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Abstract 

Cortical glial cells contain both ionotropic and metabotropic glutamate 
receptors. Despite several efforts, a comprehensive analysis ofthe entire 
family of glutamate receptors and their subunits present in glial cells is 
still missing. Here, we provide an overal! 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-cel! RT-qPCR, we detected the expression of genes 
encoding subunits of glutamate receptors in cortical GF AP/EGFP­
positive (GFAP/EGFP

+

) glial cells. Most ofthe analyzed cells expressed 
mRNA for glutamate receptor subunits, the expression ofwhich, in most 
cases, even increased after ischemie injury. Data analyses disclosed 
several classes of GF AP/EG FP

+ 

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 
GluN3A subunit is present in GFAP/EGFP+ glial cells and that its 
expression is increascd after ischemia. ln silu and in vitro Ca2+ imaging 
revea!ed that Ca2+ elevations evokcd by the application uf NMDA were 
diminished in GFAP/EGrP+ glial cdls following ische111ia Om work 
providcs a comprehcns1vc Jc�c;-1p1iu;, of glutamate receptors in coriical 
Gi' AP/=Grr+ g�iu[ i.:�ils �nd tnay crve as a !.Jnsis rur rLarL�1i:-J íC.SC3n;h on 
5íial (;dl physiology and pathopl,ysioiog;y. 

Abstrakt 

KortikiL:f gi!o,ťG butiky obs�hují jEk io�1otr8j_;!1Í, !�·1k l :·nctabntropr:i 
gíutau;ÚtD „é receptory. !�;'�;s vvšk..::;\; úsUf koi11µicxni arra!;?zn c:.:;;,:, rc;ůiny 
glu1?om:.'itov:,1ch rcceplorů a jejich podjednotek pfítomných v gliových 
G:.!fikú:_:h sl:.!le c.:!!yl;L \f itSto p1 :u..:i pcsk.)'tujc:ne cc!k v�1 vb�uz g,cnovl; 
cXjJi"�se ior.otrťipníc:1 (AivIPf-� kcli�-i<li, i'11v1D/t) hlrivnícl1 
me.iabalropn:ch glutam:íto·.-ýc:h rct:eplorů u kartikálr.ích gliových buněk 
iz.JlovmiýGh z (jf AP.'EGFP ii1)'ŠÍ v prť:?)ěhu sttirnutf a pi·cd a po ivkLl.lní 
ccrcbr::iiní ischcrťiii. Pou2.ití1n jcdnobu11lčn!,; RT-qPCR ,úetody jsn1c 
zjislili cxp,resi ;;rnů kótiI�idch pu<ljcdnotky glul;imálevých re,.;eptcrú u 
kortí!:ť1.ii·dch Gf./\.P/EGPP J�ozitivnich (GF;\T'.'EGFP.") glinvých bunčk. 
vrni:na z ana!yzov,:n:;.-c!, bunčk cxprimovala mRNA kódující 
padjcdnctky giulamátov)1ch rcccpto1 ů 3 ve ·,,čtšině p1·íµadů byla tato 
exp:·cse po ischernic:l ém pošicoz.cr,i zvýteni. Ana,ýza dat uká;,ala 
několik. skupin GFAP/EGÍ'P

