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Abstract

Cortical glial cells contain both ionotropic and metabotropic glutamate
receptors. Despite several efforts, a comprehensive analysis of the entire
family of glutamate receptors and their subunits present in glial cells is
still missing. Here, we provide an overall picture of the gene expression
of ionotropic (AMPA, kainate, NMDA) and the main metabotropic
glutamate receptors in cortical glial cells isolated from GFAP/EGFP
mice during ageing as well as before and after focal cerebral ischemia.
Employing single-cell RT-qPCR, we detected the expression of genes
encoding subunits of glutamate receptors in cortical GFAP/EGFP-
positive (GFAP/EGFP) glial cells. Most of the analyzed cells expressed
mRNA for glutamate receptor subunits, the expression of which, in most
cases, even increased after ischemic injury. Data analyses disclosed
several classes of GFAP/EGFP" glial cells with respect to glutamate
receptors and revealed in what manner their expression correlates with
the expression of glial markers prior to and after ischemia. Furthermore,
we also examined the protein expression and functional significance of
NMDA receptors in glial cells. Immunohistochemical analyses of all
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seven NMDA receptor subunits provided direct evidence that the
GIuN3A subunit is present in GFAP/EGFP" glial cells and that its
expression is increased after ischemia. In situ and in vitro Ca*" imaging
revealed that Ca”" elevations evoked by the applicatien of NMDA were
diminished in GFAP/EGYP" glial cells following ischemia Oui work
provides a comprehensive desciiption of glutamate receptors in cartical
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Abstrakt

i ghiové buiiky obsahuii jak ionorxsp.h, tak |

vé reccptony

. Plos vaskard asill komplexni anaiyz
lutamétovych mceptmu a jejich podjednotek pritomnych v ghovych
"mlc ne celkovy viiruz genovd
wonotiopnich  (AMDPA, | NMDBA) o DBlavaich
meia bshopn:’ L glutamdtovych recepiond v kertikélnich gliovych bunék
GFAPECYP saysi v pribghu starnutl a pied 2 po fokalni
ceichrs ischemii. Pouzitim judnobwdnd RT-qPCR suetody jsmc
L""tm cyprast gent koou,c.( h puu;cdnolky g.utzmawv"ch receptei b
dlnich GFAP/EGET pozitivnich (GFAT/EGFP) gl mycn bungk.
z analyzovanych bunck cxprimovala m'{ kodujict
podjednetky gluiamdtovych receptorll a ve vEtEing pri wdu hy;a fato
exprese po ischemickéim poskozeni zvyiena. Ana.yz‘ Gai ukazala
nékolik skupin GFAP/BGIP® ghiovych bunék s vhiledem na glutainatove
receptory, a také na to, jakym zptisobem jejich expresc korcluje s
expresi plievych muarkerd pied a po ischemii. Déale jsme zkoumaii
proteinovou expresi d funkéni vyznam NMDA recepiord v ghiovych
bunék. Imunchistochemicka analyza viech sedmi pudjednotek NMDA
ieceptort ukdzals, e GiuN3A podjediotka je ptitomna v GFAR/EGFP'
gliovych butikach, a 7¢ se taie exprese po ischemit zvysuje. Sledovani
zmén vnitrobunééné koncentrace Ca® in situ a in vitro prokazala, ze
Ca®* odpovédi vyvolané apiikaci NMDA byly u GFAP/EGFP* gliovych
bun€k po ischemii snizeny. Na$e prace poskytuje komplexni popis
glutaméatovych receptort u kortikalnich GFAP/EGFP* gliovych bungk a
muize tak slouZit jako ziklad pro dalsi vyzkum gliovych bunék za
fyziologickych a patofyziologickych podminek.
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1. Introduction

Glutamate is the principal excitatory neurotransmitter in the brain.
Glutamatergic synaptic transmission was discovered over a period of
two decades starting in the 1950s (Watkins & Jane 2006). The synthesis
of N-methy!-D-aspartaic (NMDA) enabled discovery of the NMDA
receptor, which represcnts a distinct subtype of glutamate receptors.
Since then, NMDA receptors were shown to play a key role in synaptic
transmission, svnaptic plasticity, neural development, as well as
learning, memory and cognition (Van Dongen 2009).

For a long time, NMDA receptors were considered to rcside only on
neurons; however, discoveries of the last 25 years indicate their presence
in glial celis. Sensitivity of glial cells to glutamate was discovered by
Bowman, Kimelberg, Kettcnmann and colleagues who demonstrated
that application of glutamate depolarized cultured astrocytes and
oligodendrocytes (Bowman & Kiinelberg 1984; Kettenmann, Giibert, et
al. 1984; Kettenmann, Backus, et al. 1984). The following gxpcrimcnts
identified  a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid
(AMPA) rceeptors as dominant type of ionotropic glntamate receptors in
glia (Verkhratsky & Kirchhoff 2007a). Probably the first evidence of
functional expression of NMDA receptors in glia was provided in 1992
by Evans and colleagues, who found that NMDA receptors mediate
changes in the membrane potential of Schwann cells (Evans et al. 1992).
In the next years, NMDA receptors were also observed in other glial cell
types by studying different cell parameters like specific gene expression
or functional properties of these receptors (Gallo & Ghiani 2000;
Verkhratsky & Kirchhoft 2007b; Dzamba et al. 2013; Ziak et al. 1998).
This PhD thesis focuses on the astrocytic NMDA receptors, since
astrocytes are the most widespread glial cell type in the brain with
primary influence on many physiological and pathological processes.
Despite the number of studies in the field, there are still many
unresolved questions concerning the role of NMDA receptors in
astrocytes. What is the composition of NMDA receptors in astrocytes?
How do they differ from neuronal NMDA receptors? What is their
subcellular localization? How do they change after ischemic injury?
What do astrocytes actually need them for? The main objective of this
thesis was to give answers to these questions even though we knew that
by answering them, many more will come.



