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Abstract

Kainate (KA) is a potent neuroexcitatory agent in several areas of the adult brain, with convulsant and excitotoxic properties that
increase as ontogeny proceeds. Besides its depolarizing actions, KA may enhance intracellular accumulation of Ca?* to promote
selective neuronal damage. The effects of KA are mediated by specific receptors recently considered to be involved in fast
neurotransmission and that can be activated synaptically. KA receptors, e.g. GIuR5 and GIuR6 have been characterized by
molecular cloning. Structure—function relationships indicate that in the MIl domain of these KA receptors, a glutamine (Q) or arginine
(R) residue determines ion selectivity. The arginine stems from post-transcriptional editing of the GIuR5 and GIuR6 pre-RNAs, and
the unedited and edited versions of GIuR6 elicit distinct Ca?* permeability. Using a PCR-based approach, we show that in vivo,
Q/R editing in the GIuR5 and GIluR6 mRNAs is modulated during ontogeny and differs substantially in a variety of nervous tissues.
GIuR5 editing is highest in peripheral nervous tissue, e.g. the dorsal root ganglia, where GIuR6 expression is barely detectable. In
contrast, GIuR6 editing is maximal in forebrain and cerebellar structures where GIuRS editing is lower. Intra-amygdaloid injections
of KA provide a model of temporal lobe epilepsy, and we show that following seizures, the extent of GIuR5 and GIuR6 editing is
altered in the hippocampus. However, in vitro, high levels of glutamate and potassium-induced depolarizations have no effect on
GIuR5 and GIuR6 Q/R editing. GIuR6 editing is rapidly enhanced to maximal levels in primary cultures of cerebellar granule
neurons but not in cultured hippocampal pyramidal neurons. Finally, we show that cultured glial cells express partially edited GluR6
mRNAs. Our results indicate that Q/R editing of GIuR5 and GIuR6 mRNAs is structure-, cell type- and time-dependent, and suggest
that editing of these mRNAs is not co-regulated.

Introduction

The amino acid-glutamate mediates excitatory synaptic transmissionGho, 1988). Systemic or intracerebral administration of KA produces
in the invertebrate and vertebrate nervous systems (Mayer & paroxysmal activity which involves preferentially limbic structures
Westbrook, 1987). This neurotransmitter plays a primordial role inand the hippocampus, and leads to neuropathological lesions reminis-
the development of the brain as well as in synaptic plasticity associatecent of human temporal lobe epilepsy (Nadler, 1981; Ben-Ari, 1985).
with learning and memory (McDonald & Johnston, 1990; Collingridge Various studies have shown that the convulsant and brain damage
& Singer, 1990). Glutamate may also contribute to several neurologicatyndromes induced by KA are delayed during rat ontogeny (Nitecka
diseases associated with selective neuronal cell loss. These includeal, 1984; Tremblayet al, 1984). The late occurrence of high-
epilepsy or ischaemia, where elevated levels of glutamate may inducsfinity KA binding sites linked to an immature hippocampal neuronal
excessive activation of glutamatergic receptors (reviewed in Choinetwork have been proposed to contribute to these observations
1992). The effects of glutamate in the central nervous system (CNSBergeret al.,, 1984).

are mediated by distinct receptors, pharmacologically defined by their Molecular cloning has allowed the initial characterization of
selective agonists. AMPA- and kainate (KA)-gated receptors (Olneymempers of the glutamate receptor family (Hollmagtral., 1989;
etal, 1974) mediate fast synaptic neurotransmission (Monaghagsregoret al., 1989; Wadzet al., 1989), and subsequent studies have
etal, 1989; Collingridge & Lester, 1989; reviewed in Leragal,  ynravelled some of the properties of families of KA- and AMPA-
1997), and there is recent evidence to suggest that KA receptors cgfated jonotropic glutamate receptors whose members are designated,
be activated synaptically (Vignes & Collingridge, 1997; Castilal., respectively, GIUR5, GIUR6, GIUR7, KA-1, KA-2 (Bettlet al., 1990:
1997). In hippocampal slices, KA induces long-lasting mOdiﬁcationsEgebjerget al, 1991; Werneet al., 1991: Bettleet al., 1992; Lomeli

of the synaptic properties of the CA3 pyramidal neurons (Ben-Ari &t al, 1992: Herbet al, 1992: Sakimurat al, 1992: Sommeet al.,
1992) and GluR-A-D (or GluR1-4) (Hollmarat al., 1989; Keiriaen

