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Work over the past 20 years has implicated electrically nonexcitable astrocytes in complex
neural functions. Despite controversies, it is increasingly clear that many, if not all, neural
processes involve astrocytes. This review critically examines past work to identify the com-
monalities among the many published studies of neuroglia signaling. Although several
studies have shown that astrocytes can impact short-term and long-term synaptic plasticity,
further work is required to determine the requirement for astrocytic Ca** and other second
messengers in these processes. One of the roadblocks to the field advancing at a rapid pace
has been technical. We predict that the novel experimental tools that have emerged in recent
years will accelerate the field and likely disclose an entirely novel path of neuroglia signaling

within the near future.

he year 2014 represents the 20th anniversary
Tof a pair of papers published by the writers
that provided the first indication that astrocytes
actively signal to neurons, and that these glial
cells have the potential to be participants in the
control of neural circuit function and behav-
ior (Nedergaard 1994; Parpura et al. 1994). Al-
though we have taken independent paths, we
come together on this anniversary to discuss
what we have learned since 1994, where we see
the field progressing, and, finally, to discuss
some key steps that we believe should be taken
in the next decade to begin to further clarify the
diverse roles that astrocytes play in brain func-
tion in health and disease.

Without knowledge of one another’s work,
we published a pair of papers that provided the

first demonstration that physiological changes
in astrocytes influence neurons: stimulated
Ca®" changes in astrocytes led to delayed Ca*"
responses in neurons (Nedergaard 1994; Par-
pura et al. 1994). To set the backdrop to these
studies, this was a period of explosive growth in
Ca’" imaging that resulted from the availability
of fluorescent Ca®" indicators and sensitive
cameras to permit low-light-level imaging of
intracellular biochemistry. As a consequence,
there had been several recently published studies
revealing that astrocytes show Ca”" elevations in
response to mechanical contact or even to the
addition of neurotransmitters, such as gluta-
mate (Cornell-Bell et al. 1990). However, the
functional downstream consequences were un-
known. In our studies, which used a combina-
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tion of different stimuli—mechanical, optical,
as well as a chemical transmitter bradykinin—
we were able to show a robust impact of the
astrocytic Ca*" signal on the adjacent neurons
(Nedergaard 1994; Parpura et al. 1994). Despite
differences in mechanistic conclusions, these
papers stimulated revised thinking about roles
of astrocytes in the brain—perhaps these glial
cells were actively signaling, albeit on a slower
time scale, to modulate neurons, circuits, and,
ultimately, behavior.

The subsequent two decades have been spent
examining the signaling of astrocytes to neurons
in more intact systems. As a consequence of this
work, it is clear that astrocytes play critical roles
in actively modulating brain function, although
we are still putting the pieces of the puzzle in
place to understand where, when, and how this
process occurs naturally in vivo and when dys-
function can lead to disorders of the brain.

The field has gone through an explosive
growth that has consisted of several phases. Ini-
tially, there was the dish phase in which the
potential of the astrocyte was revealed in cell
culture. These studies were essential as they cap-
tured our imagination and stimulated new
thinking; however, they were limited by the
fact that the properties of astrocytes can be dif-
ferent in vitro and in vivo. Next, we had the in
situ phase, in which we asked whether similar
processes could be detected in situ in acutely
isolated brain slices. Then we began asking about
roles in vivo through Ca*" imaging together
with two-photon microscopy as well as with
molecular genetic alterations to permit the in-
hibition and stimulation of astrocytes. Each of
these phases has offered unique insights, chal-
lenges, and opportunities for the field.

Through all of these phases, an emergent
picture is developing in which it is without
doubt that astrocytes play important roles in
vivo but that the mechanisms are so diverse
and complex that an understanding is still to
emerge.

Some of the major challenges that we have
faced and continue to face include: What are the
endogenous signals of these glial cells? How can
we stimulate astrocytes in a physiologically rel-
evant manner? How can we inhibit astrocytes to

determine when they are needed for brain func-
tion? And last, but by no means least, how di-
verse are astrocytes?

We are still at the early days of understand-
ing astrocytes, and patience regarding func-
tional interpretation is required. We make this
statement because there have been apparently
contradictory conclusions drawn from different
studies. The individual observations are impor-
tant as they help provide a fuller picture of the
biology of these complex cells. However, the
jury still needs further evidence before defini-
tive conclusions can be drawn. For example, a
plethora of studies have shown that Ca®* signals
stimulate gliotransmission and the consequent
modulation of neurons and synapses (see Table
1). A significant endogenous source of the Ca**
signal of the astrocyte is from the IP;-sensi-
tive Ca®* store. Thus, when an IPsR, knockout
mouse was used and it was found to have no
impact on synaptic transmission and plasticity
(Agulhon et al. 2010), the field was rocked. We
do not question the data of the study; instead,
we believe this is an important piece of informa-
tion that ultimately needs to be put in context.
In contrast, additional studies have shown that
IP; receptors are important for other aspects
of astrocyte-induced synaptic modulation. A
more recent study has shown that, in addition
to Ca>" release from internal stores, the influx
of Ca*" through transient receptor potential
(TRP) channels is important for gliotransmis-
sion (Shigetomi et al. 2013). Clearly, such influx
sites were unlikely to have been affected by the
IP;R, knockout and were shown to regulate
D-serine release from the astrocyte. Another
piece of the puzzle is added. Undoubtedly, there
will be further twists and turns, but that is the
joy of discovery, and it should be embraced.