2 Hypothesis and aims of the study

Hypothesis 1: Cortical astrocytes were shown to express ionotropic and
metabotropic glutamate receptors. Most of the studies were, however,
performed only under physiological conditions, in young mice or were
focused on some particular subunits of glutamate receptors. We were
interested in an overall picture of gene expression of all currently known
subunits of ionotropic glutamate receptors and the main metabotropic
receptors. We hypothesize that detailed analysis will reveal changes in
their cxpression during development, in ageing and especially after
MCAO.

Aim 1: To reveal the changes in the expression of mRNA coding
AMPA, kainate, NMDA and metabotropic glutamate receptors in
cortical astrocytes during development, ageing and following MCAO
model of focal cerebral ischemia employing single cell RT-qgPCR.

Hypothesis 2: There are several studies which aimed to find NMDA
receptors in astrocytes on the protein level; however, their results were
often inconclusive (Dzamba et al. 2013). Moreover, most of these
studies were performed only under physiological conditions and did not
study the most currently discovered GIuN3A-B subunits. Therefore, our
goal was to show the presence of all 7 currently known NMDA receptor
subunits in cortical astrocytes on the protein level using
immunohistochemistry. Furthermore, we hypothesize that composition
of NMDA receptor subunits might change following focal cerebral
ischemia.

Aim 2: To identify NMDA receptor subunits in cortical astrocytes under
physiological ~ conditions and following MCAO, utilizing
immunohistochemistry.

Hypothesis 3: Functional properties of astrocytic NMDA receptors are
still matter of debate, especially due to the fact, that astrocytes do not
depolarize their membrane to release Mg2+ block which is required for
NMDA receptors functioning in neurons. Nonetheless, discoveries of
the last decade indicated that astrocytic NMDA receptors contain
GIuN3A subunit, which changes their properties so that they lack Mg2+
block (Palygin et al. 2010; Palygin et al. 2011). We aimed to verify this
observation by Ca2+ imaging experiments in situ and we hypothesized
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that functional properties of astrocytic NMDA receptors will be altered
in reactive astrocytes after MCAO.

Aim 3t To investigats functional preperties of astrocytic NMDA
cpiors in cortical tissue stices and to identify possible changes in ihair

aiiction following MCAO using Ca2-+ iimaging in situ.

Hypothiesis 4 Since in situ cxperiments arc performed in brain slices
containing aisc other clll typas, such as neursns, which might influcnce
rosulte of mcaswements, wo performed alzo in vitre experiments
(cultured adult a.itocyies isalated fiom cortices of heaithy m
thase atter MCAQ) without influence of other cel! iypes in vider tc
verify the in situ results. Cur hypothesis was that we will observe simil
festills us i in sitii experiinends, cven though smal! diffcienccs might be
detected as a result of LhC cultivation process.

=
e i

i

i functional siudy (Cal

o~ 1- ~
2 OF @hics

ication of astrocyies in the cxperiments, we
tmzea CFAPIEGEFT uawag ¢ inice linc designation TgN(GFAP-
EGEPY, in which the cxpression of EGFP is controiled by the human
GrAI' nsromoter (Nalte cf ai. 2001 In these mice, astrccytes and a
subpepulaiien 6 NG2 glia are {luorescently labeied with EGFP.
MCAQ induction: Vor the fosai cerebral ischemia we used a permansnt
tratigeranial MCAG model. Before the induction of MCAQ, mice weie
ancsttietized with 1.3% iseflivanc and maintained in 1% iseilurane
ing a vaporizer. A skin incision between the orbit and the cxternaj
auditory meatus was made, and a hole (i-Z mm in diameter) was drilied
through the frontal bone ! mm rostrai {c the fusion of the zygoma and
the squamosal bone and about 3.5 mm ventral to the dorsal surface of
the brain. The dura was opened, gently removed and the exposed middle
cerebral artery was occluded by a short coagulation with bipolar
tweezers at a proximal location, followed by transection of the vessel to
ensure permanent occlusion. During the surgery, heating pad was used

Transgenic mice: For iden
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to maintain the mouse’s body temperature at 37 + 1°C (Honsa et al.
2012).

Preparation of cell suspensions fiom the cortex of GFAP/EGFP mice:
Before the collection of GFAP/EGFP' single cells utilizing flow
cytometry, the cortical tissue was dissociated using papain treatment. In
the experiments, the total amount of 1432 single cells was collected
from 27 mice, which were either uninjured mice (controls; 10-668-day-
old) or mice 3, 7 and 14 days after MCAO (D3, D7 and D14; 50-64-day-
old). To isolate the cerebral cortex, a part of the brain (+2 mm to -2 mm
rostro-caudally from bregma) was sliced into 400 pum coronal sections
using an HM650V vibrating microtome, and the dorsal cerebral cortex
was carefully dissected out from the ventral white matter tracks. In mice
after MCAO, the ischemic core with its surrounding tissue (cca Y of the
injured hemisphere) was used. The tissue was issociated using papain
treatment. This method routinely yielded ~2 x 10° dissociated cells per
mouse brain.

