko et al., 2006). Glucose metabolism,
which occurs primarily in astrocytes (Kasischke et al., 2004), trends linearly with blood flow
(Paulson et al., 2010), suggesting a potential causal link between anaerobic glycolysis and
functional hemodynamics. On the other hand, tissue metabolic demand appears to be

readily met by oxidative metabolism as opposed to anaerobic glycolysis (Lin et al., 2010)



and hyperoxia in vivo does not alter evoked blood flow increases (Lindauer et al., 2010;
Mishra et al., 2011). The magnitude of blood flow increase and oxygen delivery far exceeds
oxygen usage (Lin et al., 2010). These data suggest that metabolic demand, more
accurately neuronal metabolic demand, in itself is not driving neurovascular coupling in vivo.
Instead, it is possible that neurotransmitter-related signaling events are responsible
for hemodynamic changes in brain (Attwell and ladecola, 2002). This idea does not
necessarily conflict with the hypothesis that astrocytic glycolysis drives neurovascular
coupling (Paulson et al., 2010), as it is plausible that these cellular processes could be

interdependent.

Why do we suspect astrocytes are involved?

The linear coupling of blood flow increases and rates of glucose metabolism provides
one indication that astrocytes might be central to mediating functional hemodynamic
changes in the brain. There are important structural considerations as well. 19" century
scientists working with relatively primitive imaging techniques first noted the close
association of glial structural processes with cerebral vasculature (Somjen, 1988).
Fluorescent and electron microscopic imaging studies have determined that over 99% of
cerebral vascular surfaceiscompletel y covered by astrocyte structu
(Mathiisen et al., 2010; McCaslin et al., 2011). Neuronal network dynamics and particular
interneuronal subtypes (Cauli et al., 2004) can modulate vascular dynamics through a
number of molecular mediators like nitric oxide (NO), cyclooxygenase derivatives such as
prostaglandins, neurotransmitters, and peptides (Cauli and Hamel, 2010). Given the near-

complete coverage of blood vessels by astrocytes, any signal originating from neurons, save



for gaseous signaling compounds like nitric oxide (NO), must be
transported/transmitted/translated through an astrocytic compartment.

Within the last decade, a wealth of direct evidence has accumulated indicating that
astrocytes are capable of modulating vascular diameter by means of intracellular Ca?*
elevations stimulated by the activation of G protein-coupled receptors linked to Gq signaling
cascades (Gg-GPCRs), resulting in Ca**-dependent release of various vasoactive
molecules from endfeet onto cerebral arterioles, most notably cyclooxygenase derivatives
(Attwell et al., 2010; Petzold and Murthy, 2011; Newman, 2013; Howarth, 2014). This
hypothesis (which serves as the basis for the present thesis project, described in detail in
Chapter 2) is attractive because it provides a plausible and relatively straightforward, direct
mechanism linking neuronal activity to local blood flow modulation. A further implication is
that BOLD signals are a decent proxy for neuronal activity (assuming that astrocytic Ca**
el evations translate neuronal actindicatd)y Af ai t hf ul
excellent news for fMRI researchers and diagnosticians. Unfortunately, the results of more
recent in vivo work, including the data and conclusions described in detail in Chapter 2,
strongly indicate that this hypothesis is oversimplified or perhaps flatly incorrect.

This field of research is relatively young i the first article directly reporting astrocytic
control of blood flow through Ca?" signaling was published in 2003 (Zonta et al.). It would not
be unreasonable to argue that missteps occur in the early phases of any new endeavor. But
| believe this view is limited and does not encourage genuine scrutiny of potential underlying
issues. The individual successes and missteps of any one piece are inextricably conditioned
on and interwoven with those of the whole. While the research project (Chapter 2) and
future research directions (Chapter 3) outlined in this thesis is focused in scope, other
sections will consider not only the field of neurovascular coupling but glial biology as a

whole, involving historical overview (Chapter 1) and philosophical examination (Chapter 4).



ASTROCYTE BIOLOGY: A HISTORICAL PERSPECTIVE

A brief overview of the beginnings of astrocyte biology

Astrocytes belong to a class of non-neuronal support cells in the central nervous
system (CNS) termed fAgliao, ndAglial cellsod, or Ar
of Rudolf Carl Virchow, a 19" century doctor, scientist, and politician in Germany, in which
Virchow argued for the existence of sheets of connective tissue lying underneath the
ventricular ependymal layer of the brain, penetrating into and filling all areas of the brain and
separating neural tissue from vascular elements (Somjen, 1988). He named this connective

ti ssue fANervenkitto, fgduwehl ¥ rtorma wahli a&thi ndret d effmer

=13

simply g | i(Sotjen, 1988). Wikle Virehewdwas not the first to actually identify
non-neuronal cell types of the brain, his work did appear to bring about awareness of the
potential importance of the non-neuronal components of the brain in possibly regulating
brain function or structure (Somjen, 1988).

Early studies on glia focused primarily on distinguishing the various subtypes within
this family of cells i protoplasmic and fibrous astrocytes, oligodendrocytes, and microglia i
on the basis of histological techniques and light microscopy. For this purpose, the silver
staining method of Camillo Golgi proved to be a highly valuable development. This
technique allowed researchers to fully and clearly identify the cellular structures branching
off of individual cells, a vast improvement over earlier tissue staining methods. Glia could
clearly be differentiated from neurons based on the absence of an axon or axonal-like
projections, and unique attributes of each cell subtype could be further characterized 1 for
instance, the close association of protoplasmic astrocytic projections and blood vessels

(Somjen, 1988). These early imaging studies directly revealed important functions of the

various glial subtypes. For example, Pio del Rio-Hortega, a Spanish neuroscientist,



demonstrated the ability of microglial cells to phagocytose dying cells (del Rio-Hortega,
1933).
Sufficient circumstantial evidence was provided to additionally begin formulating
plausible inferences about other functions of glia aside from structural support. Santiago
Ramon y Cajal postulated thatgli a Ai nsul at @gRamonyQGajalel920D)j ber s
preempting our eventual knowledge that myelin is produced by oligodendrocytes or that
many synapses are fully or partially ensheathed by astrocytic compartments. Golgi argued
thatgl i al cel | s (@Bdige B8be886)eadoreaumrser to our current understanding
of astrocyte-to-neuron metabolic relationships. Even by the year 1910, the notion that glial
cells could secrete substances towards the purposes of modulating brain function, a highly-
studied phenomenon we now waesmefgkbronhganhbmi mai 0E
(Somjen, 1988). The inventive Italian neuropsychiatrist Ernesto Lugaro offered a number of
(at the time) wild claims that later proved to be true i that embryonic glial cells act as guides
for migrating neurons during development, that glia regulate the extracellular environment
through blood-brain barrier function or removing neuronal metabolic waste products, and
that gliaformcloseass oci ati ons with finervous articulations
neuroactive substances released by neurons as they signal to one another (Berlucchi,

2002).