+ gliúv):c,1 buněk s ohledem na giuiarnáte,vé 
receptory, a taki:; na to, jakým způsobem jejich exprese koreluje s 
expresí e,liovýt:h mar!wrů před a po ischemii. Dále jsme ;;koumaii 
prou:illnvou expresi a ťunk.ční výz!•am NMDA recepwrú u gliových 
buněk. Imunohistochemická anal)'1za všech sedmi podjednotek NMDA 
receptorů ukázah:, 2.e GluN3A podjednotka je pi"ítomna v GPAP/EGFP' 
gliovýd; bufikách, a 7,e se taio exprese po ischemii zvyšuje. Sledováni 
zmčn vnitrobuněčné koncentrace Ca2+ in situ a in vitro prokázala, že 
Ca2+ odpovědi vyvolané aplikací NMDA byly u GFAP/EGFP+ gliových 
buněk po ischemii sníženy. Naše práce poskytuje komplexní popis 
glutamátových receptorů u kortikálních GF AP/EGFP+ gliových buněk a 
může tak sloužit jako základ pro další výzkum gliových buněk za 
fyziologických a patofyziologických podmínek. 
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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 decade� sta:'ting in the 1950s (Watkins & Jane 2006). The synthesis 
of N-methyl-O-aspartale (NMDA) enabled discovcry 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, synaptic plasticity, neural development, as well as 
learning, memory and cognition (Van Dongen 2009). 
For u long time, NMDA receptors were considered to r.::side only on 
neurons; however, discoveries ofthe last 25 years indicate their presence 
in glial cells. Sensitivity of glial cells to glulamate wa� discovered by 
Bowman, Kimclbcrg, Kettcninann and colleague� who demonstrated 
that application of glutamate dcpolarized cultured astrocytes and 
oligocicndrocytes (Bowman & Kimelberg 1984; Kettenmann, Gilbert, et 
al. 1984; Kettenmann, Backus, et al. 1984 ). The following experiments 
identified a·-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMP A) receptor� as dominant type of ionotropic gl 11tamate receptors in 
glia (Vcťkhratsky & Kirchhoff 2007a). Probauly the first evidence of 
functional expression oť 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 cel! parameters like specifíc gene expression 
or functional properties oť these receptors (Gallo & Ghiani 2000; 
Verkhratsky & Kirchhofť2007b; Dzamba et al. 2013; Žiak et al. 1998). 
This PhD thesis focuses on the astrocytic NMDA receptors, since 
astrocytes are the most widespread gtial 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 ischemie injury? 
What do astrocytes actually need them for? The main objective of thís 
thesis was to give answers to these qnestions even though we knew that 
by answering them, many more will come. 
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2. Hypothesis and aims of the study 

Hypothesis I: 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 cxprcssinn dllťing development, in ageing anfl esp!'.cial!y aft:er 
MCAO. 

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

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 GluN3A-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 
GluN3A subunit, which changes their properties so that they lack Mg2+ 
block (Palygin et al. 2010; Palygin et al. 2011). We aimed to veril), this 
observation by Ca2+ imaging experiments in situ and we hypothesized 
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that functional prope1ties of astrocytic NMDA receptors will be altered 
in reactive astrocytes after MCAO. 

Ahť! 3: To investigak· fu!v.:!ionai propcrties cf astrocylic l-.'tv1Dt-.. 
reccptors in cortícu! tissu� slic:;s and to idcntif)1 possiblc chnnges in th.:dr 
!',in,�llo;·, following MCAO using Ca2+ i111aglng in situ. 

!f:fpú� it�j:; ,1: Sincc i11 situ c.;xpcrirncnts nrc per!Onned in brnin s!iccs 
contain1:1g also oihcr c\,,,!! typ .. --�✓ such as neuro:�s) \Vhich 1night inílucncc 
r�sults 0r n1casu1cn1eub, 1Nc pcrronn�d a!'."=:o in vitro expcťimcats 
(cuHured adull a . .,í:tocyte:; ;;;.Jir,tcd from corticcs of hcaHhy :;1ic.:. a.;�ij 
thos0 atler 1'-AC/1 O) vvithot:t influFncc of otheť ce!! i.ypes in 01de1 to 
1.'edfy thc in situ rcsu!ts. Our hypothesis \Vas thaf ,1;·e \Vili observe simHar 
r��.,nl:,; �:, in in �;tii. expc,rií;lť-l1.ts, c�'C-r, thvugh sn1uil diffci·cncc;; ínight be 
detected a::; a resu!t ofthc cultivation process . 

.. AJ�t� •1� '"!.
"'

o \'C:"Jfy rcst:lts u!��c,:i1eJ fn:itt: ir! si�u fu:-1c�i0nal sl1:dy (C;..:!-: 
l:1!�0;!-!t;) l_;J in ;·;t1·0 Gxp,.-.1;1Jt�:nl\i ;,,i:..-it:·::.:u� i1::1sib:.; inf!acucc o� othcr 
ccl!ul�i- cde1nents. 