We believe that it is also important to be
constrained when discussing Ca*" as there is
not just one type of Ca*" signal. For example,
there are global Ca*" signals in which large so-
matic Ca>" elevations arise and that can prop-
agate as slow waves between adjacent astrocytes
in slices preparation. In vivo, astrocytes in awake
mice display global Ca®" increases that often
simultaneously engaged most cells within the
field of view. Isolated oscillatory cellular Ca**
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Table 1. Effect of Ca" signaling on excitatory or inhibitory potentials, slow inward current, synaptic failure, or

neural bistability

Change in the Duration of
Method for inducing frequency of EPSP modulation of
Preparation astrocytic Ca’* signaling or IPSP (%)? EPSP or IPSP? References
Hippocampal Mechanical stimulation or - 10-50 sec Araque et al.
cocultures photolysis of caged Ca*" 1998
Retina Mechanical stimulation Modulation of light-  10-20 sec Newman and
induced neural Zahs 1998
activity
Frog Injection of GTP-vS in Modulation of nerve- For the duration Robitaille 1998
neuromuscular  perisynaptic Schwann cells evoked synaptic of the
junction responses recordings
Hippocampal Train of depolarization 10%-30% ~60-120 sec  Jourdain et al.
slices 2007
Hippocampal Photolysis 20%-30% decrease  50—60 sec Perea and
slices in synaptic failure Araque 2007
Hippocampal Agonists (ATP, UTP, FMRF)  ~20%-30% 10—60 sec Wangetal. 2012a
slices
Hippocampal Photolysis of caged Ca*™ ~30% 10—60 sec Wang et al. 2013
slices
Slow inward current
Hippocampal Agonist (DHPG) and Slow inward current  ~20-50 sec Fellin et al. 2004
slices photolysis of caged Ca*"
Hippocampal Neuronal depolarization Slow inward current  ~50 sec Navarrete and
slices Araque 2008
Decrease in synaptic failure rate
Hippocampal Train of depolarization ~20%-30% 20 min Kang et al. 1998
slices
Hippocampal Photolysis of caged Ca** ~20%-30% ~60 sec Perea and
slices Araque 2007
Hippocampal Agonists ~20%-30% 10-60 sec Wangetal. 2012a
slices
Hippocampal Comparison of agonists and ~ ~20%—-30% 10—60 sec Wang et al. 2013
slices photolysis of caged Ca®*
Bistability
Cortical slices Trains of depolarization Upstate - Poskanzer and
synchronizations Yuste 2011
Cerebellar slices ~ Agonists (ATP, UTE, FMRF)  Increase in duration = 40-60 sec Wang et al.
of upstate 2012b

All of the studies included in the table show that the modulatory effect on neural activity is Ca>"-dependent (BAPTA load-

ing, thapsigargin, and/or use of transgenic mice with deletion of IP;R; receptors).

DHPG, dihydroxyphenylglycine; EPSP, excitatory postsynaptic potential; IPSP, inhibitory postsynaptic potential.

*For simplicity, EPSP and IPSP denote excitatory or inhibitory potentials or currents in both presence and absence of
tetrodotoxin (TTX). Details can be found in the original papers.

®The same study compared the effect of photolysis and agonist-induced astrocytic Ca>" signaling and found that only

photolysis, but not agonist exposure, induced changes in the frequency of EPSPs.
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signals can be restricted to one cell, and there are
“spotty” Ca>" signals that can be restricted to
local microdomains (Shigetomi etal. 2013). Itis
possible, even likely, that each of these signals
mediates different processes and more effort
should focus on understanding the important
functional distinction between each.

Other areas of interesting debate have con-
cerned how gliotransmitters are released.
Evidence exists for multiple mechanisms: exo-
cytosis, anion transporters, and connexin hemi-
channels, to name a few. Significant evidence
exists for each, and it is likely that all are used,
although in different locales, and are recruited
under differing conditions. A challenge is to
perform precise experiments that allow the dis-
crimination between each mechanism and to
identify when each is recruited in physiology
and/or pathology.

CA”"-DEPENDENT GLIOTRANSMITTER
RELEASE

A wealth of studies over the past two decades
has shown that astrocytes are active participants
in synaptic transmission. Astrocytes provide not
only metabolic support for hungry synapses, but
also actively modulate synaptic strength. Work
from multiple laboratories shows that astrocytes
participate in synaptic transmission by releasing
gliotransmitters that include glutamate, ATP,
adenosine, or D-serine in slices. Many, although
not all, of these studies have used brain slices
prepared from juvenile rodent pups (reviewed
in Araque et al. 1999; Nedergaard et al. 2003;
Allen and Barres 2005) making it important to
determine which of the observations are limited
to postnatal development as opposed to physi-
ology of mature systems. Progress in the field of
neuroglia signaling has been so rapid in recent
years that it requires us to take a step back and
reflect on what the information generated by
many groups actually tells us about the brain
and how it functions.

Looking back at the literature on neuroglia
signaling, it is clear that the most popular ap-
proach to studying the involvement of astrocytes
in neural activity has been to record excitatory
postsynaptic potentials (EPSP) or inhibitory