Figure 2 (Ramon y Cajal, 1913). Astrocytes in the CNS. Drawing by Ramon y Cajal showing
protoplasmic astrocytes (A) with pericellular processes (a, b) and perivascular processes (c), and
neurons (B).

On an interesting note, L, bajevadthét mmenory cotild r , Eug
have its basis in the strengthening of connections between neurons, perhaps by growth of

the neuronal projections that decreased the space in between neuronal contact points



(Berlucchi, 2002), structures that would only later be characterized in more detail and be

named fAsynapseso. Tanzi-Gaystudiesion spihe gpwtieashd ct ed moder

dynamics during learning tasks.
In terms of imaging experimental technique, the field has advanced significantly,
though this a relatively recent occurrence. In place of the Golgi stain we have powerful

microscopic and fluorescent imaging tools, and have added the ability to manipulate

astrocytic function through pharmacology and emerging genetic capabilities. It is fascinating

though that conceptually, astrocyte biologists are only recently investigating (or perhaps
more accurately, able to investigate) phenomena inferred by others over a century ago.
What seems perfectly clear, though, is that despite a paucity of solid evidence to

justify their inferences the majority of early researchers in the field have always believed or

assumed that glia are more than simply brain glue. Objectively, given what was known in the

|l ate 1800s and early 1900s, the alternative fibre

The assumption that astrocytes are more than simply passive or purely supportive brain

elements has served as a guiding foundational principle for the field of glial biology ever

since, despite its being rooted in unsubstantiated inference rather than hard facts. This idea

will be investigated more thoroughly later in this chapter.

Astrocyte biology in the era of electrophysiology and biochemistry

Work primarily with insect nervous systems during the 1950s emphasized a
metabolic relationship between glial cells and neurons. Histological analysis of central
ganglia of Rhodnius prolixus revealed that, while there is no nutrient circulation into the

dept hs of the ganglia, different types of

gli al (

surrounds the axons and d elikaimvaginaien®intothe lalgs e nd de e



gangl i oWigglesworths1859).A C|l assi cal 6 glial <cells and

within the insect nervous system were found to express high levels of metabolism-related
enzymes such as esterases (Wigglesworth, 1958) and succinic dehydrogenase
(Wigglesworth, 1956). Glycogen and triglycerides were also found in abundance in
perineurium and glial cells, respectively (Wigglesworth, 1960). Interestingly, satellite cells of
mammalian peripheral nervous system ganglia displayed a similar metabolic and enzymatic
activity profile (Schmitt, 1958). This led researchers to believe that nutrients were stored in
glial compartments and supplied to neurons via glial cells.

The advent of electrophysiological techniques in the middle part of the 20" century
provided a novel method for studying the properties and functions of glial cells in the
nervous system. It became appreciated that an important component of inter-neuronal
communication is the action potential, a specialized cellular process driven by electrical and
chemical gradients across neuronal membranes (Hodgkin and Huxley, 1952).
Electrophysiology made it possible to study similar phenomena in glial cells. Do astrocytes
communicate by electrical impulses similar to neurons? Might astrocytes influence neuronal
activity through electrical activity?

Unlike neurons, astrocytes do not display rapid, impulse-like electrical signals.

Instead, depolarizing stimuli result in graded, slow alterations in astrocytic membrane

spe

potential (Hild et al., 1958; Hild and Tasaki, 1962). These types exfo fwglrieal r e

evoked experimentally with electrical stimulus strengths exceeding those that would be
produced by action potentials or other neuronal membrane potential changes (Hild and
Tasaki, 1962). Direct neuronal stimulation, as opposed to field stimulation, proved

insufficient to elicitimpulse-l i ke or sl ow el e c (Kufflecaad Potferg 1964n |
Furthermore, in tissue cultures neuronal conduction was unimpaired in the absence of glial

cells (Kuffler and Potter, 1964), demonstrating that astrocytes are not necessary for

resp



successful neuronal conduction.

astrocytes in brain function.

These studies suggested a limited, supportive role for
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Figure 3 (Kuffler and Potter, 1964). Passive electrical properties of astrocytes. Connective glial cells
in the leech CNS display a passive response to changes in membrane potential, indicated by a near-
linear input resistance over a range of electrical potentials.

In hindsight, it would appear that electrical passivity was initially mistakenly

interpreted as a lack of function. Nu mer ous

isilent o, or

researchers

referred

i (DennieandpGerschenfele, A969). AtltHe sery least, the idea

that passive electrical properties of astrocytes are important for neuronal activity under

normal conditions was dismissed. Instead, a connection was drawn between astrocytic
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function and slow electrical processes such as potentials measured from the surface of the
brain (what is measured in an electroencephalogram or EEG) or spreading depression (Hild
et al., 1958), an abnormal condition.
The potential importance of other electrophysiological aspects of astrocytes was not
immediately recognized. Compared to neurons, astrocytes have a notably low membrane
resistance such that electrical currents produced by neurons would flow through glial
cytoplasm rather than the extracellular space in between neurons and glia (Hild and Tasaki,
1962). Additionally, astrocytes possess special low-resistance connections (what would later
be identified as gap junctions) that allow for direct electrical communication between cells
(Kuffler and Potter, 1964). Similar intercellular connections were not found between neurons
and glia (Kuffler and Potter, 1964). Several years following these results, a potential utility
for these specialized electrical connections was inferred based on the realization that glial
depolarization is the result of extracellular K* accumulation during neuronal firing (Orkland et
al., 1966). The authors of this work argued that connected astrocyte networks could act as
K'ispatial bufferso, t awanfompareas of high coecentratiencoe | | ul ar
areas of low K concentration (Orkland et al., 1966). At the time it was unclear how this
phenomenon, if true, could contribute to greater brain function. Even its functional
importanceas a homeostatic mechanism was understood
experiments do not supporttheidea t hat currents in gl (Caklandcel | s
et al., 1966, p. 805).
The reality became much more clear and exciting with the seminal work of Newman
and colleagues nearly two decades later. Retinal Muller glial cells, which have properties in
common with cerebral astrocytes, were found to have regional specification with the majority
of K* conductance located at structures called endfeet, which contact the vitreous humour of
the eye (Newman, 1984). As a result of this regional specification, most K* taken up by

retinal glial cells would be extruded into the vitreous, producing a plausible ionic buffering

11
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mechanism (Newman, 1984). This cellular phenomenon was demonstrated to be a more
effective method for buffering retinal K* levels than simple ionic diffusion through the
extracellular space (Newman et al., 1984). Analogously, contacts between blood vessels
and astrocytic processes within the cerebrum are nearly ubiquitous, a fact recognized by
previously mentioned 19" century pioneers. This raised the possibility that similar
mechanisms could operate within the brain as well. This suspicion was supported with the
finding that endfeet of cerebral astrocytes possess roughly tenfold higher K* conductance
than other cellular regions (Newman, 1986).