Ti-ansgcllic mice: For ide.nt·ifkatiO!·, of astrocyles in the cxpcrirncnts, 'Ne 
utilized CFAP/EGFf' transgeni..o núce llinc dcsign:ition TgN( Gf Af'­
!::GPP)], in which the c:qJrcsston nf EGFP is controlled by thc human 
G!- AP prornotcr (N-�ite c.t ni. 200 l ). ln 1!1ese micc, astrc.:;ytes ::111d a 
:.uhpupL1Íal10n o:' NG2 glict are Duoresccntly bbcied with EGFP. 
_\.!C,'1() induction: For thc ťoe;.;i cerebťal ischcmia we used a pcrmanem 
trm1scrnniul t./fC/\.O �nodcl. Bcfore the induction of MC.L\O� ?nic� ,vere 
anes1hctized wili, í.5% isdl;iranc onu maintained in 1% isoJh,rnne 
u:;ing il \'aporizer. A skin incisiun bcl·.;,ccn 1he orbit und tl1e cxiernal 
auditory 1,1cul11s wa� made, and a hole ( i-2 mm in diameter) was drilled 
through the fronta! bone l mm rostrai to the fusion of the zygoma and 
the sqt:amosal 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 
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to maintain the mouse's body temperature at 37 ± 1 °C (Honsa et al. 
2012). 
Preparation of cel! suspensions fi'om the cortex of GFAPIEGFP mice: 
Before the collection of GFAP/EGFP

+ 
single cells utilizing tlow 

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 ofthe brain (+2 mm to -2 mm 
rostro-caudally from bregma) was sliced into 400 µm 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 ischemie core with its surrounding tissue (cca½ ofthe 
injured hemisphere) was used. The tissue was issociated using papain 
treatment. This method routinely yielded -2 x 106 dissociated cells per 
mouse brain. 
Collection of single GFAP/EGFP

+ 

cells by flow cytometry: The 
collection of single cells was performed using tlow 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 
GF AP/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. 
qPCR: Primers were designed using BeaconDesigner as previously 
described (Benesova et al. 2012). Ail single cells were pre-tested for the 
expression of genes coding GLAST (Slcla3), glutamine synthetase 
(Glul), both markers of astrocytes, chondroitin sulfate proteoglycan 
(Cspg4) and platelet-derived growth factor a receptor (Pdgfi·a), both 
markers of NG2 glia, to select samples for further gene expression 
profiling using assays for 47 genes. To each reaction (IO µI) containing 
iQ SYBR Green Supermixand 400 nM of each primer, we added 3 µI of 
diluted cDNA. Ali samples were subjected to melting curve analysis. 
Preamplijication and qPCR: The applied preamplification protocol was 
verified on samples from three mice. The RNA was extracted and cDNA 
was prepared to test the preamplification protocol. 
High throughput qPCR: 'I I diip was first primed with an oil , , .. 1tion 
in the NanoFlex™ 4-IFC Controller (Fluidigm) to fill the control wells 
of the dynamic array. The sample reaction mixture (5 µI) was loaded 
into each sample well, and 5 µI 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. Aťter 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. Ail 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 O.I 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 µm 
thick slices were prepared using a microtome. The slices wt;re 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 
5 IODUO LSM confocal microscope equipped with Arg/HeNe lasers 
was used for immunohistochemical analyses. 
Preparation of primary cultures: Primary cultures ofGFAP/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 µm coronal 
sections and the cortical tissue was dissected out. ln D 14 mice, the 
dissected tissue consisted of the ischemie core and its surrounding tissue 
(cca½ ofthe 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 I ml of 
tryp�in inhibitor and dissociated by geritle trituration using a I ml 
pip, �- Subsequently, the cells were pll!1 in a volume of0.15 ml onto 
6 coverslips in a 24-well plate, and O.S ml of fresh cultivation medium 
was added into each well. Cells were cultured in an incubator (100% 
humidity, 5% CO2) at 37°C for 5-6 days without medium exchange. 
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Calcium imaging measurements: ln situ measurements were performed 
in the somatosensory cortex of 35-59-day-old GF AP/EGFP mice, either 
controls or D13-14 mice. Transversal brain slices (200 µm 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 
GF AP/EGFP