et al, 1990; Boultert al,, 1990; Nakanishét al., 1990; Bettlert al.,
CorrespondenceM. Khrestchatisky, as above. 1990). These receptor subunits have been grouped on the basis of
E-mail: khrestchatisky@cochin.inserm.fr their sequence and pharmacological properties. They share similar
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conservation (reviewed in Hollmann & Heinemann, 1994). Structure-brain regions of interest and various nervous tissues were rapidly
function studies in transfected cells have revealed within the secondissected, pooled and processed for RNA extraction. Seizures were
hydrophobic domain (MIl) of the GIuR variants, the importance of induced in rats in the following way: male Wistar rats (180—200 g)
either a glutamine (Q) or arginine (R) residue in determining ionwere anaesthetized with chloralhydrate and submitted to unilateral
selectivity and rectification properties of channels: while heteromeridnjections (0.3uL) of KA [Sigma, 10 mg/kg, in phosphate buffer

or homomeric GIuR-A, C and D receptors contain a glutamine in(PB), pH 7.4] in the amygdala as previously described (Reptah,

MII, generating strongly inward rectifying receptors permeable t01987). Only those animals showing typical KA-induced limbic motor
C&*, an arginine is found in GIuR-B where it elicits low €a  seizures for at least 2h upon recovery from anaesthesia were
permeability and a lineal-V relationship (Humeetal, 1991;  considered for analysis. Animals & 3 animals at least per time
Verdoornet al,, 1991; Burnasheet al,, 1992a). The arginine in the point) were killed 6, 12, 16 and 24 h, 3, 7, 12, 14, 21, 30 days and
MIl domain of GIuR-B, as well as in some of the GIURS and GIuR6 6 months after KA treatment. Naive animals and animals injected
subunits, is not encoded by the corresponding genes but results froith 0.3uL PB at the same stereotaxic coordinates were used as
post-transcriptional nuclear editing of their respective pre-mRNAscontrols (1 = 3 animals per time point) and were killed at 6, 16, 24 h
(Sommeret al., 1991; reviewed in Seeburg, 1996) by double-strandecand 3 days. The hippocampi of the control and epileptic animals were
RNA adenosine deaminases (Bass, 1995; Daiidl, 1996; Herb  dissected out, pooled and further processed for RNA extraction and
et al, 1996; Maa®t al., 1996; Melcheet al., 1996a, 1996b; reviewed cDNA synthesis as described further.

in Maaset al., 1997) that convert adenosine to inosine by enzymatic

base modification (Melcheet al, 1995; Rueteet al, 1995). While  ~ay curtures

the GluR-B mRNA seems to be fully edited, the percentage of GIURS . ) .
and GIUR6 QIR editing in adult rat brain structures is comprised':or hippocampal cell cultures, pregnant Wistar rats were killed on

between 30-55% and 70-90%, respectively (Someted., 1991: gesf[ational day 18 for collection of the embryog, and primary cultures
Kéhleret al., 1993; Bernard & Khrestchatisky, 1994; Céizal., 1994; of hippocampal neurons were prepared as previously described (Ferhat
Paschen & Dijuricic, 1994, 1995). Q/R editing modulates?'Ca etal, 1993, 1997). C(_arebe_llar gran_ule cells were prepared fr_om P7—
permeability of the GIUR6 receptor (Egebjerg & Heinemann, 19938 rat pups, as described in Desaial (1993), and are devoid of
Kohleret al., 1993; Burnasheet al., 1995). The importance of editing  ~urkinje cells. Secondary glial cell cultures (2 weeks) were prepared
in MIl is further demonstrated by the fact that additional editing in from the dissected hippocampi of PO rat pups as described previously
the TMI domain of GIuR6 also elicits 4 permeability, the extent (Ferhatetal, 1994).
of which may be modulated by editing in MIl (Kder et al., 1993).
Finally, the rectification properties of GIUR6 seem to be exclusivelyRNA extraction and reverse transcription
controlled by Q/R editing and are independent of editing sites ofysing the acid guanidinium thiocyanate—phenol—chloroform extrac-
TMI (Ruanoet al, 1995). ) _ tion method of Chomczynski & Sacchi (1987), total cellular RNA
Expression of the mRNAs encoding the KA receptor subunits,yas prepared from different nervous tissues of adult rats (cortex,
GIuRS and GIuRG, is broad throughout the CNS and PNS, and deceplrepelium, hippocampus, brain stem, striatum, olfactory bulb, retina,
correlations are found between their combined expression patteri§ner ear, thalamus, spinal chord and dorsal root ganglia); from the
and the distribution of KA binding sites (Bettlet al., 1990; Egebjerg hippocampi of epileptic rats; from the hippocampi, cerebellum, cortex