It was with this in mind that researchers took a bold conceptual step forward, trying
to link individual cellular processes to greater brain functions and activities. As early as the
year 1890, functional alterations in the blood supply to the brain had been documented (Roy
and Sherrington, 1890). Roy and Sherrington (1890) proposedthatit he br ai n possess
intrinsic mechanism by which its vascular supply can be varied locally in correspondence
with | ocal variations of f uertruded by asadcyteaantoi vi t y o (
blood vessels during bouts of neuronal firing be the mechanism coupling neuronal activity to
functional blood flow dynamics? Early mathematical modeling suggested it could (Paulson
and Newman, 1987).

Glial biology was progressing on other fronts as well. Advancements in chemical and
cell culture techniques led to an incredibly diverse volume of work in the 1970s and 1980s
cataloguing diverse previously unrecognized functions of astrocytes. In large part, these
studies were made possible by the ability to obtain pure primary non-neuronal (McCarthy
and Partlow, 1976) and pure astroglial cell cultures (McCarthy and de Vellis, 1980), which
offered significant advantages over other cell separation and purification methods.

One branch of research during this time period examined the expression of various
classes of neurotransmitter receptors in cultured astrocytes. The downstream consequences

of stimulating these receptors was typically examined by monitoring ion currents using
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electrophysiology, performing ligand binding studies, or observing receptor-activated
generation of intracellular second messengers such as cAMP or IP; (Murphy and Pearce,
1987). By these methods, many groups began describing astrocytic responsiveness to
noradrenaline through alpha and beta adrenoceptors, acetylcholine through muscarinic
receptors, histamine, 5-hydroxytryptamine (5HT, serotonin), dopamine, amino acids
(glutamate, GABA), adenosine, peptides, prostanoids, and drugs such as benzodiazepines
(reviewed in Murphy and Pearce, 1987).

Data from culture experiments indicated that astrocytes express nearly the same
profile of receptors as neurons. In addition to metabotropic receptors coupled to the
breakdown of membrane lipids (IP; generation, known to stimulate Ca®* mobilization) or
activation of adenylate cyclase and cAMP generation (reviewed in Murphy and Pearce,
1987), ionotropic receptors coupled to ion current flux were also found in cultured
astrocytes. For instance, GABA-induced depolarization of cultured astrocytes (Kettenmann
et al., 1984) were attributed to the activation of ionotropic GABA4 receptors (Kettenmann

and Schachner, 1985), which are expressed in many neurons.
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Figure 4 (McCarthy and de Vellis, 1980). Primary glial cultures. Phase contrast light micrographs of
primary oligodendroglial cell (left) and astroglial cell cultures (right), with higher magnification image
showing ramified oligodendroglial processes.
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It was also recognized that astrocytes interacted with neurotransmitters in other ways
besides receptor-mediated events. It was known that the brain has high affinity transport
systems for the uptake of the primary neurotransmitters, glutamate and GABA, that were
localized to synaptosomes (Logan and Snyder, 1972). Later work identified similar
neurotransmitter uptake systems in glial cells (Henn, 1976; Schousboe, 1981). Over time,
uptake mechanisms for a diverse range of neurotransmitters were detected within cultured
astrocytes, including for serotonin (Katz and Kimelberg, 1985) and the catecholamines,
noradrenaline and dopamine (Semenoff and Kimelberg, 1985). Glutamate-induced
depolarization of cultured astrocytes (Kettenmann et al., 1984) were attributed to uptake
mechanisms (Kettenmann and Schachner, 1985). More precise details on the electrogenic
nature of glial neurotransmitter uptake mechanisms were characterized shortly thereafter
(Brew and Attwell, 1987).

Despite the advantages of purified cultures and the experimental possibilities they
opened up, it was also argued that isolated, cultured astrocytes should not necessarily be
considered identical to their in vivo counterparts (Juurlink and Hertz, 1985). In particular, it
was argued that cultured astrocytes express such a wide variety of receptors because they
acquire de-differentiated properties or undergo arrested development due to the culture
procedures or conditions, or isolation from other cells types (Murphy and Pearce, 1987).
This concern appears to have been taken seriously. As other biochemical and imaging
technologies became available in ensuing years, the use of primary astrocyte cultures
gradually diminished. In the modern era most labs no longer make prominent use of the
technique.

Regardless of the limitations of the primary methods used during this time period,
great conceptual advances had been made throughout the field. No longer restricted to
simple histology, researchers were exploring new facets of astrocyte biology, most notably

astrocytic expression of neurotransmitter receptors. Additionally, there was further validation
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of some previous suspicions, such as the idea that astrocytes store glycogen and maintain
an important metabolic relationship with neurons that is governed in part by neuronal activity
(Pentreath, 1982; Seal and Pentreath, 1985). The significance of these observations seems
to have been unclear to many, and understandably so given the technical limitations of
primary astrocyte cultures and novelty of the findings. Based simply on the available data, it
would be accurate to frame astrocytic function solely in terms of homeostatic regulation. On
the other hand, it would not necessarily be unreasonable to infer beyond the data and see a
more dynamic brain element entirely T astrocytes as intrinsic and essential components for
information processing or storage.

Time would tell.

Astrocytic Ca* signaling: The Great Glial Revolution arrives

The landscape of glial biology was massively transformed in the early 1990s
because of the development of reliable cell-permeable chemical Ca** indicator dyes, in
particular fluo-3 (Minta et al., 1989). This new generation of indicators provided significant
advantages over previous dyes, such as fura-2, being excited by visible light as opposed to
UV and offering greater convenience for fluorescence microscopy. It was now more
tractable to examine, in real time, some of the signaling events downstream of astrocytic
metabotropic receptor activation.

Prior to the release of fluo-3, one group had already characterized glutamate-
induced elevations of intracellular Ca®* in cultured astrocytes using fura-2 (Enkvist et al.,
1989). These data confirmed a lingering suspicion within the field i that the breakdown of
membrane lipids and generation of IP; following receptor activation is likely accompanied by

release of Ca*" from ER stores. But the real hype ignited with a study released the following
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year, wherein researchers observed oscillatory elevations in cytosolic Ca?* in primary
cultured astrocytes (using fluo-3) which could propagate as waves throughout the entire
astrocyte network (Cornell-Bell etal., 1990). Accor di ng to t he agatbhghor s, AT
waves of calcium suggest that networks of astrocytes may constitute a long-range signaling
system within tBeleetdh,b 120, p.d70x Cor nel |
Building on this work, it was demonstrated that in organotypic brain slices, in which
local tissue structure and network architecture is preserved, astrocytes display similar
single-cell Ca** elevations and multi-cell Ca?* waves (Dani et al., 1992). These results
clearly indicated, to the authors, fAthat astrocy
role in brain function t ha(Danietak, 192 . Additiapa ner al |y r
work by other groups suggested that these astrocytic Ca®" elevations often coincide with
electrical bursts from neurons in co-cultures, but also that neuronal activity does not always

elicit the relatively slowly propagating astrocytic Ca®* signals (Murphy et al., 1993).