Collection of single GFAP/EGFP' cells by flow cytometry: The
collection of single cells was performed using flow cytometer, which
was manually calibrated to deposit single cells in the center of each well
of 96-well plates that were placed on a pre-cooled rack. Only viable and
GFAP/EGFP* cells were collected. The viability of the cells was
checked using Hoechst 33258. Collected cells in 96-well plates were
stored at -80°C immediately after sorting.

gPCR: Primers were designed using BeaconDesigner as previously
described (Benesova et al. 2012). All single cells were pre-tested for the
expression of genes coding GLAST (Slc/a3), glutamine synthetase
(Glul), both markers of astrocytes, chondroitin sulfate proteoglycan
(Cspg4) and platelet-derived growth factor a receptor (Pdgfra), both
markers of NG2 glia, to select samples for further gene expression
profiling using assays for 47 genes. To each reaction (10 pl) containing
iQ SYBR Green Supermixand 400 nM of each primer, we added 3 pl of
diluted cDNA. All samples were subjected to melting curve analysis.
Preamplification and qPCR: The applied preamplification protocol was
verified on samples from three mice. The RNA was extracted and cDNA
was prepared to test the preamnplification protocol.

High throughput gPCR: "I -hip was first primed with an oil ition
in the NanoFlex™ 4-IFC Controller (Fluidigm) to fill the control wells
of the dynamic array. The sample reaction mixture (5 pl) was loaded
into each sample well, and S pul of the primer reaction mixtures was
loaded into each assay well of the 48x48 dynamic array. The dynamic
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array was then placed in the NanoFlex™ 4-IFC Controller for automatic
loading and mixing. After 55 min the dynamic array was transformed to
the BioMark qPCR platform (Fluidigm).

Data pre-processing: qPCR data were pre-processed for expression
analysis using GenEx software as follows: quantification cycle (Cq)
values registered from amplifications that generated melting curves with
aberrant melting temperatures were removed. All missing data, for each
gene separately, were then replaced with the highest Cq+2. The Cq data
were, for each gene separately, converted into relative quantities
expressed relative to the sample with the lowest expression (maximum
Cq) and finally converted to a logarithmic scale with base 2.
Immunohistochemistry: The mice were deeply anesthetized with PTB
(100 mg/kg, i.p.) and perfused transcardially with 20 ml of saline
followed by 20 ml of cooled 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer. Brains were dissected out, post-fixed for 18 hours and
placed stepwise in solutions with gradually increasing sucrose
concentrations (10%, 20%, 30%) for cryoprotection. Coronal 30 pm
thick slices were prepared using a microtome. The slices were incubated
with 5% Chemiblocker and 0.2% Triton in phosphate-buffered saline.
This blocking solution was also used as the diluent for the antisera. The
slices were incubated with the primary antibodies at 4-8°C overnight
and then the secondary antibodies were applied for 2 hours. A Zeiss
510DUO LSM confocal microscope equipped with Arg/HeNe lasers
was used for immunohistochemical analyses.

Preparation of primary cultures: Primary cultures of GFAP/EGFP" glial
cells were prepared from 40-57-day-old mice, either controls or 13-14
days after MCAO (D13-14). The mice were deeply anesthetized with
PTB (100 mg/kg, i.p) and perfused transcardially with cold (4-8°C)
NMDG isolation solution. The brain was sliced into 200 pm coronal
sections and the cortical tissue was dissected out. In D14 mice, the
dissected tissue consisted of the ischemic core and its surrounding tissue
(cca ‘4 of the injured hemisphere). The isolated tissue was supplemented
with 0.05% trypsin, and incubated with continuous shaking at 37°C for
30 minutes. After incubation, the tissue was transferred into 1 ml of
trypein inhibitor and dissociated by gentle trituration using a | ml
pip Subsequently, the cells were pla: in a volume of 0.15 ml onto
6 coverslips in a 24-well plate, and 0.5 mi of fresh cultivation medium
was added into each well. Cells were cultured in an incubator (100%
humidity, 5% CO,) at 37°C for 5-6 days without medium exchange.



Calcium imaging measurements: In situ measurements were performed
in the somatosensory cortex of 35-59-day-old GFAP/EGFP mice, either
controls or D13-14 mice. Transversal brain slices (200 pm thick) were
cut in cold (4-8°C) NMDG isolation solution using a vibration
microtome and were kept at room temperature in aCSF solution. The
slices were then mounted in a microscope superfusion chamber, which
was continually perfused with HEPES-based aCSF. The regions with
GFAP/EGFP" cells, which were 10-20 pm below the surface of the slice,
were then found and their positions were saved. The loading procedure
was performed at room temperature in the measurement chamber for 40
min in 3 ml of HEPES-based aCSF (the flow was interrupted during this
period) containing 1 pM Oregon Green 488 BAPTA-1, AM, cell
permeant (OGB-1 AM) with 0.02% Pluronic F-127 and continually
bubbled with O, to avoid ischemic conditions. After the loading, the
flow of HEPES-based aCSF was re-established and the measurements
were performed with the cells found prior to the loading. The solutions
were applied through a capillary with an internal diameter of 250 um
located 0.5 — 1 mm from the measurement region and connected to a
pressurized application system with a flow rate of 600 pl/min. The fast
switching between applications (0.01 s) and low dead volume of the
removable application capillary (2-3 ul) ensured rapid exchange of
applied solutions (< 0.3 s). The HEPES-based aCSF was applied via the
application system throughout the entire experiment to ensure that the
Ca®™ responses were not influenced by the application itself and to
accelerate the solution exchange in the vicinity of recorded cells. OGB-1
fluorescence was detected with a TILL Photonics Imaging System
installed on a Zeiss Axioskop 2 FS Plus microscope equipped with a
long-distance 40x objective. The wavelength of the excitation light was
488 nm. Images were acquired at 0.83 Hz and were analyzed offline.

