Cell Calcium 82 (2019) 102062

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

Contents lists available at ScienceDirect

Cell Calcium

Commentary

2+

Astroglial Ca
mouse™

Alexei Verkhratsky™” ", Alexey Semyanov‘-®

signals trigger pathological behaviour in optogenetic

Check for
updates

=

2 Faculty of Biology, Medicine and Health, The University of Manchester, Manchester, M13 9PT, UK

® Achucarro Center for Neuroscience, IKERBASQUE, Basque Foundation for Science, 48011, Bilbao, Spain

© Department of Neurosciences, University of the Basque Country UPV/EHU and CIBERNED, Leioa, Spain

d Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Miklukho-Maklaya street 16/10, Moscow, 117997, Russia

€ Sechenov First Moscow State Medical University, Moscow, Russia

“We thus obtain at the very outset the important criterion for the
interpretation of morbid processes, that the affections of the brain
and spinal marrow may sometimes be rather interstitial, at others
rather parenchymatous, and experience shows us that this very in-
terstitial tissue of the brain and spinal marrow (i.e. Neuroglia - AV)
is one of the most frequent seats of morbid change...”

Rudolf Virchow, (1860). Cellular Pathology 1 st English translation;
Robert M De Witt, New York, p. 317

Until recently neuropathology has been grossly neurono-centric.
Neurones are universally acknowledged as the origin of the pathology
and consequently neuropharmacology is focused on molecules inter-
acting with neuronal channels, receptors, transporters and enzymes.
The integrity and functional stability of the nervous system are however
maintained not by neurones but by an extended class of neuroglial cells
broadly responsible for tissue homeostasis and defence. The patholo-
gical potential of neuroglia was very much considered by neuroanato-
mists and pathologists of 19" - early 20" centuries (such as, for ex-
ample Alois Alzheimer, Franz Nissl, Pio Del Rio-Hortega and William
Lloyd Andriezen), who frequently characterised pathologically mod-
ified glial cells in the context of various neurological disorders. The
recent decade had witnessed a renaissance of neurogliopathology, and
it is now firmly established that various types of neuroglia contribute to
pathological evolution of most, in not all, neurological diseases [4,7].
The role of glial cells in neuropathology is complex and disease-specific;
glial changes can be primary and drive neuropathological changes; the
glial reaction can be secondary in response to lesion or neuropathology,
the combination of both in the most likely case.

Astrocytes are primary homeostatic cells of the CNS; they populate
both grey and white matter and they assume full responsibility for
supporting nervous tissue at all level of organisation, from molecular to
organ [12]. Astrogliopatholgy is generally classified into (i) astroglial
pathological remodelling, (ii) astrogliosis, (iii) astroglial degeneration
with atrophy and loss of function and (iv) astroglial reactivity [13].

These fundamental pathological changes occur in sequence or in com-
bination and thus may define progression and outcome of neurological
disease. The study of Baljit Khakh and his colleagues, published re-
cently in Cell [6] extended this classification by introducing a new type
of astrogliopathy: according to their study the gain of normal physio-
logical function of astrocyte emerged as a primary mechanism re-
sponsible for aberrant excitability of neuronal networks potentialy
linked to a behavioural disorder known as Attention Deficit-Hyper-
activity Disorder (ADHD).

Pathophysiology of ADHD remains virtually unknown; however
imaging patients brains revealed malfunction of the striatum, the lar-
gest basal ganglia. Khakh and colleagues discovered that hyperactivity
of striatal neurones is driven by astroglia-derived synaptogenic factor
trombospondin-1 (TSP1). The signalling cascade leading to the release
of astroglial TSP1 starts from enhanced Ca®* activity in astrocytes in-
duced by depolarisation of GABAergic striatal medial spiny neurones
(MSN). The authors hypothesized that Ca®>* activity in astrocytes is
triggered by dendritic GABA release. To test this hypothesis, they bath-
applied 300 uM GABA on striatal astrocytes to stimulate their Ca®*
activity. Of note, extracellular GABA concentration is estimated in the
low micromolar range, while the concentration used in this study is
closer to the GABA concentration present in the synaptic cleft [5].
Therefore, it is unlikely that such concentration can be achieved
through ectopic GABA release by the dendrites as suggested by the
authors. Nonetheless, GABA-mediated potentiation of spontaneous
Ca®* activity in astrocytes has been recently reported [2]. GABA uptake
is associated with Na* entry to the cells and subsequent Na* exchange
for Ca®*. The authors did not test this possibility, instead hypothesized
that GABA activates astrocytic GABAg receptors. GABAg are Gi-coupled
receptors and their role in astocytic Ca®* activity was not hitherto
described. Surprisingly, an agonist of GABAg receptors increased as-
trocytic Ca®* activity.