postsynaptic potentials (IPSP) (Fig. 1). These
studies have often used whole-cell patching
combined with selective simulation of astrocytic
Ca®" signaling. Such analysis has shown that
astrocytic Ca*" signaling can trigger an increase
in EPSP or IPSP frequencies and, in more select-
ed cases, also increase the amplitudes of ex-
citatory potentials. For example, in one study,
mechanical-induced astrocytic Ca®" signaling
increased the frequency of EPSPs and IPSPs by
20%—50% in cocultures of astrocytes and neu-
rons (Araque et al. 1998). Similarly, photolysis
of caged IP; triggered a transient increase in the
EPSC frequency in the range of 20%—-60% in
hippocampal slices from 10- to 15-d-old mouse
pups (Fiacco and McCarthy 2004). It is a typical
finding among these and later studies on neuro-
glia signaling that the potentiation is transient
and ceases after 20—60 sec (Table 1). One line
of work has instead detected slow inward cur-
rent mediated by extrasynaptic N-methyl-p-
aspartate receptors (NMDARs) (NR2B) (Fellin
et al. 2004). Another, albeit less popular, ap-
proach has been to evaluate the effect of astro-
cytic Ca®* signaling on synapses with a high
rate of failures. These studies are technically
more difficult as they are based on either double
patching of synaptically coupled neurons (Kang
et al. 1998) or single patching combined with
minimal stimulation (Perea and Araque 2007;
Navarrete and Araque 2008; Wang et al. 2012a).
The analysis from several laboratories shows
that stimulation of Ca*" signaling can reduce
synaptic failure by 10%—30%, but the effect is
short lived and does not persist beyond a few
minutes (Table 1). Finally, in more recent pa-
pers, bistability of neural membrane potential
has also been shown to be affected by stimula-
tion of either cortical astrocytes (Poskanzer and
Yuste 2011) or Bergmann glia (Wang et al.
2012b). In both cases, Ca®" signaling resulted
in short-lived (<1 min) changes in the stereo-
typical pattern of neuronal up and down states
(Table 1). It is important to note that the mod-
ulatory effects of astrocytes are relatively modest
and the conditions need to be optimized, in-
cluding consistency of time of the day in which
data are collected (see later discussion). It is
therefore not surprising that several studies
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Figure 1. Common approaches to study astrocyte-to-neuron signaling. Astrocytic Ca*" signaling is evoked by
either photolysis of caged compounds (Ca*" or IPs), train of depolarizations (electrical), or agonist application.
The effect of astrocytic Ca®* signaling is typically monitored by whole-cell patching of a nearby neuron. Most
studies have recorded changes in either (1) the frequencies of EPSP/IPSP, (2) NR2B-mediated slow inward
currents, (3) rate of synaptic failure in synaptically couple neurons, or (4) bistability of neuronal membrane
potential. Recordings before, during, and after induction of astrocytic Ca** signaling is used to evaluate the
potency by which astrocytes modulate neuronal activity. Table 1 compares the data from the many groups using

these approaches.

have failed to detect astrocytic regulation of
synaptic transmission.

Thus, work from multiple independent lab-
oratories shows that astrocytes can transiently
modulate synaptic transmission in slices pre-
pared from young pups via a Ca®"-dependent
pathway. One important take-home message
from Table 1 is that the impact of astrocytes is
limited to a timescale of tens of seconds. Astro-
cytic Ca** signaling, whether evoked by electri-
cal stimulation, photolysis of caged compounds,
or agonists, only evokes an ~10- to 60-sec-last-
ing modulation in the activity of nearby neu-
rons. The similarities of the observations listed
in Table 1 are remarkable considering that dif-
ferent approaches were used to both stimulate
astrocytes and detect effects in neighboring neu-
rons. This suggests that mobilization of astrocyt-
ic Ca*" stores and subsequent increases in cyto-
solic Ca** may trigger a stereotypical response
that can be detected as either changes in the fre-
quency of synaptic potentials, as slow inward
currents, changes in neuronal bistability of
membrane potential, or as a decrease in extra-

cellular K* concentrations. Other lines of work
indicate that Ca*" increases are linked to a minor
hyperpolarization (2—4 mV) rather than depo-
larizations of astrocytic membrane potential, as
well as an increase in glycogenolysis. It is impor-
tant to extend these observations into a full de-
scription of what intracellular processes are ac-
tivated in astrocytes on increases in cytosolic
Ca’". The difficulties in developing a compre-
hensive understanding is that neural output
measures in the past have represented the prin-
cipal tool for detecting astrocytic responses
to Ca®" increases. Another important question
that we address below is whether the modula-
tion of the synapse is the sole, or primary, target
of gliotransmission and whether astrocytes exert
neuromodulation over different timescales.

THE IMPORTANCE OF EXTRACELLULAR
K* IN SETTING THE THRESHOLDS FOR
GENERATION OF ACTION POTENTIALS

The foundation for neural activity is not limited
to synaptic transmission. The ability of neurons

Cite this article as Cold Spring Harb Perspect Biol 2015;7:a020438 5
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to propagate action potentials forms the basis
for all complex neural functions. What if astro-
cytes control or regulate the ability of neurons to
generate action potentials? Modulation of the
threshold by which action potentials are gener-
ated could potentially position astrocytes into a
far more active role than previously recognized.
The two key determinants for generation of ac-
tion potentials are the resting neuronal mem-
brane potential and the threshold for activation
of voltage-gated sodium channels. Voltage-gat-
ed Na™ channels generate the steep depolariza-
tion characteristic of action potentials in neu-
rons when the membrane potential reaches
—55 mV or lower (Hounsgaard and Nicholson
1983). Thus, the voltage gap between the resting
membrane potential and the threshold for acti-
vation of Na™ channels is an important factor
determining the excitability of neural networks.
According to the classical or “textbook” def-
inition, it is the relative balance between excit-
atory and inhibitory input or the frequencies of
EPSPs and IPSPs that determines when the
membrane potential reaches the magical thresh-
old of —55 mV at which an action potential is
triggered. It is often forgotten that the resting
membrane potential of neurons is highly sen-
sitive to changes in extracellular K*. Even mi-
nor increases or decreases in K* will enhance
or reduce neural excitability by altering the
gap between the resting membrane potential
and activation of voltage-gated Na™ channels
(Wang et al. 2012a). In slices, simply increasing
both extracellular K" leads to epileptiform ac-
tivity (Traynelis and Dingledine 1988), and lo-
cal cortical application of K™ triggers myoclonic
seizures within minutes in awake wild-type
mice (Rangroo Thrane et al. 2013). Not unex-
pectedly, the central nervous system (CNS) has
invested considerable effort into maintaining
extracellular K" in a tightly controlled range
of 3.5-4.0 mm. For example, the permeability
of the blood—brain barrier (BBB) to K™ is low,
and a bolus injection of K™ injected into blood
does not change extracellular K* concentra-
tions in the cortex (Hansen et al. 1977). Astro-
cytes were identified more than 50 years ago as
the primary cell type responsible for K* buffer-
ing. Work by the Leif Hertz group (Hertz 1965)