+ 
cells, which were 10-20 µm below the surface of the slice, 

were then found and their positions were saved. The Ioading procedure 
was performed at room temperature in the measurement chamber for 40 
min in 3 ml ofHEPES-based aCSF (the flow was interrupted during this 
period) containing 1 µM Oregon Green 488 BAPTA-1, AM, cell 
permeant (OGB-1 AM) with 0.02% Pluronic F-127 and continually 
bubbled with 02 to avoid ischemie 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 interna! diameter of 250 µm 
located 0.5 - I mm from the measurement region and connected to a 
pressurized application system with a flow rate of 600 µI/min. The fast 
switching between applications (O.O I s) and Iow dead volume of the 
removable application capillary (2-3 µI) 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 
Ca2+ 

responses were not influenced by the application itselť 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. 
ln vitro Ca2+ 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 
O.S ml of cultivation medium containing 1.5 µM OGB-1 AM and 0.03% 
Pluronic F-127 at 37°C in an incubator (100% humidity, 5% CO2). 

Statistics: Statistical ,malyses of the differences between �roups were 
performed using ,,, ~way ANOVA for multiple co1111,,1risons with 
Bonferroni post-hoc test or paired/unpaired Studenťs t-test, when 
appropriate. Values of p < O.OS 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 individua! 
GFAP/EGFP

+ 

glial cells 
In early development (PI 0-20), cortical GF AP/EG FP

+ 
cells are 

transcriptionally very active and show heterogeneous gene expression 
profile. The expression of all subunits of AMP A receptors ( Grial -4) 
was in P IO mice very high ( 41 % of tested cells expressed Gria 1, 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 PS0-600 mice. This was not observed 
for Gria2, which was expressed in 50-80% of cells from aged groups. 
Interestingly, the GluA2 subunit, the protein product of the Gria2 gene, 
is crucial for the Ca2+ 

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 09served with 
genes coding subunits of kainate receptors. High expression ( 40-75% of 
tested cells) in early development (PIO-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 P50-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 oť the genes coding 
subunits of AMP A 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 Pl0-P600 mice. 
Grin2d and Grin3b were expressed in fewest cells (Grin3b was not 
measured in cells isolated ťrom P IO and P20 mice). The most interesting 
result regarding NMDA receptors was obtained with Grinl gene, which 
codes GluN I subunit of NMDA receptors and which is to current 
lmowledge the compulsory subunit in a functional NMDA receptor. 
J ,cspite the assumption that this s•1 1 ,u11it is necessary for functional 
NMDA receptors, it was expressed only in 13-32% of cells isolated 
from developing mice (PIO-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 Grml,3,5 (D' Antoni et al. 
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2008; Loane et al. 2012). Expression of Grml and Grm5, which both 
encode Group I metabotropic glutamate receptors, decreased with age of 
mice and the number of expressing cortical GF AP/EG FP

+ 

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'Onofrio et al. 200 I; Corti et al. 
2007). Expression of Grm3 was observed in 20% of cells isolated from 
PI0 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% ofthe cells from P50 mice; 
however, in cells isolated from D7 and D 14 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 D 14 mice. Thus, after MCAO 
the number of gene expressing cells was increased at least 4-fold for 3 
out of 4 AMP A receptor subunits. 
A similar trend was observed with genes coding kainate receptor 
subunits. Thť numbers of cells expressing Grikl,2,3.4,5 were increased 
IO-, 3-, 9-, l ·,- and 2-fold after MCAO. The h1;•hc:st number of cells 
expressing Grik3.4 was observed in D7 mice and the incidence of cells 
expressing Grikl,2,5 was maxima! in D14 mice. 
The number of cells expressing the subunits of NMDA receptors 
underwent dramatic changes as well. The Grinl 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 GluN3A subunit of NMDA 