Figure 5 (Cornell-Bell et al., 1990). Intercellular ca® waves in cultured astrocytes. Primary astrocyte
cultures loaded with fluo-3 Ca®" indicator dye before (left) and after (right) application of glutamate.
Increased fluorescence intensity indicates an increase in free cytosolic ca”.
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After this point in time the focus of the greater glial biology community would shift
almost exclusively to astrocytic Ca®* signaling. At the deeper conceptual level astrocyte
biology became synonymous with astrocytic Ca?* signaling, much in the same way that
neuronal function is understood through the action potential and synaptic release. This is

ultimately the spirit of wh & the paradigenshift fronh e

nGreat

flastrocyt gd uaed rner \iea st raorctynteerss aisn abertradstveaeseSpu nct i on

astrocytic fiacti vityo? dysamicsn This frasnéwork ill be expldreelr ms o f

more fully in Chapter 4.

Glial biology within the last two decades has seen a period of rapid conceptual and
technical innovation. Cultures were replaced by acute slices, and gradually labs are
developing in vivo experimental capability. Genetically-encoded Ca*" indicator proteins like
GCaMP have surpassed indicator dyes in sensitivity, signal-to-noise, and response
amplitude, further facilitating sophisticated long-term in vivo studies. All of these
developments helped to shape our current understanding of the diverse functions of
astrocytes, specifically astrocytic Ca®* signaling, in the brain.

Simultaneously though, the field has become known for the raw contention and
starkly opposing beliefs among different investigators and groups on topics like
gliotransmission (Fiacco et al., 2007; Agulhon et al., 2010) or the function of astrocytes in

neurovascular coupling (Nizar et al., 2013; Takata et al., 2013), topics which will be

discussed in more detail later in this chapter. This is a strange situation we find ourselves in.

Asthenumberofobser vati ons grows and as more Afactso

confident we are in whatltisesifthekens@amwidverseb o u t
relationship between volume of results obtained and knowledge gained i the opposite of

what one would anticipate. This phenomenon will be addressed in Chapter 4.
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THE MODERN ERA: PUTATIVE FUNCTIONS OF ASTROCYTES

Gliotransmission

Gliotransmission is the idea that astrocytes actively release substances in a Ca**-
dependent manner for the purpose of modulating neuronal activity. Intrinsic to this notion is
the concept of the Atri par tandpest-synapti@angewsonad Cc omp o s e
elements and the perisynaptic glial compartment.

In the first demonstration of signaling from astrocytes to neurons, researchers
applied a focal electrical stimulation to single astrocytes, which prompted a spreading Ca*
wave among multiple astrocytes and led to increases in intracellular Ca®* in neurons resting
atop the astrocyte layer (Nedergaard, 1994). A similar effect was noted by a separate group
that same year (Parpura et al., 1994). Application of bradykinin to cultured astrocytes
resulted in the release of glutamate into the culture medium, which was sufficient to induce
elevations of neuronal Ca®* through NMDA receptors (Parpura et al., 1994).

It was possible that these results were artifacts of astrocytes in culture conditions,
perhaps due to functional dedifferentiation (Juurlink and Hertz, 1985). In an effort to address
such concerns, several labs began testing for astrocytic Ca®* elevations in response to
neurotransmitter receptor stimulation in acute slice preparations in which local brain network
architecture is preserved. Agonists of adrenergic receptors were reported to evoke Ca?*
elevations in hippocampal astrocytes in situ (Duffy and MacVicar, 1995). Electrical
stimulation of the hippocampal Schaffer collateral neuronal fiber pathway similarly induced
elevations of astrocytic Ca®* within the stratum radiatum of the CA1 region that were
dependent on metabotropic glutamate receptor activity (Porter and McCarthy, 1996). It was
subsequently demonstrated that astrocytes in situ displayed Ca** elevations in response to

a variety of neurotransmitters including GABA (Kang et al., 1998), acetylcholine (Shelton
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and McCarthy, 2000; Araque et al., 2002), and histamine (Shelton and McCarthy, 2000).
This proved true when washing on receptor agonists or stimulating fiber pathways to evoke
synaptic release of neurotransmitters.

Astrocytic Ca**-induced release of glutamate could produce a diverse range of
effects on neuronal activity. Most notably, astrocytic Ca** elevations led to NMDAR-
dependent slow inward currents (SICs) in adjacent neurons and reduce the magnitude of
excitatory and inhibitory post-synaptic currents (Araque et al., 1998b). Astrocytic Ca®*
elevation could also alter the frequency of miniature post-synaptic potentials (Araque et al.,
1998a). These data opened the possibility for modulation of neuronal network dynamics via
astrocytic Ca®* signaling in response to neuronal activity. For instance, interaction of
astrocytes and inhibitory neurons could lead to astrocyte-mediated potentiation of miniature
inhibitory post-synaptic currents in pyramidal neurons (Kang et al., 1998). Results such as
these gave rise to the notion of the fAtripartite
equal partner with pre- and post-synaptic neuronal elements (Araque et al., 1999).

Initially it was unclear the mechanism by which astrocytic Ca®* elevation led to
changes in neuronal activity. One early study concluded that gap junction-mediated
communication was important for astrocyte-to-neuron communication (Nedergaard, 1994).
In contrast, other studies suggested a strictly Ca®*-dependent release mechanism (Parpura
et al., 1994), perhaps involving Ca**-dependent exocytosis events similar to those operating

in neuronal synaptic release (Jeftinija et al., 1996).
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Figure 6 (Araque et al.,, 1999). The tripartite synapse. Neurons signal to one another via
neurotransmitter release at the synaptic cleft (1). Neurotransmitter spillover during neuronal firing is
detected by astrocytes surrounding in the synapse (2). Astrocytes signal back to neurons (3), thereby
modulating neuronal activity as active partners in synaptic transmission.