showed that astrocytes are specialized for rapid
uptake of K™. Later, Kuffler showed that astro-
cytes are highly K" permeable (Orkand et al.
1966). These observations, as well as other
more recent studies, have led to the concept
that astrocytes are the cell type chiefly respon-
sible for buffering the increases in K" that occur
during neural firing. Some controversies have
existed with regard to how astrocytes actually
buffer excess K*. Multiple pathways, including
Kir4.1, NKCCI, and the Na™*, K™ ATPase, were
originally implicated in K" buffering (Walz
2000; D’Ambrosio et al. 2002), but later studies
have refined the concepts by showing that in-
creases in extracellular K™ are primarily elimi-
nated by astrocytic K+ uptake via the Na™, K*
ATPase (Wallraff et al. 2006; Seifert et al. 2009) .
Kir4.1 is important for setting the resting mem-
brane potential, but appears to play a minor
role, if any, in buffering local increases in K"
(Chever et al. 2010). The NKCCI cotransporter
is expressed at low levels by astrocytes in the
adult rodent brain and is therefore unlikely to
be implicated in K* buffering (Larsen et al.
2014). Thus, astrocytes are chiefly responsible
for K™ buffering via the Na™, K ATPase, and,
thereby, are similarly responsible for stabilizing
neural membrane potential (Larsen et al. 2014)

CA*"-DEPENDENT K UPTAKE

In addition to uptake of excess K™, recent work
shows that astrocytes also are engaged in active
control of resting extracellular concentrations of
K. Analyses in vitro, in hippocampal slices, and
in vivo show that astrocytic Ca*" signaling leads
to the rapid uptake of K" and a transient lower-
ing of extracellular K™ (Wangetal. 2012a). Phar-
macological analysis indicates that Ca*"-medi-
ated K+ uptake is driven by the Na™, K ATPase
and is dependent on the influx of Na ™" facilitated
by the Na™, Ca** exchanger (NXC) (Wang et al.
2012a). The intracellular concentration of Na™
in many cells, including astrocytes, is rate limit-
ing for the activity of the Na™, K™ ATPase (Pel-
lerin and Magistretti 1997; Lupfert et al. 2001).
Thus, increases in Nat activate the Na*, K
ATPase and, consequently, lower the levels of
extracellular K*. Ca®*-regulated K" uptake has

6 Cite this article as Cold Spring Harb Perspect Biol 2015;7:a020438
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been shown to decrease the frequency of EPSPs
at baseline in a time frame concomitant with a
reduction in the rate of synaptic failures (Wang
etal. 2012a). The net result is that astrocytes via
active uptake of K™ reduce baseline EPSPactivity
(noise), while enhancing the precision of signal
transmission. In other words, astrocytic Ca*t
signaling increases the signal-to-noise ratio of
neural processing. Ca’"-mediated K* uptake
endows astrocytes with a simple yet powerful
tool for rapid and widespread manipulation of
neural networks (Wang et al. 2012a). However,
similar to gliotransmitter release, active K" up-
take is transient and extracellular K™ returns to
baseline levels within ~60 sec.

LONG-TERM CHANGES IN NEURAL
NETWORKS AND THE ROLE OF
ASTROCYTES

Other lines of work have assessed the role of
astrocytes in longer-lasting plasticity or more
specifically in hippocampal long-term potenti-
ation (LTP). Perhaps the most contentious area
has surrounded the influence of astrocytes in the
modulation of I'TP in brain slice preparations.
At this time, it is not clear why different results
have been obtained; however, possibilities in-
clude different stimulus conditions, tempera-
ture, and age of preparations. Rather than de-
bating pros and cons of each study, we simply
report the results of a few. In most of these stud-
ies, LT'P was triggered by high-frequency stimu-
lation (HES), and the effects of genetic or phar-
macological manipulation of astrocytes assessed
in parallel. In the first study of astrocytes in LTR,
dominant-negative inhibition of vesicular re-
lease (soluble NSF attachment protein receptors
[SNARE]) under the astrocyte-specific promot-
er, glial fibrillary acidic protein (GFAP), lowered
baseline adenosine concentration (Pascual et al.
2005), which leads to a long-term change in
postsynaptic NMDAR trafficking (Clasadonte
et al. 2013), and, as a consequence, leads to a
change in modulation of the magnitude of
NMDAR-dependent LTP. In another study, p-
serine release from astrocytes was shown to be
critical for NMDAR-dependent I'TP (Henne-
berger et al. 2010). Another group showed that

How Do Astrocytes Participate in Neural Plasticity

engraftment of human astrocytes lowered the
threshold for induction of I'TP in the murine
hippocampus by increasing AMPA receptor re-
cruitment in response to HFS. This effect was
shown to be mediated, at least in part, by release
of tumor necrosis factor (TNF)-a (Han et al.
2013). Glia-derived TNF-« drives insertion of
AMPA receptors in the postsynaptic membrane
(Stellwagen and Malenka 2006). Combined,
these studies show that astrocytic-derived neu-
romodulators, including adenosine, p-serine,
or TNF-a alter neuronal responsiveness to
HFS, resulting in long-lasting changes in neural
excitability. It is worth noting that neither the
control of adenosine nor TNF-a reports includ-
ed astrocytic Ca®" signaling as a key step in long-
term neural plasticity. In contrast, significant
evidence supports a role for astrocytic Ca*" sig-
naling in the regulation of extracellular p-serine.
These studies raise the interesting potential that
there is one or more Ca”"-independent glial
pathway that regulates neuroglial coupling and
deserves further attention. This is a consider-
ation we return to later when we discuss time
of day and vigilance state-dependent regulation
of gliotransmission.