receptors with a prominent effect on the Mg
2+ 

block and Ca2+ 

permeability of NMDA receptors (Perez-Otano et al. 2001; Cavara & 
Hollmann 2008), was expressed in 7-12-fold more cells isolated from 
mice after ischemie 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 frorn P50 rnice). The nurnber of 
cells expressing Grin3b gene was very low; we detected it only in l % of 
cells frorn P50 rnice and 2% of cells from D7 rnice, while there was no 
expression in cells frorn D14 mice. 
We also studied the expression of genes coding metabotropic glutarnate 
receptor subunits Grml,3,5. Ten percent of cells isolated frorn PS0 mice 
expressed Grml, and this incidence did not significantly change after 
MCAO. The nurnber of cells expressing Grm3 shifted from ,56% in cells 
frorn PS0 rnice to 30-32% of cells isolated frorn mice after MCAO. The 
largest increase in the percentage of cells expressing a particular gene 
after MCAO was observed with Grm5, which was detected in only 1.6% 

of cells isolated frorn P50 rnice. Following ischemie injury the incidence 
increased 13-fold and 33-fold in cells isolated frorn D7 and D14 mice, 
respectively. This is in accordance with other studies showing the 
absence of Grm5 in adult astrocytes under physiological conditions (Sun 
et al. 2013) and an increased presence of Grm5 mRNA and rnGluR5 
protein in reactive astrocytes (Ulas et al. 2000; Aronica et al. 2000). 
Moreover, Grm5 together with Grin2d were the only genes which were 
expressed in significantly higher nurnber of cells isolated frorn D14 

rnice when cornpared to cells isolated frorn D7 rnice. 
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 (Pl0-P20 mice). 

lmmunohistochemical protc111 detection of NMDA receptor sub1rn its 
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 irnrnunohistochernical analysis of rnouse 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 functiori in glial cells 
which we would like to unravel (Dzamba et al. 2013). 
We analyzed staining of cortical GFAP/EGFP

+ 
glial cells for individua! 

NMDA receptor subunits (GluNl ,  GluN2A-D and GluN3A-B) in brain 
slices from controls and from D14 mice, in which the images were taken 
from the ischemie rim. The ana!ysis revealed that there were 
GF AP/EG FP

+ 
cells positively stained for the GluN l subunits in D 14 

mice. As for the GluN2A subunit, we were not able to detect any 
GF AP/EGFP

+ 
cells positive for this subunit; the only positive cells 

morphologically resembled neurons. The immunostaining analysis of 
GluN2B, GluN2C and GluN2D subunits showed similar results as with 
GluN l subunit, since GluN2B-D positive GF AP/EG FP

+ 
cells were 

detected only in D14 mice and not in controls. The GluN3A 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 GF AP/EGFP

+ 
glial cells positive for GluN3A staining was in 

D14 mice much higher than in controls. As for the GluN3B 
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 D 14 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 oť 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 oť NMDA receptor subunits, but these were not detected by 
immunostaining analysis (except for GluN3A subunit). This might be 
due to the fact that under control conditions, astrocytes have a bushy­
Iike morphology with many fine processes, which are too small for 
immunohistochemical co-localization utilizing confocal microscopy. 

Functional properties of NMHr, receptors under physiological 
conditions and following ischemia 
We studied the Ca

z+ 
elevations in GFAP/EGFP

+ 
glial cells after 

application of 100 µM NMDA. Since we noticed that the Ca
z+ 

responses 
were not always detected immediately after the application of I 00 µM 

14 

 

 



NMDA, we quantified the delay oť the NMDA-evoked Ca2+ responses. 
For this purpose, we set the signal threshold for Ca1+ responses to 200% 
of the amplitude oť the noise signal, and the responses were taken into 
account only if they occurred within I minute from the onset of the 
application. The average delay of the onset of Ca1+ responses following 
an application of 100 µM NMDA was 32.4 s and the responses were 
more or less normally distributed around this value. Another analyzed 
pararneter was the area under the curve which was measured during I 
minute from the start of application and was expressed in arbitrary units. 
The distribution ofthe area under the curve after application of 100 µM 
NMDA shows that the Ca1+ responses did not reveal any heterogeneity 
in the magnitude of the responses. Nonetheless, we can summarize that 
the 100 µM NMDA-evoked Ca2+ responses in silu differed in their 
kinetics as they displayed a large variability ranging from fast transient 
Ca2+ spikes to gradual changes of Ca2+ concentration indicating 
sustained Ca1+ entry. 
Next, we aimed to elucidate to what extent are NMDA-evoked 
intracellular Ca1+ elevations dependent on NMDA conoentration. As 
expected, the Ca2+ 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 µM and 20 µM NMDA­
evoked responses were lower by 78% and 42%, respectively, when 
compared to the application of 100 µM NMDA, with statistically 
significant difference between application of 4 µM and 100 µM NMDA. 
One of the major issues of in sítu 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 sub'sequently 
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 I µM TTX with 100 µM 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 I µM TTX did not 
rťsult in any significant decrease in the Caz+ responses evoked by 100 
p\!NMDA. 
Furthermore, the responses to the application of 100 µM NMDA were 
sensitive to the selective NMDA receptor antagonist DL-APV, which 
markedly blocked Ca1+ elevations. To clarify the subunit composition of 
the NMDA receptors, we further tested the effect of 10 µM memantine, 
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inhibiting preferentially GluN2C- 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 Ca2+ 