Cultured astrocytes were previously shown to express certain proteins associated
with neuronal vesicular release such as synaptobrevin Il and syntaxin (Parpura et al., 1995).
Results were later reported that injection of the light chain of the Botulinum B neurotoxin,
which selectively cleaves the vesicle-associated SNARE protein synaptobrevin, into
astrocytes inhibited the astrocyte-induced glutamate response in neighboring neurons in
culture (Araque et al., 2000). Electron micrographs indicated that astrocytes express
vesicular glutamate transporters (VGLUT1/2) and SNARE proteins on small vesicular

compartments adjacent to neuronal structures (Bezzi et al., 2004).
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While Ca**-dependent exocytosis is traditionally the primary mechanism believed to
underlie gliotransmission-like effects, other non-vesicular release pathways have been
proposed as well. These include reversal of glutamate transporters (Szatkowski et al.,
1990), release from volume-sensitive membrane channels (Kimelberg et al., 1990; Takano
et al., 2005), release through functional hemichannels composed of gap junction subunits
(Ye et al., 2003), lysosomal exocytosis (Zhang et al., 2007), and release through other
membrane channels such as the two-pore K* channel TREK-1 or the Ca**-activated anion
channel BEST1 (Woo et al., 2012).

In many ways, studies examining gliotransmission have been the driving force
behind progress in glial biology for decades now. In particular, this area of research pushed
the further characterization of astrocytic Ca®* dynamics. Questions about whether astrocytes
are involved in modulating neuronal activity date back to the very beginnings of glial biology.

However, fewer ideas within the glial field are more hotly contested and
controversial than gliotransmission. On the surface, this is due in large part because of
discrepant results between different studies and investigative groups. For instance,
uncaging IP5 within astrocytes to evoke Ca** elevations is sufficient to increase the
frequency of AMPA spontaneous excitatory post-synaptic currents (Fiacco and McCarthy,
2004; Fiacco et al., 2007). But evoking astrocytic Ca** by expressing and stimulating an
exogenous Gg-GPCR does not alter neuronal activity (Fiacco et al., 2007; Wang et al.,
2013a). Clamping astrocytic Ca®* with BAPTA blocks long-term potentiation (LTP) in
neighboring neurons (Henneberger et al., 2010). Yet a genetic mouse line lacking astrocytic
IP;R-dependent Ca** elevation and displays no observable Ca?* signaling, the IP;R2 KO,
has normal basal neuronal activity (Petravicz et al., 2008) and plasticity (Agulhon et al.,
2010). In contrast, a mouse line inducibly expressing a dominant negative synaptobrevin Il
in astrocytes (dn-SNARE) to prevent Ca**-dependent exocytosis produced defects in

synaptic transmission and plasticity related to the inability of astrocytes to release adenosine
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(Pascual et al., 2005). However, a separate genetic model designed to block astrocytic
exocytosis using tetanus neurotoxin (TeNT) found no effect on basal synaptic activity (Lee
et al., 2014). Furthermore, not all studies are in agreement on whether astrocytes express
the necessary Ca?*-dependent exocytosis machinery (Li et al., 2013).

These discrepancies are not minor. Rather many of these observations are flatly
inconsistent with the idea that astrocytes actively regulate neuronal activity in a Ca*'-
dependent manner, especially if Ca** elevations are a function of Gg-GPCR and
downstream IP3R activity. The prominent belief among many investigators is that discrepant
results are due to technical limitations (Agulhon et al., 2008; Volterra et al., 2014) or
inevitable given the complexity of the brain and the processes under study (Araque et al.,
2014; Volterra et al., 2014). In general the field holds that astrocytic Ca®* signaling plays an
incredibly important and complex role in modulating neuronal activity (see Figure 8), though

this may occur by a diverse set of mechanisms.
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A ELEMENTARY CALCIUM RESPONSE HOMOSYMAPTIC MODULATION
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Figure 7 (Volterra et al., 2014). Current thinking on astrocytic ca”* and synaptic modulation. Different
types of ca” signals can be evoked in astrocytes dependlng on the nature and strength of local
synaptic activity. In turn, these varying astrocytic Ca*" elevations could function on diverse spatial or
temporal scales to modulate activity of individual neurons or neuronal networks.

Astrocyte -to-Neuron Lactate Shuttle (ANLS)

Neurons in the brain do not directly contact the vascular surface (Mathiisen et al.,
2010; McCaslin et al., 2011), or if they do this contact is extremely minimal. This creates a
barrier for delivery of nutrients and metabolites from the blood stream to neurons. Astrocytes

maintain close contact with essentially every cellular component of the brain including blood
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vessels. Based on this fact, early researchers inferred that astrocytes might play the critical
role of Afeedingd neurons. Some of the initial S
model systems were consistent with the idea (Wigglesworth, 1956, 1958, 1959, 1960).

The idea gained substantial traction with the finding that astrocytic glutamate uptake
stimulates the utilization of glucose and production of lactate through aerobic glycolysis in
cultured astrocytes (Pellerin and Magistretti, 1994). This was significant when considered
alongside the previous finding that lactate can sustain neuronal activity in brain slices in the
absence of glucose (Schurr et al., 1988). It was also becoming appreciated that glycogen, a
stored form of glucose within cells, is primarily localized to astrocytes in brain (Ignacio et al.,
1990). Subsequent histochemical studies characterized the expression profiles of lactate
dehydrogenase enzymes (Bittar et al., 1996; Pellerin et al., 1998) and monocarboxylate
transporters (Pellerin et al., 1998) in neurons and astrocytes. These data were consistent
with the idea that astrocytes might generate lactate for neuronal consumption.

In vivo, the activity-dependent release of lactate in striatum was shown to be
dependent on glutamate uptake when microdialysis was used to measure lactate levels and
deliver glutamate uptake inhibitors in behaving rodents (Demestre et al., 1997). **C nuclear
magnetic resonance spectroscopy revealed that neurons metabolize lactate in vivo (Hassel
and Brathe, 2000). In acute brain slices, synaptic function was maintained preferentially by
endogenous monocarboxylic glycolytic intermediates like lactate or pyruvate as opposed to
endogenous glucose during bath glucose deprivation (Izumi et al., 1997). These various
data supported the hypothesis that neuronal metabolism is fueled by lactate released by
astrocytes following astrocytic breakdown of glucose via glycolysis (Magistretti and Pellerin,

1999).
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Figure 8 (Pellerin and Magistretti, 2012). Basis of astrocyte-neuron lactate shuttle. Glutamate uptake
by astrocytes near synapses stimulates astrocytic glucose uptake and utilization by glycolysis.
Lactate (or pyruvate) produced through glycolysis can be released to fuel neuronal metabolism.

However, the astrocyte-neuron lactate shuttle (ANLS) hypothesis was called into
guestion by other groups. Interestingly, the initial observation of glutamate-induced
utilization of glucose by astrocytes in culture was found to be heavily dependent on culture
conditions, with many conditions yielding negative results (Hertz et al., 1998). Analyses of
enzyme kinetics and substrate availability within the brain appeared inconsistent with ANLS
(Chih et al., 2001).