Thus, looking back on reports published
over the last several decades, it is clear that single
episodes of astrocytic Ca*" signaling exert a
transient effect on synaptic transmission and
that more sustained effects, either mediated
via modulation of receptor trafficking or excit-
ability, may act independent of Ca®" excitabil-
ity. This conclusion is supported by other lines
of work showing that astrocytes are instrumen-
tal for synapse formation, maintenance, and
elimination (Ullian et al. 2004; Allen and Barres
2005; Chung and Barres 2012).

IN VIVO STUDIES

To develop a framework for how astrocytes par-
ticipate in complex neural processes, it is nec-
essary to include in vivo studies. Does the anal-
ysis of live animals contain the information that
will decipher how astrocytes contribute to neu-
ral function beyond their metabolic and ho-
meostatic functions? Maybe. Several laborato-
ries have studied astrocytic Ca®" signaling in
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anesthetized or awake mice after loading the
exposed cortex with fluorescent Ca** indica-
tors. The most popular approaches have been
to characterize astrocytic Ca®" signaling evoked
by sensory input, including whisker (Wang et al.
2006), visual (Schummers et al. 2008), or olfac-
tory stimulation (Gurden et al. 2006). Other
groups have studied astrocytic Ca*" signaling
during locomotion in awake animals (Dombeck
et al. 2007; Hoogland et al. 2009; Nimmerjahn
etal. 2009). So what have they found? Two main
findings have so far emerged from these studies:
(1) Astrocytic Ca*" signals are coordinated and
displayed as widespread synchronous Ca*" in-
creases that engage essentially all astrocytes
within the field of view (typically 20—80 cells
across a 200- to 600-pm-wide field). Wide-
spread synchronized Ca®" increases are a con-
sistent finding across many laboratories in in
vivo preparations, but surprisingly, widespread
synchronized Ca* signaling has never been ob-
served in slices. Pathological conditions, such as
acute ammonia toxicity, lead to a disappearance
of global astrocytic Ca®* increases, which are
replaced with oscillatory increases of Ca*" in
single astrocytes (Rangroo Thrane et al. 2013).
Similar observations have been made in more
chronic disease states, such as mouse models of
Alzheimer’s disease in which astrocytes display
abnormal oscillatory increases in Ca®* (Takano
et al. 2007; Kuchibhotla et al. 2009). (2) Astro-
cytes respond slowly to sensory stimulation with
Ca”" increases that first peak 3—10 sec after ini-
tiating the stimulation (Wang et al. 2009). The
slow engagement of astrocytes in response to
sensory stimulation is also a general phenome-
non observed across different laboratories and
corresponding to the slow speed at which astro-
cytic Ca*" signaling is triggered in acute slices. A
recent study based on a clever analysis of stag-
gered imaging processing found that astrocytes
also may display very fast Ca> " transients, which
peak within milliseconds after whisker stimula-
tion (Lind et al. 2013). This observation is in-
teresting but awaits confirmation from other
groups. Notably, anesthesia has been shown to
potently dampen the spontaneous widespread
astrocytic Ca®" signal, suggesting that media-
tors of wakefulness, including catecholamines,

may play a role in spontaneous astrocytic Ca®"
signaling (Thrane et al. 2012).

Of note, the original in vivo studies attrib-
uted neuroglia Ca®" signaling to activation of
astrocytic metabotropic glutamate (mGlu) re-
ceptors by synaptic release of glutamate (Gur-
den et al. 2006; Wang et al. 2006; Schummers
et al. 2008); glutamate acting as a mediator of
neuroglia signaling has later been challenged by
the finding that adult cortical and hippocampal
astrocytes have significantly reduced expression
of Gg-linked mGlu receptors and that mGlu
receptor agonists only trigger astrocytic Ca>"
signaling during early development stages (be-
fore 3 wk of age) (Sun et al. 2013). Because
mGlu receptors are expressed by excitatory
neurons, it is possible that the mGlu receptor
agonists directly interfered with local transmis-
sion, but more studies are obviously needed. By
comparing in vivo studies to observation in slic-
es, it is clear that astrocytic Ca®" signaling in
intact adult brain and in acute slice preparations
from young pups differ fundamentally with re-
gard to both spatial extension and mode of ini-
tiation.

NEUROMODULATORS AS A KEY MEDIATOR
OF ASTROCYTIC CA*" SIGNALING IN
AWAKE MICE

More recent observations point to the novel
concept that both spontaneous and evoked as-
trocytic Ca® " signaling are mediated by norepi-
nephrine in response to locus coeruleus (LC)
activation in awake mice. Direct stimulation of
LC triggers coordinated and synchronous astro-
cytic Ca** signaling similar to spontaneous and
evoked Ca®" signaling (Bekar et al. 2008b; Ding
etal. 2013). LC is the sole source of norepineph-
rine in forebrain. LC is located in pons, and LC
neurons extend highly branched unmyelinated
projections that form a large number of varicos-
ities containing norepinephrine-containing
vesicles (Levitt and Moore 1978). Less than
10% of these varicosities can be characterized
as conventional synapses apposed to a postsyn-
aptic membrane (Cohen et al. 1997). The re-
mainder of these varicosities form open synap-
ses in which norepinephrine is released broadly