elevations which might be due to the presence of GluN2C 
and/or GluN2D subunits in the NMDA receptors present in 
GF AP/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 Ca2+ 

responses of GFAP/EGFP
+ 

glial cells in controls with those in D13-14 
mice. The application of 100 µM NMDA evoked a markedly lower Caz+ 

influx in the GF AP/EG FP
+ 

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 Ca2+ 

influx in 
cortical GFAP/EGFP

+ 
glial cells through NMDA receptors is blocked, 

which might be due to their different subunit composition aller MCAO 
leading to impermeability for Ca2+

. Results from single cel! RT-qPCR 
and immunohistochemical analyses suggest increased presence of the 
GluN3A subunit in NMDA receptors after MCAO, which would Jead to 
lower Ca2+ 

permeability of NMDA receptors (Perez-Otano et al. 200 I; 
Cavara & Hollmann 2008). The application of 100 µM 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% ofthe amplitude ofthe 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 oť I 00 �1M glutamate; 
nonetheless, -12% ofresponding cells from mice after MCAO indicated 
that apart from NMDA receptors there are also other Ca2+ 

permeable 
glutamate receptors present in cortical GF AP/EGFP

+ 
glial cells. These 

might be AMP A, kainate or metabotropic glutamate receptors, which are 
al! activated by glutamate. However, even though the amount of cells 
responding to application of 100 µM glutamate was not significantly 
decreased in cells from mice after MCAO, the area under the curve 
reflecting total Ca2+ 

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 individua! 
GF AP/EGFP

+ 
glial cells isolated from the somatosensory cortices oť 

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 µM concentration in in vitro measurements since there was no 
endogenous source oť glycine, but its addition did not cause any 
significant difťerences probably due to the fact that its low concentration 
was already present in the solutions as contamination. The kinetics oť 
the Ca2+ 

responses in the cultured cells was difťerent from those 
recorded in sítu. In 77% of cells, the responses occurred within 1 2  s 
following the co-application of 500 µM NMDA and 100 µM glycine 
(95% within 24 s), and fast transient Ca2+ 

spikes were not observed. 
In cells iso\ated from controls, 13. 6% responded to the application of 
100 µM NMDA, which increased to 36 .4% when 500 µM NMDA was 
applied. The co-application of 100 µM glycine did not result in a higher 
response rate; however, 100 µM glycine alone evoked Ca2+ responses in 
4 .5% of GFAP/EGFP+ glial cells. To confirm the specificity of the 
NMDA responses, we used 100 µM DL-APV, which markedly 
decreased or completely blocked the Ca2+ 

responses evoked by co­
application of 500 µM NMDA and I 00 µM glycine in all tested cells. 
The ischemie 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 µM NMDA and 
100 µM 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 Ca2+ elevations after NMDA 
application observed in situ in post-ischemie GFAP/EGFP

+ 
glial cells 

were thus preserved even after 5-6 days ofin vitro cultivation. Since in 

vitro Ca1+ imaging enabled the measurement of Ca1+ 
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 µM NMDA 
with 100 µM glycine did not occur uniformly in all ofthe processes, but 
were present in only some ofthe processes. 