Additional studies making use of novel techniques swayed the general opinion to
favor ANLS. Multiphoton imaging of native NADH fluorescence in brain slices revealed a

partitioning of glycolytic and oxidative metabolism between astrocytes and neurons, with
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dendrites displaying immediate oxidative metabolism during periods of activity followed by
delayed astrocytic glycolysis (Kasischke et al., 2004). Activity-stimulated glucose utilization
observed in real time in vivo using blood-born fluorescent glucose analogues like 6-deoxy-
N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-aminoglucose (6-NBDG) indicated that astrocytic
glucose uptake was markedly increased during brain activity whereas neuronal glucose
uptake remained constant (Chuquet et al., 2010). The loss of neuronal activity caused by
systemic insulin-induced hypoglycemia was prevented by infusion of lactate into the brain
(Wyss et al., 2011). Brain activity led to an increase in lactate oxidation in vivo, and lactate
was preferred as an energy substrate when both lactate and glucose were available (Wyss
et al., 2011).

The importance of lactate shuttling to neurons was explored in two recent in vivo
studies. Glycogenolysis and lactate release by astrocytes were found to be essential for
long-term memory formation and LTP in the hippocampus (Suzuki et al., 2011). Impeding
astrocyte-neuron lactate transport by disrupting monocarboxylate transporter expression
produced amnesia, but could be reversed with application of exogenous lactate provided
that neuronal lactate uptake was intact (Suzuki et al., 2011). Similar effects were noted
when glycogenolysis was impaired pharmacologically (Newman et al., 2011), suggesting
that astrocytic glycogen breakdown and lactate release are necessary for memory
formation. Importantly, application of lactate could rescue memory deficits but application of
glucose could not, suggesting that neurons preferentially use lactate as an energy source
during physiological activity (Newman et al., 2011; Suzuki et al., 2011). Lactate might have
other functions in the brain other than as a metabolic substrate or byproduct. In the locus
coeruleus, astrocyte-derived lactate can excite neurons to release noradrenaline
independent of lactate uptake into neurons and involving a cAMP-dependent step (Tang et

al., 2014).
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Not all observations agree with the astrocyte-neuron lactate shuttle hypothesis,
however. Lactate release from astrocytes depends on glucose oxidation through glycolysis,
but there is evidence that oxidative metabolism and glutamate oxidation are both used to
fuel astrocyte metabolism (Hertz et al., 2007; Dienel, 2013). Many perisynaptic astrocytic
processes contain mitochondria, permitting glutamate oxidation for ATP generation (Dienel,
2013). In a number of different experimental preparations neurons are capable of
upregulating glucose transport and glycolytic processes to meet energy needs (Dienel,
2012). There is a net release of lactate from the brain during periods of activity, suggesting
lactate is not locally oxidated (Dienel, 2012, 2013). Mathematical modeling indicates that
astrocytic glycogen breakdown serves the purpose of preserving extracellular glucose levels
for neuronal glycolysis and oxidative metabolism, rather than generation of lactate for
shuttling to neurons (DiNuzzo et al., 2010, 2012). An alternative hypothesis to ANLS which
considers these data states that I-sparihgat e mi ght
substrate under the proper conditions or in certain circumstances, but that glucose is
probably the major fuel for neurons (Dienel, 2012).

It should be noted that the debate on the validity of ANLS is primarily over whether or
not lactate is the preferred fuel source for neurons under normal conditions. Astrocytes are
understood to play a critical role in maintaining neuronal energy demand, though whether

this is through lactate shuttling, glucose shunting, or other mechanisms is unclear.

Gap junction coupled astrocyte networks

While it was known that direct, low-resistance connections exist between glial cells
(Kuffler and Potter, 1964), the first observation of gap junctions in astrocyte membranes was

made later using freeze-etching technique (Dermietzel, 1974), with functional dye-coupling
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confirmed in brain slices (Gutnick et al., 1981). Astrocytes are extensively connected via gap
junctions, which allow the passage of ions and electrical currents, and small molecules less
than 1000 Da in size (Giaume and McCarthy, 1996). Astrocyte coupling was initially
proposed as a syncitium-like organization, although focus within the field has shifted away
from this idea towards functional and plastic networks that operate in concert with neuronal
networks (Giaume and Liu, 2012).

One important aspect of astrocytic networks is that gap junctional communication
between astrocytes is modified by neuronal activity (Rouach et al., 2004). This phenomenon
was first reported in an astrocyte-neuron co-culture system, in which dye- and electrical-
coupling between astrocytes was enhanced by the presence of cerebellar neurons (Fischer
and Kettenmann, 1985). Dye-coupling was increased in astrocytes after stimulation of the
frog optic nerve (Marrero and Orkland, 1996). Conditions that are known to induce plasticity
or significant neuronal activity changes, such as an enriched environment, increased
expression of genes related to astrocytic coupling, like Cx30, in addition to genes related to
neuronal structure and activity (Rampon et al., 2000). A direct relationship between neuronal
activity and astrocytic gap junctional communication was demonstrated in striatal astrocyte-
neuron co-cultures. The presence of neurons in the culture augmented the degree of
functional coupling between astrocytes, as assessed by intercellular Ca?* wave propagation
(Rouach et al., 2000). Modulation of gap junctional communication could also be modulated
in the reverse direction. The removal of cultured neurons by application of neurotoxin or
suppression of spontaneous neuronal activity with pharmacological agents both decreased
glial coupling (Rouach et al., 2000).

The anatomic and functional compartmentalization of neuronal networks appears to
be mirrored by those of astrocyte networks. The barrel field of the rodent somatosensory
cortex contains well-defined compartmentalization, with characteristic Layer IV cortical

Abar r el siaputifrom smyle whibkers is processed. Dye coupling and
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immunochemical data indicate that interconnected astrocyte networks are also arranged into
barrels. In particular, gap junctional communication is much stronger within barrels than
between barrels, and genetic models that lack neuronal barrel organization also lack
astrocytic barrel organization (Houades et al., 2008). Similar structural segregation was
observed in the olfactory bulb (Roux et al., 2011), where single glomeruli process input
derived from single odorants. Suppression of neuronal activity in vivo by application of
tetrodotoxin (TTX) or sensory deprivation reduces intraglomerular gap junctional coupling by
modulation of Cx30, but not Cx43, through a mechanism dependent on extracellular K* and

K" influx into astrocytes (Roux et al., 2011).

]

Figure 9 (Houades et al., 2008). Gap junction-coupled astrocyte networks. Astrocytes are extensively
coupled by gap junctions composed of Cx43 and Cx30 that allow intercellular passage of ions and
small molecules (<1000 Da). The structural organization of astrocytic coupling often mirrors local
neuronal architecture, as in rodent barrel cortex above.