In vitro Ca** imaging measurements were performed similarly to in situ
measurements with the exception of the OGB-1 AM loading procedure.
Coverslips with 5-6-day-old cell cultures were incubated for 45 min in
0.5 ml of cultivation medium containing 1.5 pM OGB-1 AM and 0.03%
Pluronic F-127 at 37°C in an incubator (100% humidity, 5% CO,).
Statistics: Statistical analyses of the differences between groups were
performed using way ANOVA for multiple cou .irisons with
Bonferroni post-hoc test or paired/unpaired Student’s t-test, when
appropriate. Values of p < 0.05 were considered significant, p < 0.01
very significant and p < 0.001 extremely significant.
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4. Results

Detection and quantification of mRNA expression in individual
GFAP/EGFP" glial cells
In early development (P10-20), cortical GFAP/EGFP* cells are
transcriptionally very active and show heterogeneous gene expression
profile. The expression of all subunits of AMPA receptors (Grial-4)
was in P10 mice very high (41% of tested cells expressed Grial, 91%
Gria2, 84% Gria3 and 75% Gria4). Number of cells expressing Grial,
Gria3 and Gria4 decreased with age and they were expressed in less
than 10% of cells isolated from P50-600 mice. This was not observed
for Gria2, which was expressed in 50-80% of cells from aged groups.
Interestingly, the GIuA2 subunit, the protein product of the Gria2 gene,
is crucial for the Ca®* permeability of the AMPA receptors and, for
example, in cerebellar Bergmann glia is this subunit absent (Hollmann et
al. 1991; Burnashev et al. 1992).
Similar trends as with Grial, Gria3 and Gria4 were also observed with
genes coding subunits of kainate receptors. High expression (40-75% of
tested cells) in early development (P10-P20 mice) decreased in cells
isolated from P50-P600 mice below 2% in the case of Grikl, Grik3 and
Grik4. Number of cells expressing Grik2 was in P5S0-P600 mice between
7% and 15% and Grik5 between 21% and 33%.
Expression of genes coding subunits of NMDA receptors Grin2a,
Grin2b and Grin3a shows similar trend as most of the genes coding
subunits of AMPA and kainate receptors - high number of expressing
cells in early development (32-77%), which decreased below 10%
during ageing (P90-P600 mice). The most stable expression among
genes coding subunits of NMDA receptors was observed with Grin2c,
which was expressed in 8-26% of cells isolated from P10-P600 mice.
Grin2d and Grin3b were expressed in fewest cells (Grin3b was not
measured in cells isolated trom P10 and P20 mice). The most interesting
result regarding NMDA receptors was obtained with Grin/ gene, which
codes GIuN1 subunit of NMDA receptors and which is to current
knowledge the compulsory subunit in a finctional NMDA receptor.
pite the assumption that this nit is necessary for functional
NMDA receptors, it was expressed only in 13-32% of cells isolated
from developing mice (P10-P30 mice) and its expression dropped below
8% of cells isolated from P50-P600 mice.
We further studied expression of gene for the most abundant
metabotropic receptor subunits in glial cells Grm/,3,5 (D’ Antoni et al.
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2008; Loane et al. 2012). Expression of Grm/! and Grm5, which both
encode Group I metabotropic glutamate receptors, decreased with age of
mice and the number of expressing cortical GFAP/EGFP" glial cells
isolated from P50-600 mice was below 10%. Opposite trend was
observed in the expression of Grm3, which belongs to Group II
metabotropic receptors and which was shown to prevent excitotoxic
neuronal cell death (Bruno et al. 1998; D’Cnoftrio et al. 2001; Corti et al.
2007). Expression of Grm3 was observed in 20% of cells isolated from
P10 mice, 27% of P20 mice and it increased in cells isolated from P30-
600 mice, since it was observed in majority of these cells (54-68%). In
general we can conclude that number of cells expressing genes, which
code glutamate receptors, stabilizes around day 50 of postnatal
development of mice and does not significantly change during further
ageing.

The incidence of cortical GFAP/EGFP' cells expressing the genes
coding particular glutamate receptors subunits was studied also after
MCAO, which was shown to have a significant impact on the expression
of glutamate receptors.

The lowest number of cells expressing AMPA receptor subunits was
observed in the Grial gene, which was expressed only in 2% of cells
isolated from P50 controls. In cells isolated from D7 and D14 mice was
the incidence of cells expressing the Grial gene higher, but did not
exceed 12%. Interestingly, the expression of Gria2 gene was not
significantly changed after MCAO and the level was similar to P50 mice
(61%). The Gria3 gene was expressed in 4% of the cells from P50 mice;
however, in cells isolated from D7 and D14 mice was the number of
Gria3-expressing cells significantly increased (43% and 50%,
respectively). The Gria4 gene was expressed in 10% of cells from P50
mice, while the number of cells expressing this gene increased to 51% in
cells from D7 and to 49% in cells from D14 mice. Thus, after MCAO
the number of gene expressing cells was increased at least 4-fold for 3
out of 4 AMPA receptor subunits.

A similar trend was observed with genes coding kainate receptor
subunits. The numbers of cells expressing Grik/.? 3.4,5 were increased
10-, 3-, 9- and 2-fold after MCAO. The higihicst number of cells
expressing Grik3,4 was observed in D7 mice and the incidence of cells
expressing Grikl,2,5 was maximal in D14 mice.