To probe for the behavioural effects of astroglial Ca®>* activity in
vivo Khakh and colleagues expressed human M4 muscarinic G;-coupled
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receptor activated by designer drugs in striatal astrocytes. Activation of
M4 receptors with clozapine-N-oxide evoked Ca®* signals similar to
those triggered by the agonist of GABAy receptors. Stimulation of M4
receptors in mice by intraperitoneal injection of clozapine-N-oxide
substantially modified mice behaviour in the open field task and in the
novel object recognition task: in contrast to control animals the M4
receptors expressing mice showed signs of hyperactivity and absence of
attention; signs somewhat similar to manifestations of attention deficit
hyperactivity disorder in humans. At the cellular level activation of
astroglial Ca®* signalling through M4 receptor pathway increased the
density of dendritic spines and remarkably ("50 times) increased ex-
pression of the Thbs1 gene encoding TSP1. Inhibition of TSP1 pathway
with gabapentin prevented the increase in the dendritic spine number
and the synaptic drive to MSNs and reversed behavioural abnormalities
induced by CNO in M4 bearing mice. To conclude, activation of Ca®*
signalling in striatal astrocytes up-regulates synthesis and subsequent
release of TSP1, which in turn stimulates synaptogenesis in MSN neu-
rones thus increasing network excitability and instigating hyperactivity
with associated behavioural metamorphoses. This report suggests that
targeting mechanisms regulating Ca®>* dynamics in astrocytes may re-
present a promising therapeutic target. Recent methodological ad-
vances, which allow to analise spatiotemporal properties of Ca®*
events in single astrocytes and astrocytic networks can further clarify
which patterns of astrocytic activity that may be associated with their
normal function and pathological malfunction [11].

Contribution of neuroglia, and particularly astrocytes in the in-
formation processing and regulation of behaviour has been discussed
since the late 19" century with Carl-Ludwig Schleich and Santiago
Ramon y Cajal postulating that astroglia may control synaptic trans-
mission and induce complex behaviours such as sleep [8,10]. The no-
tion of “thinking” glia has been brought to the extreme by Robert Ga-
lambos [3], who apprehended astrocytes as the primary seat of
intelligence and humanity; the ideas of glyocentric brain has been
resurfacing regularly since (see for example [9]). Aside from these ec-
centricities, astrocytes are considered to participate in transmission in
neural networks. The underlying mechanism is usually assumed to be
associated with the release of neurotransmitters (which are commonly
named “glio”transmittres to highlight their origin) from astrocytes [1];
although the concept of such gliotransmission remains under debate.
The study of Khakh and colleagues highlights a role for distinct and
specifically astroglial pathway, associated with astroglial supportive
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Fig. 1. Stimulation of astroglial receptors fol-
lowing neuronal activity activates astroglial
homoeostatic cascades, which remodel neu-
ronal network; for example release of astroglial
synaptogenic factor trombospondin-1 (TSP1)
increases synaptic denisty in striatal medial
spiny neurones [6] that affects their excit-
ability, firing patterns and ultimately beha-
viour. Emergence of positive feedbak may in-
stigate pathological phenotypes.

Induction of
synaptogenesis
affecting excitability
of neuronal networks

function. In this paradigm, release of the astroglial synpatogenic factor
is sufficient to remodel neuronal circuitry and increase the excitability
of neuronal network resulting in a specific behaviour (Fig. 1). The gain-
of-function of the astroglial physiological pathway may even cause
pathological development instigating aberrant behaviour. The most
puzzling part of this story is a positive feedback in neurone-astrocyte-
neurone communication. Neuronal activation promotes Ca®* activity
in astrocytes, astrocytic Ca®"' activity enhances excitatory synaptic
input to these neurones. This potentially can lead to uncontrolled
overexcitation of the neuronal network and excitotoxicity. What is the
mechanism that sustains the excitation in this loop, what is the phy-
siological purpose of such unusual feedback and whether this me-
chanism has a pathological relevance in the context of human neuro-
pathology, remains to be further explored.