The importance of gap junctional coupling within astrocyte networks is still being
explored, but initial studies highlight the role of intercellular astrocyte communication in
metabolic support and regulation of basal synaptic transmission. Glucose or other metabolic

substrates can be transported throughout astrocyte networks via gap junctions. In the
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absence of extracellular glucose, coupled astrocyte networks are able to maintain neuronal
activity by shuttling glucose or lactate across multiple cells to areas of energetic demand
(Rouach et al., 2008). In contrast, neuronal activity cannot be maintained in a genetic mouse
model lacking astrocytic Cx43 and Cx30 (Rouach et al., 2008). Intercellular glucose
transport could possibly be a function of Na®* currents and intercellular Na** waves
generated by astrocytic glutamate uptake (Bernardinelli et al., 2004). The nature of evoked
astrocytic Na®* signals in acute slices depends on the strength of stimulation, with Na**
transients propagating across multiple astrocytes with stronger stimulus intensities (Langer
and Rose, 2009). Further, spread of Na®* throughout astrocyte networks is impaired by
interference with gap junctional communication and absent altogether in the Cx43, Cx30
double KO mouse line (Langer et al., 2012), indicating that astrocytic Na?* signals travel
intercellularly through gap junctions.

Interfering with astrocytic gap junctional coupling also leads to defects in synaptic
transmission including increased basal transmission and release probability, impaired LTP,
and enhanced LTD (Pannasch et al., 2011). These defects are attributed to increases in
extracellular glutamate and K* levels, which are in turn due to slower clearance rates by
Cx43, Cx30-deficient astrocytes (Pannasch et al., 2011), which is consistent with
impairments in Na** uptake or intercellular dissipation noted in other studies (Langer et al.,
2012). Synaptic transmission in mice with deficient astrocytic gap junctional coupling could
also altered by changes in the ability of astrocyte networks to buffer extracellular K* levels.
For example, while radial K* redistribution in hippocampal slices does not require intact
astrocytic coupling, the presence of gap junctions facilitates K* clearance and increases the
threshold for epileptiform events (Wallraff et al., 2006).

Astrocytes also form heterotypic Cx47/43 or Cx32/30 gap junctions with
oligodendrocytes (Orthmann-Murphy et al., 2007), the myelin-forming glial cells of the

central nervous system. A dysmyelinating phenotype and vacuolation are observed in the
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Cx43, Cx30 double KO mouse brain (Lutz et al., 2009). These findings suggest that
intercellular communication among coupled astrocyte networks or between astrocytes and
oligodendrocytes is critical for myelin integrity and therefore for neuronal function beyond
the synapse.

The majority of studies in the field of glial biology have considered astrocytes as
single units, insofar as experimental design is concerned i for example, uncaging ions or
molecules in single astrocytes. Functional coupling between astrocytes as part of larger
functional networks is one of the most intriguing and unique characteristics of these cells.
Though it is still a relatively unexplored area, available data already indicates that gap

junctional communication is likely a central component of astrocytic function in the brain.

Neurovascular Coupling

As the brain processes information, blood flow to active regions is increased. This
vascular phenomenon is termed functional hyperemia and also commonly referred to as
neurovascular coupling. It is believed to occur to keep pace with increased neuronal
metabolic demand, replenishing glucose and oxygen that is consumed at the onset of
activity. While the first observation of functional hyperemia was made by Roy and
Sherrington in the year 1890, the mechanisms of neurovascular coupling are still debated.

The first tractable hypothesis put forward posited that glial K* siphoning from
synaptic compartments to the vascular surface linked neuronal activity to changes in
vascular tone and blood flow (Paulson and Newman, 1987). Focus promptly shifted
however, with work in the 1980s and 1990s establishing that astrocytes express a wide

variety of G protein-coupled receptors (GPCRSs) that signal through the major G protein
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systems (Gq, Gs, Gi) that could be stimulated by neuronal activity in primary cultures or in
situ (Murphy and Pearce, 1987; Porter and McCarthy, 1997).

Further studies revealed that large astrocytic Ca®* signals can cause arteriole
dilations or constrictions in acute slices or retinal preparations. Specifically, stimulating
neuronal activity (Zonta et al., 2003; Metea and Newman, 2006; Straub et al., 2006) or
activation of astrocytic Gq-GPCRs using agonists (Zonta et al., 2003; Mulligan and
MacVicar, 2004) or directly uncaging Ca** or IP; in single astrocytes (Mulligan and
MacVicar, 2004; Straub et al., 2006) leads to slow vascular changes correlated to evoked
Ca®* elevations in astrocytes. Interfering with astrocytic signals using mGIuR antagonists
(Zonta et al., 2003), inhibitors of ER Ca** release (Straub et al., 2006) or injecting individual
astrocytes with BAPTA (Mulligan and MacVicar, 2004) decreases the magnitude of the
evoked vascular changes. Similar results were obtained when uncaging Ca** in perivascular
astrocyte endfoot structures in vivo (Takano et al., 2006). Astrocytic Ca®* elevations activate
arachidonic acid metabolism and release of various vasoactive products (Zonta et al., 2003;
Mulligan and MacVicar, 2004; Metea and Newman, 2006; Takano et al., 2006; Petzold et
al., 2008).

There is evidence though that multiple pathways contribute to neurovascular
coupling. A Ca?*-dependent K* current can be stimulated in endfeet that can dilate or
constrict arterioles depending on the magnitude of the Ca®* signal (Filosa et al., 2006;
Girouard et al., 2010). In vivo, manipulations that interfere with glial glutamate uptake also
blunt vascular responses (Gurden et al., 2006; Schummers et al., 2008), although it is
unclear how much of this effect might be indirect 1 for instance, due to modulation of

astrocytic Ca®* excitability.
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Figure 10 (Petzold and Murthy, 2011). Current model of neurovascular coupling. Neuronal activity
stimulates astrocytic Gg-GPCRs leading to ca”" elevation and Ca2+-dependent release of vasoactive
arachidonic acid metabolites. This model is based largely on in situ studies.

However, not all experimental results are in agreement with the current
neurovascular coupling model. In general, the onset of astrocytic Ca®* response in vivo trails
the stimulus onset by at least a full second and up to several seconds depending on the
study (Wang et al., 2006; Schummers et al., 2008; Nimmerjahn et al., 2009). The blood flow
increase, on the other hand, begins within the first second following the stimulus (Devor et

al., 2007; Tian et al., 2010). Most studies have demonstrated that evoking a Ca* signal in
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astrocytes can cause arteriole dilations (Zonta et al., 2003; Mulligan and MacVicar, 2004;
Filosa et al., 2006; Metea and Newman, 2006; Takano et al., 2006; Girouard et al., 2010) or
shown separately that physiological stimulus evokes blood flow increases (Kleinfeld et al.,
1998; Devor et al., 2007; Tian et al., 2010) or astrocytic Ca?* elevations (Wang et al., 2006;
Petzold et al., 2008; Schummers et al., 2008; Nimmerjahn et al., 2009). A primary prediction
of the model is that perivascular astrocytic Ca®* elevation should precede the vascular
response. Much of the available correlative in vivo data do not support this.