5. Discussion 

Analysis of getť expression 
Our results thus 1ndicate that glutamate receptors are h1ghly expressed in 
immature astrocytes isolated from Pl0-20 GFAP/EGFP

+ 
mice, which 

often express also markers of NG2 glia. The glutamate receptors are 
according to the study oť 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 GF AP/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 
a role specific to astrocytes. 
Most ofthe genes coding subunits of glutamate receptors increased their 
expression after MCAO. The largest increase of gene expression was 
observed in Grm5 gene. This is an interesting result since the mGluR5 
receptor, coded by the Grm5 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 oť GFAP/EGFP

+ 

glial cells expressing the 
Grml and Gnn3 genes did not significantly change after MCAO; 
however, Grm5 became detectable in the majority of these cells, which 
indicates the importance of this receptor in post-ischemie glia. Since the 
activation of mGluR5 receptors was shown to result in glutamate, ATP 

and/or D-serine release from glial cells, they might modulate neuronal 
activity in the post-ischemie 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. 200 I). 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 ofthem (70%) did not express the Grin} 

gene encoding the GluNI subuniL which according to the current 
knowledge is obligatory in NMD,, ,éceptor formation. A similar resuh 
was reported by Cahoy and colleagues, who reported presence oť 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 GluNl 
subunit compared to the GluN2-3 subunits as previously reported 

18 



(Atlason et al. 2007). Moreover, there are indications that murine 
NMDA receptors can be also co-assembled without the GluNI subunit 
(Perez-Otano et al. 200 I; 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 GluN3A 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 
GluN3A. This might be due to the fact that under control conditions, 
astrocytes have a bushy-like morphology with many fine processes. lt 
was previously shown by electron microscopy that the GluN I and 
GluN2A/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 tt> 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 
GluNI, GluN2B-D and GluN3A subunits 14 days after MCAO, which 
indicates the importance oť NMDA receptors in glial cells under 
ischemie conditions. The GluN2A subunit was detected in cells that 
morphologically resembled neurons, but not in GFAP/EGFP+ cells. 
Since the single cel! 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 oť the GluN2A protein or 
miRNA regulation, which might be specific to glia. In summary, the 
immunohistochemical analysis confirmed the presence of NMDA 
receptor subunits in GF P'EGFP

+ 

glial cells, especially after i,chemia. 

Functional NMDA receptors in GFAP/EGFP
+ 

glial cells 
Calcium responses to the application of I 00 µM NMDA were delayed in 
silu 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. 20 IO). There have been several studies showing a ITX­
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 (Káradóttir 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 
ITX-mediated effect (bath application for several minutes). 
As for the subunit composition ofNMDA receptors, our results suggest 
a tri-heteromeric composition ofthe GluNl/GluN2C/GluN3A type. This 
is supported by the weak Mg2+ block observed for NMDA receptors 
containing the GluN3A subunit (Sasaki et al. 2002; Kehoe et al. 2013), 
as we observed Ca2+ elevations in aCSF that contained Mg2+ without the 
need for cell depolarization. Based on our single cel! RT-qPCR and 
immunohistochemical analyses showing low mRNA levels of Grin3b 

and the absence of GluN3B immunoreactivity, we do not assume the 
inclusion of the GluN3B subunit in the NMDA receptors. Di­
heteromeric GluNI/GluN3A 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 GluNI/GluN2 NMDA receptors. 
We hypothesize that these could provide an amplification of the Ca2+ 

signal upon local depolarization, which would release the Mg2+ 
block. 

The application of NBQX and PPADS did not support the hypothesis 
th1t this local depolarization would br nrovided via AMPA, Kainate or 
, \ receptors. 
Both in silu and in vitro experiments showed that the application of 
NMDA evoked significantly lower Ca2+ elevations in GF AP/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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GluN3A subunit as shown by our single cell RT-qPCR and 
immunohistochemical analyses. The decreased Ca

2+ 
permeability of 

NMDA receptors can be further caused by the incorporation of the 
GluN2D subunit in NMDA receptors (Bumashev et al. 1995; Paoletti 
2011; Evans et al. 2012), which was also highly upregulated 14 days 
after MCAO. Another reason for decreased Ca2+ 

permeability ofNMDA 
receptors might be their internalization, which was shown to be 
regulated by the particular subunit compositions (Lavezzari et al. 2004), 
and for example GluN3A intemalization is regulated via 
phosphorylation of a tyrosine residue (Y971) within the GluN3A 
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 intemalized or inactivated by the Ca2+­

calmodulín 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

2+ 
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 nót correspond 
with our in vitro results and with the results of Palygin and colleagues 
who demonstrated NMDA-evoked Ca2+ 

elevations in freshly isolated 
astrocytes (Paly gin et al. 2011; Palygin et al. 20 I O). 