References

[1] A. Araque, G. Carmignoto, P.G. Haydon, S.H. Oliet, R. Robitaille, A. Volterra,
Gliotransmitters travel in time and space, Neuron 81 (2014) 728-739.

[2] M. Doengi, D. Hirnet, P. Coulon, H.C. Pape, J.W. Deitmer, C. Lohr, GABA uptake-de-
pendent Ca(2 +) signaling in developing olfactory bulb astrocytes, Proc Natl Acad Sci U S
A 106 (2009) 17570-17575.

[3] R. Galambos, A glia-neural theory of brain function, Proc Natl Acad Sci U S A 47 (1961)
129-136.

[4] M.T. Heneka, M.J. Carson, J. El Khoury, G.E. Landreth, F. Brosseron, D.L. Feinstein,
A.H. Jacobs, T. Wyss-Coray, J. Vitorica, R.M. Ransohoff, K. Herrup, S.A. Frautschy,

B. Finsen, G.C. Brown, A. Verkhratsky, K. Yamanaka, J. Koistinaho, E. Latz, A. Halle,
G.C. Petzold, T. Town, D. Morgan, M.L. Shinohara, V.H. Perry, C. Holmes, N.G. Bazan,
D.J. Brooks, S. Hunot, B. Joseph, N. Deigendesch, O. Garaschuk, E. Boddeke,

C.A. Dinarello, J.C. Breitner, G.M. Cole, D.T. Golenbock, M.P. Kummer,
Neuroinflammation in alzheimer’s disease, Lancet Neurol. 14 (2015) 388-405.

[5] T. Morishima, M. Uematsu, T. Furukawa, Y. Yanagawa, A. Fukuda, S. Yoshida, GABA
imaging in brain slices using immobilized enzyme-linked photoanalysis, Neurosci. Res. 67
(2010) 347-353.

[6] J. Nagai, A.K. Rajbhandari, M.R. Gangwani, A. Hachisuka, G. Coppola, S.C. Masmanidis,
M.S. Fanselow, B.S. Khakh, Hyperactivity with disrupted attention by activation of an
astrocyte synaptogenic cue, Cell 177 (2019) 1280-1292 e1220.

[7] M. Pekny, M. Pekna, A. Messing, C. Steinhauser, J.M. Lee, V. Parpura, E.M. Hol,

M.V. Sofroniew, A. Verkhratsky, Astrocytes: a central element in neurological diseases,
Acta Neuropathol. 131 (2016) 323-345.

[8] S. Ramon y Cajal, Algunas conjeturas sobre el mechanismoanatomico de la ideacion,
asociacion y atencion, Imprenta y Libreria de Nicolas Moya, 1895.

[9] J.M. Robertson, The gliocentric brain, Int. J. Mol. Sci. 19 (2018).

[10] C.L. Schleich, Schmerzlose operationen: Ortliche betdubung mit indiffrenten fliissig-
keiten, Psychophysik Des Natiirlichen Und Kiinstlichen Schlafes. Julius Springer, Berlin,
1894, p. 256.

[11] A. Semyanov, Spatiotemporal pattern of calcium activity in astrocytic network, Cell
Calcium 78 (2019) 15-25.

[12] A. Verkhratsky, M. Nedergaard, Physiology of astroglia, Physiol. Rev. 98 (2018) 239-389.

[13] A. Verkhratsky, R. Zorec, V. Parpura, Stratification of astrocytes in healthy and diseased
brain, Brain Pathol. 27 (2017) 629-644.


http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0005
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0005
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0010
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0010
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0010
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0015
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0015
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0020
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0020
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0020
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0020
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0020
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0020
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0020
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0025
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0025
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0025
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0030
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0030
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0030
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0035
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0035
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0035
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0040
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0040
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0045
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0050
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0050
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0050
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0055
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0055
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0060
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0065
http://refhub.elsevier.com/S0143-4160(19)30129-0/sbref0065

	Astroglial Ca2+ signals trigger pathological behaviour in optogenetic mouse
	References