8 Cite this article as Cold Spring Harb Perspect Biol 2015;7:a020438



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo’

www.cshperspectives.org

into the interstitial space. LC varicosities have
been shown to be present in highest density
close to blood vessels, but are also often apposed
to axons, dendrites, and glial processes (Paspa-
las and Papadopoulos 1996; Cohen et al. 1997)
The a1 receptor antagonist, prazosin, effectively
suppresses both evoked and spontaneous astro-
cytic Ca® " signaling (Ding et al. 2013). A recent
beautiful study added additional support to the
idea that a1 adrenergic receptors are primarily
responsible for spontaneous astrocytic Ca*"
signaling in awake mice, and extended the con-
cept by proposing that norepinephrine shifts the
gain of astrocyte networks according to behav-
ioral state, enabling astrocytes to respond to lo-
cal changes in neuronal activity (Paukert et al.
2014). In retrospect, it is possible that prior re-
ports on sensory-induced Ca®" signaling, in
fact, represented norepinephrine release in re-
sponse to a salient stimulation. For example,
arousal evoked by an unexpected sensory stim-
ulation, such as sudden whisker stimulation, is
associated with the concerted release of multiple
neuromodulators. An analysis of the success
rate and delay of whisker stimulation suggested
that induced astrocytic Ca®" signaling is indeed
mediated by norepinephrine release (Ding et al.
2013). Moving from whisker stimulation to a
classical startle response triggered by a puft of
air to the eye and tail increased the success rate
and variability, as well as reduced the delay of
stimulation-induced astrocytic Ca>* signaling.
These observations support the idea that whis-
ker-induced Ca*" signaling is a response to
arousal rather than to the local increase in ex-
citatory transmission (Ding et al. 2013). The
slow and more widespread responses of astro-
cytes fit well with such an action of neuromod-
ulators (Bekar et al. 2008b).

DO NEUROMODULATORS ACT
THROUGH ASTROCYTES TO EVOKE
LONG-LASTING PLASTICITY OF NEURAL
CIRCUITS?

In regard to this question, work performed in
both slices and in vivo has shown that when
combined with sensory glutamatergic input,
cholinergic signaling can trigger long-lasting

How Do Astrocytes Participate in Neural Plasticity

changes in synaptic strength (LTP). Findings
from three independent laboratories show that
mice in which astrocytes cannot mobilize cyto-
solic Ca®" stores (IP5R, knockout mice) failed
to develop long-term enhancement of excitato-
ry transmission in response to combined stim-
ulation of cholinergic and sensory inputs. In
these studies, sensory input (whisker [Takata
et al. 2011], visual stimulation [Chen et al.
2012], or tail pinch [Navarrete et al. 2012]) in
combination with stimulation of nucleus basa-
lis or cholinergic fibers resulted in a sustained
potentiation of excitatory transmission. Thus,
emerging evidence suggests that neuromodula-
tors may not only be responsible for spontane-
ous and evoked astrocytic Ca*" signaling in
awake mice, but also for long-term neural plas-
ticity (Parpura and Verkhratsky 2012).

Astrocytes express Gg-linked, as well as Gi-
and Gs-linked metabotropic receptors that
are activated by norepinephrine, acetylcholine,
serotonin, and likely other neuromodulators
(Hertz et al. 2004; Verkhratsky et al. 2012).
One of the characteristics of neuromodulators
is that they typically target multiple cells via vol-
ume transmission and diffusion across consid-
erable distances before receptor binding (Cal-
lado and Stamford 2000; Cragg et al. 2001).
Another typical feature of neuromodulators is
that they act in a slow time frame of seconds,
typically affecting baseline neuronal activity
rather than mediating specific responses (Izumi
and Zorumski 1999; Huang etal. 2012). Infact, a
rich literature suggests that neuromodulators
are potent modulators of long-term synaptic
plasticity and involved in both LTP and long-
term depression (ITD) (Brocher et al. 1992; Ot-
makhova and Lisman 1996; Katsuki et al. 1997).
This raises the question as to whether astrocytic
Ca’" is a key intermediary of the effect of neuro-
modulators. The widespread and slow mode
of action certainly is shared between astrocytes
and neuromodulators. The observation that an-
esthesia potently inhibits spontaneous astrocyt-
ic Ca*" signaling (Thrane et al. 2012) is consis-
tent with other observations that anesthesia
potently suppresses the activity of both LC and
nucleus basalis (Laalou et al. 2008; Bekar et al.
2012).
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SLEEP, AROUSAL, AND VIGILANCE

The observation of widespread astrocytic Ca*"
signals in vivo together with the ability of norepi-
nephrine to “gate” these glial Ca®" signals raises
the intriguing potential that the astrocyte could
mediate long-term modulation of selected cir-
cuits to promote different behavioral states. This
notion is supported by in vivo studies that used
molecular genetics targeted to the astrocyte and
showed that astrocytes modulate sleep homeosta-
sis (Halassa et al. 2009; Blutstein and Haydon
2013). Sleep is controlled by at least two substan-
tial processes: the circadian oscillator and the
sleep homeostat. The process of sleep homeostasis
regulates the daily pressure to sleep and homeo-
static responses to sleep deprivation. When dom-
inant-negative (dn)SNARE is expressed in astro-
cytes, under the control of the GFAP promoter,
sleep homeostasis is impaired. Pharmacological
and molecular genetic studies have shown that
this is mediated by adenosine, which accumulates
from an astrocytic source during wakefulness that
acts through neuronal A1R to mediate these ef-
fects. Whole-cell pyramidal neuron recordings in
vivo as well as local field potential recordings
showed that this glial manipulation leadsto a sus-
tained change in the cortical slow oscillations (up
and down states) that underlie slow wave activity
of nonrapid eye movement (NREM) sleep.
These slow oscillations critically depend on
the expression of neuronal NMDARs. Because
astrocytic adenosine is known to modulate neu-
ronal NMDAR trafficking and, consequently,
synaptic NMDAR-mediated currents, this path-
way provides the opportunity for the astrocyte to
cause a sustained modulation of a neuronal cir-
cuit that underlies behavioral states—sleep and
wakefulness. One caution regarding use of the
GFAP-driven dnSNARE expression is that the
selective expression by astrocytes versus other
cell types has not been proven beyond the coex-
pression of enhanced green fluorescent protein
(EGFP) and LacZ reporter genes. Because the
genes for dnSNARE, LacZ, and EGFP were in-
jected as independent genes when the transgenic
mouse was generated, a valid critique might be
that neither LacZ nor EGFP necessarily reflect
dnSNARE expression (Pascual etal. 2005). How-