The number of cells expressing the subunits of NMDA receptors
underwent dramatic changes as well. The Grin/ gene was present in 7%
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of the cells from P50 mice, and this number was increased to 30% and
43% in cells isolated from D7 and D14 mice, respectively. From among
all of the Grin2 genes, the only gene that displayed a significant increase
in the number of expressing cells after MCAO was Grin2d. The Grin3a
gene, which codes the recently discovered GIuN3A subunit of NMDA
receptors with a prominent effect on the Mg”* block and Ca*
permeability of NMDA receptors (Perez-Otano et al. 2001; Cavara &
Hollmann 2008), was expressed in 7-12-fold more cells isolated from
mice after ischemic insult when compared to cells isolated from P50
mice (30% and 50% of cells isolated from D7 and D14 mice,
respectively, compared to 4% of cells from P50 mice). The number of
cells expressing Grin3b gene was very low; we detected it only in 1% of
cells from P50 mice and 2% of cells from D7 mice, while there was no
expression in cells from D14 mice.

We also studied the expression of genes coding metabotropic glutamate
receptor subunits Grm/,3,5. Ten percent of cells isolated from PS0 mice
expressed Grml, and this incidence did not significantly change after
MCAO. The number of cells expressing Grm3 shifted from 56% in cells
from P50 mice to 30-32% of cells isolated from mice after MCAO. The
largest increase in the percentage of cells expressing a particular gene
after MCAO was observed with GrmS5, which was detected in only 1.6%
of cells isolated from P50 mice. Following ischemic injury the incidence
increased 13-fold and 33-fold in cells isolated from D7 and D14 mice,
respectively. This is in accordance with other studies showing the
absence of GrmS in adult astrocytes under physiological conditions (Sun
et al. 2013) and an increased presence of GrmS mRNA and mGluRS
protein in reactive astrocytes (Ulas et al. 2000; Aronica et al. 2000).
Moreover, GrmS together with Grin2d were the only genes which were
expressed in significantly higher number of cells isolated from D14
mice when compared to cells isolated from D7 mice.

In general, we can conclude that number of cells expressing most of the
genes coding glutamate receptors was increased after MCAO, so the
glutamate receptors expression profile after MCAO was similar to the
profile observed in early development (P10-P20 mice).

Immunohistochemical prote:: detection of NMDA receptor subiiiits
The single cell RT-qPCR studies provided us with information about the
levels of mRNA transcripts in single GFAP/EGFP™ cells. As the next
step, we performed an immunohistochemical analysis of mouse cortical
tissue to verify that these transcripts were translated into proteins. For
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this analysis we chose NMDA receptors since there are many
unresolved questions about their presence and function in glial cells
which we would like to unravel (Dzamba et al. 2013).

We analyzed staining of cortical GFAP/EGFP" glial cells for individual
NMDA receptor subunits (GIuNI, GIuN2A-D and GIuN3A-B) in brain
slices from controls and from D14 mice, in which the images were taken
from the ischemic rim. The analysis revealed that there were
GFAP/EGFP" cells positively stained for the GIuNI subunits in D14
mice. As for the GIuN2A subunit, we were not able to detect any
GFAP/EGFP* cells positive for this subunit; the only positive cells
morphologically resembled neurons. The immunostaining analysis of
GluN2B, GIuN2C and GIuN2D subunits showed similar results as with
GluNIl subunit, since GIuN2B-D positive GFAP/EGFP" cells were
detected only in D14 mice and not in controls. The GIuN3A subunit was
the only NMDA receptor subunit, in which we observed an overlap with
EGFP fluorescence from GFAP/EGFP* glial cells under control
conditions; however, these cells had relatively low EGFP fluorescence
and did not show a typical bushy-like astrocytic morphology. The
number of GFAP/EGFP" glial cells positive for GIuN3A staining was in
D14 mice much higher than in controls. As for the GIuN3B
immunostaining, there were positive cells in subcortical regions (data
not shown), but none of the cells in the cortex were positive, either in
controls or D14 mice.

The immunohistochemical analysis revealed that especially after
MCAO, there are GFAP/EGFP* cells positive for most of the NMDA
receptor subunits. This correlates with single cell RT-qPCR results
which also showed increase of NMDA receptor subunits expression
after MCAO. Nonetheless, the single cell RT-qPCR results showed that
even under control conditions, the GFAP/EGFP” glial cells did express
mRNA of NMDA receptor subunits, but these were not detected by
immunostaining analysis (except for GIuN3A subunit). This might be
due to the fact that under control conditions, astrocytes have a bushy-
like morphology with many fine processes, which are too small for
immunohistochemical co-localization utilizing confocal microscopy.

Functional properties of NMUD}/. receptors under physiological
conditions and following ischemia

We studied the Ca™ elevations in GFAP/EGFP* glial cells after
application of 100 pM NMDA. Since we noticed that the Ca®* responses
were not always detected immediately after the application of 100 pM
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NMDA, we quantified the delay of the NMDA-evoked Ca®" responses.
For this purpose, we set the signal threshold for Ca** responses to 200%
of the amplitude of the noise signal, and the responses were taken into
account only if they occurred within 1 minute from the onset of the
application. The average delay of the onset of Ca®" responses following
an application of 100 pM NMDA was 32.4 s and the responses were
more or less normally distributed around this value. Another analyzed
parameter was the area under the curve which was measured during 1
minute from the start of application and was expressed in arbitrary units,
The distribution of the area under the curve after application of 100 uM
NMDA shows that the Ca®* responses did not reveal any heterogeneity
in the magnitude of the responses. Nonetheless, we can summarize that
the 100 pM NMDA-evoked Ca®* responses in situ differed in their
kinetics as they displayed a large variability ranging from fast transient
Ca®™ spikes to gradual changes of Ca®' concentration indicating
sustained Ca®* entry.