ln vitro cultivated GF AP/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

2+ imaging 
measurements thus supplement the data from single cell RT-qPCR and 
immunohistochemical analyses and underline the changes of NMDA 

receptors in post-ischemie 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 
GF AP/EGFP

+ 
glial cells under physiological and pathophysiological 
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conditions. According to our results, the expression oť most of the genes 
oding glutamate receptors is highest in juvenile mice and decreases 

with agc. The highcst gene exprcssion was observcd in Gria2, Grik5, 

Crin2c and Gtr,;3 gencs. Our rcsu!ts rurthcr conlin11cd increased 
i::-:pression of n1')<;f uf ihe gene;-; ..:oding giutan-iate rt!Ct�ptois 7„14 duys 
alkr MCAO when comp;:ired 1.0 c0ntrols. 

lJ�j)!z!:ig i1nnalnehistochcrnical „uil::ysc::; fi.1r t1!! 7 crn-:-c11tly knvv1.1r: 
�H .. -'íD/'':. receptor ::;ut,uni1$, ,�.,c \4/ere unablc tu dctcct cot1tcal 
GFAP/EGfP+ giiai cel!::; p�:�it�, .... fr:-: any NTviDP.L receptor sub�:r:ib 
unclc1 cúr,ti·ci con.i;tions, ap�ui iron: the CiuN3/.� s1.ib11rdi. ia reac:iv1_. 
asírocytes prescnl ÍE thr r:orLiccs of GF ... \P/EGFP 1nicc 14 d1ys aflcr 
TvfC'.AO, our results �!carly •.;onfirmed the positivity cf cortiGa! 
GF,t\P/EGf p+ glial cc:!!s fr:r ihe Ghfr� L Gl::J,!/H-f) ónd Glti��J3A 
subunits staining. 

f'�:"J: u�,:- ::.tudy Gfll.; f�,1ctiuP:-= i pru�:...:·tic:; u[!",I\·iDť� .. n:";cepiGr� lii co1·ti':�:'. 
-:,;Í,ii1..yt .... ::; ·,·,:c i,�:cd in si1u c�?+ �i�i<.!g�t!g ff1C�lSU(C�i1C.i.lÍS Gi1 GFAP/EGrr+ 

3\ial ccl!s. Under control ,:;0nditio11,. we obscrvcd that ;ipp!ication r,ť 
NMDA cvok:ed Ca2+ e!evalions in - !/5 or the analyzed cel!s. These 
responses werc delayed in average by -30 s, NMDA-concentration 
rlt:.pend:"!nt �:.nd blůcked hy 1'-�JivtD/\ receptor <1ntag0!�!�ls. The applicntion 
ofNMDA áid not evokc �my C::2 ' elcvalions in GFAP/EGFP+ ;;!:a! cel!s 
alter MCf,0, which we hypothesize is due lo the increased involvemcnl 
.1t Gl111-J3A st,h,inlt i11 NlviuA ícccptvrs lcr.ding to C,i2' impcrm„aliiiily. 

The Ca2+ imaging measurerne1,ls p,:.-tormcd in rnltivaled GFAPitGFP.,. 

giirl ceils confirmed in sit;1 ťesults, sincc cdis cultivated from rni:e after 
MCAO displaye.d significm,iiy clirninishcd Caz+ resµon�es aller :;e­
appl�catior� 0ť !'·J1\-1DA v✓ith g!ycin� \vhen con1p�rcd to cc!is isotalsd 
fro1n contr0!,:. Moreover, in vitro experimcnts en:::h!ed 1o visnaiize Ca2 : 
rcsponses in betle,· detail, whid1 revealed process-specitic Ca2+ 

c!cv,ilions correspondíng with rcccnt sludies demon�lrating 
microdomains within astrocytic tcríitories. 
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