ever, because the expression of dnSNARE was
directly monitored in mixed cultures and only
found to be present in astrocytes, such a concern
is mitigated.

These studies prompted us to ask whether
there might be time-of-day differences in the
“state” of a brain slice given the importance of
the astrocyte in the control of sleep homeostasis.
To address this question, slices were isolated
from mice at 4-h intervals during the 24-h day
aswell as from mice thathad been sleep deprived.
Astrocyte-derived adenosine was assessed using
biosensors, as well as pharmacological enhance-
ment of fEPSPs (brain slice) and local field po-
tentials (in vivo) in response to the AIR antag-
onist CPT (Schmitt et al. 2012). Results of each
of these three approaches were qualitatively in
accordance with one another. Surprisingly, we
observed differences in extracellular adenosine
levels in accordance with the vigilance state of
the animal. For example, if animals were eutha-
nized and slices cut at the end of the dark phase
(subjective daytime), then adenosine was ele-
vated, whereas if slices were obtained during
the light phase (subjective nighttime), adeno-
sine levels were reduced. Moreover, this effect
was mediated by the behavioral state because,
when mice were sleep-deprived before isolating
slices, we found that adenosine was elevated in
comparison to the level recorded in slices pre-
pared at the same time from undisturbed mice.

These studies provide several insights and
raise many questions about the astrocyte and
brain state. First, it becomes extremely impor-
tant to document animal state and time of day
that slices are obtained to allow comparisons of
data between laboratories. Second, most animal
facilities are maintained on a light cycle that
corresponds with the animal technician’s light
cycle. However, because mice are nocturnal, this
means we are often studying mice when they
would normally be sleeping. Third, many of us
study processes, such as plasticity and learning
and memory, yet we are taking samples at a time
when the brain (and the astrocyte) is in sleep
mode. Do the data correspond to what would be
obtained if studied during the dark phase? Are
we missing astrocyte-mediated processes by
studying brain samples during the light phase?
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An additional question that arises is how
does the astrocyte and a brain slice have a mem-
ory of the time of day and state (e.g., sleep de-
rived) that the animal was euthanized? Presum-
ably, there is little neural activity in a brain slice
that could be driving different amounts of glial-
derived adenosine. Could there be sustained be-
havioral state-dependent changes in astrocytic
Ca®" signals that are maintained in the dish? We
doubt it. We are left to ponder the possibility, as
discussed earlier, that there are many Ca*tin-
dependent signals that regulate the astrocytic
compartment that have gone unexplored to
date, which might account for these differences.
For example, the recently described glymphatic
system—a macroscopic clearance system—is
primarily active in the sleeping animals (Xie
etal. 2013). Does astrocytic Ca® " signaling sup-
press glymphatic activity? Indirect evidence
supports that idea. Astrocytic Ca*" signaling is
primarily induced by activation of astrocytic a1
adrenergic receptors in awake-behaving mice
(Ding et al. 2013). Because antagonists of ad-
renergic receptors inhibit astrocytic Ca** sig-
naling (Ding et al, 2013) and enhance glym-
phatic activity in awake mice (Xie et al. 2013),
it is possible that astrocytic Ca®* signaling reg-
ulates the water and solute transport that drives
glymphatic exchange of cerebrospinal fluid
(CSF) and interstitial fluid. Additional studies
are needed to prove this point, but it is clear that
astrocytes depend heavily on the water channel
AQP4, because global or conditional deletion of
AQP4 reduces glymphatic activity by ~60%
(Iliff et al. 2012).

IS IT POSSIBLE TO PUT IT ALL TOGETHER?

Taking a step back, one may conclude that anal-
ysis of neuroglia signaling in slice preparation in
many ways does not reflect in vivo observations.
Slices have traditionally been prepared from
young rodent brains in which neither astrocytic
nor neuromodulator signaling are mature (Ta-
kano et al. 2014). This has been a necessity be-
cause fluorescent Ca®" indicators cannot be
loaded in slices prepared from older animals
(Nedergaard and Verkhratsky 2012). Approach-
es to stimulate astrocytes (or neurons) in slices

How Do Astrocytes Participate in Neural Plasticity

also differ fundamentally from those used to as-
sess operational transmission of sensory inputin
the intact brain. High-frequency stimulation
triggers artificial ATP release (Bekar et al.
2008a), and uncaging of caged Ca>" does not
mimic receptor-mediated events and has funda-
mentally different impacts on neural activity
(Wang et al. 2013). Because astrocytes do not
express any receptors that are not expressed by
neurons or other cell types in the CNS, it has not
been possible to use a selective agonist to activate
Ca’" signaling without affecting other cell types,
including neurons. The use of transgenic mice
expressing Mrgl A receptors, which are normally
not expressed in the forebrain, has been criti-
cized because it hasnotbeen established whether
the MrglA receptors can activate physiologically
relevant intracellular signaling pathways (Agul-
hon et al. 2010). Another problem with slices is
that astrocytes almost immediately undergo a
classical sign of reactive gliosis with expression
of the developmental marker nestin, increases in
GFAP, and mislocation of AQP4 (Takano et al.
2014). Astrocytes in the surface area of slices also
rapidly lose their fine perisynaptic processes and
may not support synaptic function optimally
(Takano et al. 2014). In vivo preparations are
also subjected to artifacts, including reduced
capillary perfusion, anesthesia, microglial cell
activation, and more (Xu et al. 2007).