Next, we aimed to elucidate to what extent are NMDA-evoked
intracellular Ca®* elevations dependent on NMDA concentration, As
expected, the Ca® elevations increased with the concentration of
NMDA applied. The number of responding cells followed this trend
even though it was not statistically significant. Nonetheless, the analysis
of the area under the curve showed that 4 pM and 20 yM NMDA-
evoked responses were lower by 78% and 42%, respectively, when
compared to the application of 100 pM NMDA, with statistically
significant difference between application of 4 uM and 100 uM NMDA.
One of the major issues of in situ measurements is that the measured
cells are influenced by the cells in their surroundings. In our case were
the most problematic element neurons, which possess NMDA receptors
and are thus able to respond to application of NMDA and subsequently
influence glial cells. To check to what extend our measurements on
GFAP/EGFP" glial cells were influenced by the presence of neurons, we
co-applied 1 uM TTX with 100 pM NMDA, as TTX inhibits the firing
of action potentials in neurons by binding to the voltage-gated Na*
channels. Our results show that co-application of 1 uM TTX did not
result in any significant decrease in the Ca®* responses evoked by 100
11 NMDA.

Furthermore, the responses to the application of 100 pM NMDA were
sensitive to the selective NMDA receptor antagonist DL-APV, which
markedly blocked Ca®* elevations. To clarify the subunit composition of
the NMDA receptors, we further tested the effect of 10 pM memantine,
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inhibiting preferentially GIuN2C- and GluN2D-containing NMDA
receptors (Kotermanski & Johnson 2009; Palygin et al. 2011). The co-
application of memantine led to a significant diminishing of the NMDA -
evoked Ca** elevations which might be due to the presence of GIuN2C
and/or GIuN2D subunits in the NMDA receptors present in
GFAP/EGFP" glial cells.

One of the main objectives of this thesis was to describe changes in
NMDA receptors under pathophysiological conditions of focal cerebral
ischemia. To study the impact of MCAO, we compared the Ca®**
responses of GFAP/EGFP* glial cells in controls with those in D13-14
mice. The application of 100 uM NMDA evoked a markedly lower Ca**
influx in the GFAP/EGFP* cells after MCAO and the number of
responding cells was also significantly reduced when compared to cells
in control mice. This result shows, that after MCAO the Ca®" influx in
cortical GFAP/EGFP" glial cells through NMDA receptors is blocked,
which might be due to their different subunit composition after MCAO
leading to impermeability for Ca*. Results from single cell RT-qPCR
and immunohistochemical analyses suggest increased presence of the
GIluN3 A subunit in NMDA receptors after MCAO, which would lead to
lower Ca®* permeability of NMDA receptors (Perez-Otano et al. 2001;
Cavara & Hollmann 2008). The application of 100 uM glycine, a co-
agonist of NMDA receptors, evoked responses in ~3% of cells from
controls and no response was observed in cells from D13-14 mice (the
threshold for a response was 200% of the amplitude of the noise signal).
Analysis of the area under curve showed significant decrease in cells
from D13-14 mice when compared to cells from controls. The same
trend was observed also in application of 100 pM glutamate;
nonetheless, ~12% of responding cells from mice after MCAO indicated
that apart from NMDA receptors there are also other Ca®* permeable
glutamate receptors present in cortical GFAP/EGFP* glial cells. These
might be AMPA, kainate or metabotropic glutamate receptors, which are
all activated by glutamate. However, even though the amount of cells
responding to application of 100 uM glutamate was not significantly
decreased in cells from mice after MCAO, the area under the curve
reflecting total Ca** influx was significantly decreased.

It is well known that recordings in situ are affected by interactions
between cells, particularly by neuron-glia interactions. To address this
issue, we characterized the NMDA responses in individual
GFAP/EGFP" glial cells isolated from the somatosensory cortices of
controls or D13-14 mice and cultured for 5-6 days. The NMDA receptor
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co-agonist glycine was routinely added to the application of NMDA at
100 uM concentration in in vitro measurements since there was no
endogenous source of glycine, but its addition did not cause any
significant differences probably due to the fact that its low concentration
was already present in the solutions as contamination. The kinetics of
the Ca® responses in the cultured cells was different from those
recorded in situ. In 77% of cells, the responses occurred within 12 s
following the co-application of 500 pM NMDA and 100 pM glycine
(95% within 24 s), and fast transient Ca>* spikes were not observed.

In cells isolated from controls, 13.6% responded to the application of
100 pM NMDA, which increased to 36.4% when 500 uM NMDA was
applied. The co-application of 100 pM glycine did not result in a higher
response rate; however, 100 pM glycine alone evoked Ca* responses in
4.5% of GFAP/EGFP" glial cells. To confirm the specificity of the
NMDA responses, we used 100 pM DL-APV, which markedly
decreased or completely blocked the Ca®* responses evoked by co-
application of 500 pM NMDA and 100 uM glycine in all tested cells.
The ischemic insult had a significant impact on NMDA-evoked
responses as only 8.4% of cells isolated from the injured cortical tissue
of D13-14 mice responded to the co-application of 500 pM NMDA and
100 pM glycine compared to 33.5% of cells isolated from controls. This
difference was also apparent from the analysis of the area under the
curve. The diminished intracellular Ca®** elevations after NMDA
application observed in situ in post-ischemic GFAP/EGFP" glial cells
were thus preserved even after 5-6 days of in vitro cultivation. Since in
vitro Ca®* imaging enabled the measurement of Ca®* responses from
single cells at much better resolution than in situ, we observed in large
ramified cells that the responses to the application of 500 pM NMDA
with 100 pM glycine did not occur uniformly in all of the processes, but
were present in only some of the processes.