Recent studies have tested the causal relationship between astrocytic Ca®* signals
and vascular responses in vivo. Electrical forepaw stimulation in anesthetized mice led to
reliable dilations of cortical arterioles, but adjacent astrocyte endfeet displayed inconsistent
Ca?" elevations (Nizar et al., 2013). When Ca?* elevations were observed, they were
delayed relative to the onset of blood flow increase (Nizar et al., 2013). Further, vascular
responses to stimuli in vivo are preserved in the IP;R2 KO mouse model, in which astrocytic
IP;R-dependent Ca** signaling is eliminated (Nizar et al., 2013; Takata et al., 2013). In
contrast, a separate study described rapid astrocytic Ca** signals, the amplitude of which
correlate well with the amplitude of evoked blood flow increases (Lind et al., 2013).
Traditional microscopic frame imaging (1-2 Hz) is too slow to detect these rapid signals.
Furthermore, in vivo experiments with anesthetized animals are confounded by the
possibility that astrocytic signaling is directly impaired by anesthesia (Thrane et al., 2012).

The purpose of the present thesis research project was to, on a general level,
address critical gaps within this field and specifically to directly test the hypothesis that
astrocytic Gg-GPCR-linked IP;R-dependent Ca®* signaling mediates neurovascular coupling
in awake mice. Our lab has developed key genetic tools that allow for selective control of
astrocytic Gg-GPCR and Ca”* signaling in awake animals; a previously unattainable degree
of in vivo experimental control. The Gg-DREADD (Designer Receptor Exclusively Activated

by Designer Drugs) system entails a mutated muscarinic receptor that lacks affinity for
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endogenous ligands, does not display significant basal activity, and is activated by a blood-
brain barrier-permeable compound, Clozapine-N-Oxide (CNO), that does not stimulate
endogenous receptors (Armbruster et al., 2007). This system allows for activation of Gg-
GPCR signaling selectively in astrocytes in vivo simply by intraperitoneal injection of CNO.
The IP;R2 KO mouse model lacks the IP3 receptor subtype expressed by astrocytes,
effectively eliminating Ca®* release from the ER in astrocytes without affecting neuronal
function (Petravicz et al., 2008; Agulhon et al., 2010). Our results (Bonder and McCarthy,
2014) corroborate and expand upon those of recent in vivo studies (Nizar et al., 2013;
Takata et al., 2013), further suggesting that our current understanding of neurovascular

coupling is not correct.
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CHAPTER 2: THESIS RESEARCH

Experimental evidence demonstrating that astrocytic Gg-GPCR-linked IP;R-dependent Ca**

signaling does not mediate neurovascular coupling in mouse visual cortex in vivo

OVERVIEW

Local blood flow is modulated in response to changing patterns of neuronal activity
(Roy and Sherrington, 1890), a process termed neurovascular coupling. It has been
proposed that the central cellular pathway driving this process is astrocytic Gq-GPCR-linked
IP;R-dependent Ca** signaling, though in vivo tests of this hypothesis are largely lacking.
We examined the impact of astrocytic Gq-GPCR and IP;R-dependent Ca** signaling on
cortical blood flow in awake, lightly sedated, responsive mice using multiphoton laser-
scanning microscopy and novel genetic tools that enable the selective manipulation of
astrocytic signaling pathways in vivo. Selective stimulation of astrocytic Gq-GPCR cascades
and downstream Ca?* signaling with the hM3Dq DREADD designer receptor system was
insufficient to modulate basal cortical blood flow. We found no evidence of observable
astrocyte endfeet Ca®* elevations following physiological visual stimulation despite robust
dilations of adjacent arterioles using cyto-GCaMP3 and Lck-GCaMP6s, the most sensitive
Ca”* indicator available. Astrocytic Ca®* elevations could be evoked when inducing the
startle response with unexpected air puffs. However, startle-induced astrocytic Ca®* signals

did not precede corresponding startle-induced hemodynamic changes. Further,
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neurovascular coupling was intact in lightly sedated, responsive mice genetically lacking
astrocytic IP;R-dependent Ca®* signaling (IPsR2 KO). These data establish that astrocytic
Gg-GPCR-linked IP;R-dependent Ca®* signaling does not mediate neurovascular coupling

in visual cortex of awake, lightly sedated, responsive mice.
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INTRODUCTION

Understanding how cerebral vascular dynamics are coupled to neuronal activity is of
intense scientific and clinical interest. Blood flow changes serve as the basis for functional
MRI (Kim and Ogawa, 2012), which is the best method for noninvasively imaging human
brain activity in real time. The underlying cellular and molecular mechanisms driving
neurovascular coupling have remained elusive and controversial (Mishra et al., 2011; Nizar
et al., 2013; Takata et al., 2013).

Substantial evidence utilizing pharmacological approaches to manipulate astrocytic
signaling in situ supports the hypothesis that functional hemodynamics are mediated by Gg-
GPCR-linked Caz"—dependent processes (Zonta et al., 2003; Mulligan and MacVicar, 2004;
Metea and Newman, 2006; Straub et al., 2006; Gordon et al., 2008; Girouard et al., 2010;
He et al., 2012; Stobart et al., 2013). It remains unknown to what degree functional
hemodynamics in the acute slice mirror processes of neurovascular coupling in vivo. It was
recently reported that cortical arteriole dilations in anesthetized mice occur in the absence of
observable Ca** elevations in adjacent astrocyte compartments (Nizar et al., 2013).

It is also unclear whether traditional experimental tools reveal physiology or artifacts
of non-physiological manipulations (Fiacco et al., 2007; Agulhon et al., 2010; Wang et al.,
2013a). Whereas chelating astrocytic Ca®* blocks neurovascular coupling in situ (Mulligan
and MacVicar, 2004; Gordon et al., 2008), functional hyperemia is intact in anesthetized
IP;R2 KO mice (Nizar et al., 2013; Takata et al., 2013), in which astrocytic IPsR-dependent
Ca?* signaling is eliminated (Petravicz et al., 2008). However, astrocytic behavior could be
markedly altered by anesthetics (Thrane et al., 2012). Anesthesia is known to increase
basal blood flow in brain and alter functional hyperemia (Masamoto et al., 2009).

Consequently, accurate dissection of the pathways mediating neurovascular coupling
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