All of these caveats might give the impres-
sion that it will be impossible to experimentally
decode the roles of astrocytes in brain function.
It is not our intention to cast a shadow of de-
spair by making these comments; rather, we
wish to point out some of the areas of caution
that need to be exerted in interpreting past stud-
ies and in the design of future experiments.
What is clear is that given the sensitivity of the
astrocyte to age, time of day, anesthesia, and
injury, great caution must be taken to design
interpretable studies. To assist in this regard,
considerable emphasis on the development of
new astrocyte-specific molecular genetic ma-
nipulations is needed so that, when possible,
observations and manipulations can be per-
formed in intact, adult specimens. Toward this
goal, genetically encoded Ca** indicators, such
as GCam3 -6, are expected to revolutionize our
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view on astrocytic involvement in cortical func-
tion. Additionally, mice expressing indicators of
glucose and second messenger pathways beyond
IP;/ Ca** will become invaluable. For example,
astrocytes express high levels of mGluR3, but we
do not understand the functional consequences
of activation of this Gi-coupled receptor. Cur-
rent in vivo imaging studies have been focused
on observing Ca*" signals in response to sen-
sory stimuli. Perhaps there are dramatic changes
in intracellular cyclic adenosine monophos-
phate (cAMP) dynamics caused by glutamater-
gic activation of astrocytic mGluR3.

In addition to the development of models
based on existing concepts and knowledge, a
new opportunity awaits us in which we can use
the human genetics and genome-wide associa-
tion studies (GWAS) combined with existing
mouse astrocyte gene expression databases to
identify new targets for experimental interven-
tion. For example, in a recent human autopsy
study of patients suffering from major depres-
sive and bipolar disorder, G protein—coupled
receptors were identified in which expression
was changed in these patients. By referencing
the mouse astrocyte databases, these receptors
are highly enriched in astrocytes. For example,
the orphan GPCR GPRC5B is highly enriched in
astrocytes and is down-regulated in tissue from
patients with major depressive disorder (MDD)
and up-regulated in patients with bipolar disor-
der (Tomita et al. 2013). A GPRC5 knockout
mouse has been generated and shows significant
behavioral deficits (Sano et al. 2011). Whether
such deficits arise from alterations in astrocytic
signaling remains to be determined, but it will be
intriguing to unravel given the potential links
between this receptor and psychiatric disorders.

As we begin to decipher astroglial function,
it will be important to turn to disorders of the
nervous system to ask when and how the astro-
cyte contributes to the many societal burdens of
psychiatric and neurological disorders of the
brain. Although it is difficult to predict which
of these disorders will have as a primary etiology
an astroglial malfunction, it is of immediate in-
terest to examine disorders with a sleep comor-
bidity. Studies from both of our laboratories
have highlighted the importance of the astrocyte

in sleep-related processes. On the one hand, the
astrocyte modulates sleep homeostasis, and, on
the other hand, this glial cell plays an important
role in the clearance of amyloid 8 from the brain
during sleep. Could disorders in the astrocyte
contribute to disorders, such as Alzheimer’s dis-
ease and sleep comorbidities? As discussed in
our concerns about the study of the astrocyte
is the observation that astrocytes can become
reactive extremely quickly. The term “reactive”
was coined to express the notion that the astro-
cytic change is secondary to a primary pathol-
ogy in neuronal function. However, this may
not necessarily be the case. In epilepsy, astro-
cytes become reactive and lose the expression
of glutamine synthetase, a key enzyme respon-
sible for the conversation of glutamate to gluta-
mine and the subsequent supply of a GABA pre-
cursor. Using viral strategies, it has been possible
to induce gliosis in astrocytes. Murine-trans-
duced astrocytes lose glutamine synthetase ex-
pression, like their human counterparts in me-
dial temporal lobe epilepsy, which subsequently
leads to a substantial deficit in GABAergic inhi-
bition. As a consequence, preparations are hy-
perexcitable (Ortinski et al. 2010). Although this
does not mean that epilepsy is caused by reactive
astrocytes, it points to the potential for primary
dysfunctions in astrocyte signaling to lead to
changes in neuronal and consequently brain
function.

Sleep disorders are comorbid with numer-
ous disorders of the brain including depression,
schizophrenia, Alzheimer’s, and Parkinson’s
disease, to name a few. Additionally, sleep dep-
rivation can lead to a reduction in the threshold
for seizures. Given the importance of the astro-
cyte in modulating sleep-related processes, there
is an exciting period ahead in which the intro-
duction of newly refined molecular genetic ap-
proaches, together with animal models of dis-
eases, will offer new insights into the roles of
astrocytes in brain dysfunction.

CONCLUSION

Opver the past 20 years, we have come a long way
since the initial discoveries that astrocytic Ca*"
signals can impact neurons. During this period,
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members of the field have not always agreed
about experimental design and interpretation,
but what is clear is that we have made tremen-
dous strides toward appreciating important
roles for these dynamic glial cells in brain func-
tion. To be poised after only 20 years to make
insights into how the astrocyte contributes to
brain dysfunction is exciting and has the poten-
tial to offer new insights that might be translated
into new treatments for at least some of these
disorders.
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