S. Discussion

Analysis of ger - expression

Our results thus ndicate that glutamate receptors are lighly expressed in
immature astrocytes isolated from P10-20 GFAP/EGFP* mice, which
often express also markers of NG2 glia. The glutamate receptors are
according to the study of Zhang and colleagues expressed more in NG2
glia, when compared to astrocytes (Zhang et al. 2014). Furthermore,
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according to our data, Gria2, Grik5, Grin2c and Grm3 genes exhibit the
highest expression among genes coding glutamate receptors in adult
cortical GFAP/EGFP" glial cells. Interestingly, these are the genes,
which were shown to have higher or equal expression level in astrocytes
when compared to NG2 glia according to the above mentioned study.
We could thus speculate that Gria2, Grin2c and Grm3 genes might have
arole specific to astrocytes.

Most of the genes coding subunits of glutamate receptors increased their
expression after MCAO. The largest increase of gene expression was
observed in GrmS gene. This is an interesting result since the mGluRS
receptor, coded by the GrmS gene, is crucial in modulating neuronal
activity and in the functioning of tripartite synapses. Our result is in
accordance with a recent study showing that the expression of Grm5 in
astrocytes was undetectable after postnatal week 3, in contrast to Grm3
which was expressed at all developmental stages (Sun et al. 2013). Our
data show that the number of GFAP/EGFP" glial cells expressing the
Grml and Grmn3 genes did not significantly change after MCAO;
however, GrmS became detectable in the majority of these cells, which
indicates the importance of this receptor in post-ischemic glia. Since the
activation of mGluRS receptors was shown to result in glutamate, ATP
and/or D-serine release from glial cells, they might modulate neuronal
activity in the post-ischemic brain (Haydon & Carmignoto 2006). As for
the NMDA receptors, the presence of genes coding NMDA receptor
subunits was increased in cells after MCAO when compared to controls.
The role of NMDA receptors in glial cells is still not fully elucidated,
and our data might contribute to unraveling their function, which is
presumably also involved in CNS pathologies, such as ischemia or
tumors (Aronica et al. 2001). One of their possible roles could be the
activation of survival signaling pathways (Hetman & Kharebava 2006)
or, as recently shown, astrocytic NMDA receptors can control the
exocytosis of gliotransmitters and thus control synaptic transmission and
plasticity (Lalo et al. 2014). It is also worth noting that in our study,
there were 568 cells that expressed at least one gene coding NMDA
receptor subunit; however, 399 of them (70%) did not express the Grin/
gene encoding the GIuNI subunit, which according to the current
knowledge is obligatory in NMD. . .cceptor formation. A similar result
was reported by Cahoy and colleagues, who reported presence of Grin2c
and Grin3a but absence of Grin/ in cortical astrocytes (Cahoy et al.
2008). This might be due to the high protein stability of the GluN1
subunit compared to the GIuN2-3 subunits as previously reported
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(Atlason et al. 2007). Moreover, there are indications that murine
NMDA receptors can be also co-assembled without the GluN1 subunit
(Perez-Otano et al. 2001; Matsuda et al. 2003), but their functional
properties are debatable.

Immunohistochemical analysis

To the best of our knowledge, our analysis provides the first
immunohistochemical evidence that GFAP/EGFP* glial cells in the
cortex possess GIUN3A subunits, which has been previously discussed
in many works (Verkhratsky & Kirchhoff 2007b; Palygin et al. 2011;
Kehoe et al. 2013). Under control conditions, we did not observe
GFAP/EGFP" cells positive for any NMDA receptor subunit, apart from
GIuN3A. This might be due to the fact that under control conditions,
astrocytes have a bushy-like morphology with many fine processes. It
was previously shown by electron microscopy that the GIuN1 and
GIuN2A/B NMDA receptor subunits are present in astrocytes especially
in the processes and not in the cellular bodies (Conti et al. 1996). The
fluorescent immunohistochemical method is not able to distinguish
NMDA receptor subunit positivity in fine processes from the
background signal. On the other hand, reactive astrocytes present in the
cortices of GFAP/EGFP mice 14 days after MCAO have a fibrous
morphology with sharp edges separating them from the surrounding
tissue, which enables the detection of positive staining for NMDA
receptor subunits in these cells. Our immunohistochemical analysis
clearly showed the positivity of cortical GFAP/EGFP* cells for the
GluN1, GluN2B-D and GluN3A subunits 14 days after MCAO, which
indicates the importance of NMDA receptors in glial cells under
ischemic conditions. The GIuN2A subunit was detected in cells that
morphologically resembled neurons, but not in GFAP/EGFP* cells.
Since the single cell RT-qPCR results indicate that GFAP/EGFP" cells
should contain this subunit, we hypothesize that it was not detected due
to some post-translational modifications of the GIuN2A protein or
miRNA regulation, which might be specific to glia. In summary, the
immunohistochemical analysis confirmed the presence of NMDA
receptor subunits in GF A P/EGFP* glial cells, especially after ischemia.

Functional NMDA receptors in GFAP/EGFP” glial cells

Calcium responses to the application of 100 tM NMDA were delayed in
situ by ~30 s on average, as also reported in other studies (Serrano et al.
2008; Serrano et al. 2006; Porter & McCarthy 1995). We attribute this
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delay to the slow diffusion of NMDA in the brain tissue, which is
supported by the fact that there were immediate responses in cultivated
cells. Moreover, experiments with freshly isolated cells exhibited also
immediate NMDA-evoked calcium responses (Palygin et al. 2011;
Palygin et al. 2010). There have been several studies showing a TTX-
mediated partial reduction of NMDA-evoked responses (Schipke et al.
2001; Serrano et al. 2006; Serrano et al. 2008). Similar to a study of
oligodendrocytic NMDA receptors (Karadattir et al. 2005), we did not
observe any significant changes associated with the use of TTX, which
might also be due to the fact that our application was relatively short and
locally focused, in contrast to the above-mentioned studies showing a
TTX-mediated eftect (bath application for several minutes).

As for the subunit composition of NMDA receptors, our results suggest
a tri-heteromeric composition of the GIuN1/GluN2C/GIuN3A type. This
is supported by the weak Mg®* block observed for NMDA receptors
containing the GIuN3A subunit (Sasaki et al. 2002; Kehoe et al. 2013),
as we observed Ca”* elevations in aCSF that contained Mg?* without the
need for cell depolarization. Based on our single cell RT-qPCR and
immunohistochemical analyses showing low mRNA levels of Grin3b
and the absence of GIuN3B immunoreactivity, we do not assume the
inclusion of the GIuN3B subunit in the NMDA receptors. Di-
heteromeric GIuN1/GIuN3A receptors have, however, no binding site
for glutamate or NMDA, so the inclusion of the GluN2 subunit is also
needed. Our data with memantine, which inhibits preferentially GluN2C
and GluN2D-containing NMDA receptors (Kotermanski & Johnson
2009), suggest the incorporation of one of these subunits as well. Based
on our single cell RT-qPCR data, which show much higher expression
of Grin2c in comparison to Grin2d in cells from P50 controls, we
suppose that at least in these cells, the NMDA receptors contain mainly
the GluN2C subunit. Nonetheless, we cannot exclude the possibility that
GFAP/EGFP* glial cells also possess GluN1/GluN2 NMDA receptors.
We hypothesize that these could provide an amplification of the Ca*"
signal upon local depolarization, which would release the Mg** block.
The application of NBQX and PPADS did not support the hypothesis
that this local depolarization would be nrovided via AMPA, Kainate or

receptors.

Both in situ and in vitro experiments showed that the application of
NMDA evoked significantly lower Ca** elevations in GFAP/EGFP*
glial cells 13-14 days after MCAO when compared to cells in controls,
which we hypothesize is due to the increased involvement of the
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GIuN3A subunit as shown by our single cell RT-gPCR and
immunohistochemical analyses. The decreased Ca®* permeability of
NMDA receptors can be further caused by the incorporation of the
GIluN2D subunit in NMDA receptors (Burnashev et al. 1995; Paoletti
2011; Evans et al. 2012), which was also highly upregulated 14 days
after MCAO. Another reason for decreased Ca>* permeability of NMDA
receptors might be their internalization, which was shown to be
regulated by the particular subunit compositions (Lavezzari et al. 2004),
and for example GIuN3A internalization is regulated via
phosphorylation of a tyrosine residue (Y971) within the GIuN3A
intracellular C-terminal tail (Chowdhury et al. 2013). Therefore, we
cannot completely rule out the possibility that NMDA receptors in
GFAP/EGFP* glial cells are internalized or inactivated by the Ca®™-
calmodulin complex after MCAO (Ehlers et al. 1996). An alternative
explanation of these results could be an indirect influence of neurons
which promote NMDA-evoked Ca* signals in GFAP/EGFP" glial cells
and which are missing in the penumbra region after MCAO. However,
this explanation is in our opinion unlikely since it does not correspond
with our in vitro results and with the results of Palygin and colleagues
who demonstrated NMDA-evoked Ca®* elevations in freshly isolated
astrocytes (Palygin et al. 2011; Palygin et al. 2010).

In vitro cultivated GFAP/EGFP* glial cells isolated from young adult
mice enabled us to study NMDA-evoked responses in detail. Calcium
imaging measurements revealed that the responses were process-
specific, which corresponds with recent studies showing microdomains
within astrocytic territories (Shigetomi et al. 2013). Moreover, this
suggests that the response rates in our in situ experiments might be
slightly underestimated since we recorded signal only from the cellular
bodies and not from the processes, where the responses probably
originate (Schipke et al. 2001). The results obtained by Ca** imaging
measurements thus supplement the data from single cell RT-qPCR and
immunohistochemical analyses and underline the changes of NMDA
receptors in post-ischemic GFAP/EGFP* glial cells.

6. Conclusions

We employed single cell RT-qPCR method, which allowed us to create
an overall picture of gene expression profile of glutamate receptors in
GFAP/EGFP* glial cells under physiological and pathophysiological
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conditions. According to our results, the expression of most of the genes
coding glutamate recepters is highest in juvenile mice and decreases
with age. The highcst gene expression was observed in Gria2, GrikS,
Crin2¢ and Grin3 genes. Our resulis further confirmed increased
cxpression of mnst &f ihe genes coding glutamiate receptois 7-14 days
alter MCAO when conpared (o cuntrols.
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