etal, 1991; Wisden & Seeburg, 1993). This broad distribution of 5 gitactory bulb of rats at E18 and postnatal days PO, P4, P7, P10,
KA receptor subunits in the developing and adult rat CNS, linked to thqb:L4 and P21: from primary cultures of cerebellar granule neurons

editing-dependent GaA permeability and the different physiological nd hippocampal pyramidal neurons; and from secondary cultures of

responses, seizure activity and increased neuronal lesions induced ¥al cells. The method was modified to meet the needs of reverse

KA in the course of development, has led us to study G.luR$transcriptase-coupled PCR, as described in Fedtal (1993).

Genomic DNA was eliminated by adding 10 units of Rnase-free
aﬁ?’LC-pure DNase (Pharmacia, Uppsala, Sweden) and incubating for
15 min at 37 °C. Total RNA was quantified on a spectrophotometer,
and integrity of the RNA was assessed in a denaturing agarose gel.
Por all samples, equal amounts of total RNApG) were reverse
ranscribed as described previously (Ferzdl., 1993). cDNA input

was identical for all PCR reactions. Except when mentioned, the
same number of PCR cycles (30) was performed in all experiments.
is modulated during ontogeny. GIURS5 editing is highest in periphera’gE should be emphasized that although t.he same RT-PCR proged_ure
nervous tissues, while GIuR6 editing is maximal in forebrain and"'s used for all samples, we do not consider th_e PCRs as quantitative.
cerebellar structures. In the epileptic rat hippocampus, we show thé?,the case of the embryonic dorsal root ganglion (DRG) where only

GIuR5 and GIuR6 editing is altereth vitro, we show that the extent (rjmnutle a;‘t“’“'_“s ofdt_lssue_ were 1%\'0af,|gbl\?\}hRT'PCR was _pe_rfornlgid
of editing for both GIuR5 and GIuRG6 differs in cultured hippocampal irectly after tissue disruption at : en semiquantitative RT-

neurons and primary cultures of cerebellar granule neurons. In thngR was perforcrjned (ass_essm(?nt |0f GIuRS |ncreas|e ml the presence
latter, the extent of editing is not modulated by potassium-induced! Potassium and comparison of GluR6 expression levels in neurons

depolarizations, or by high levels of glutamate. versus glial cells), total RNA (jug) from the different cell cultures
' was spiked with 40 pg of tobacco Nitrate Reductase (NR) RNA

transcribedin vitro. Following cDNA synthesis and PCR, the NR
PCR products were quantified and used as standards, as described in
Animals Ferhatet al. (1993). In each set of experiments, PCR controls included
Wistar rats ranging from birth (P0O) to 21 days old (P21) (three—fourRT-PCR with no RNA input, mock cDNA synthesis (no RT) and
animals per age group) or adult (three animals), were killed, and th®CR reactions in the absence of cDNA input.

hippocampus. We also have assessed whether we could modul
GIuR5 and GIuR6 Q/R editing in cultured neural cells. Although
GIuR5 and GIuR6 editing for a limited number of brain regions in
rat and human have been previously described using variou
approaches, we present here an extensive comparison of both
receptors in one species and with one strategy. We shovinthvato,

the levels of GIUR5 and GIuR6 Q/R editing differ substantially in
adult nervous tissues, and that in all brain structures studied, editin

Materials and methods
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PCR reactions merase Chain Reaction (RT-PCR) for the amplification of DNA

The primers used in this study are: GIURS/6:@GTATAACCC(A/  fragments spanning the MIl domains. Our approach is only briefly
C)CACCC(T/A)TGCAACC, an upstream primer common to GIuR5 mentioned, as it has already been described in detail elsewhere
and GIuR6, spanning residues WYNPHPCNP on GIuR5 (559_(Bernard & Khrestchatisky, 1994). Q/R editing of GIuR5 and GIuR6
567) and GluR6 (558-566) (Egebjess al, 1991); GluR523, 5 suppresses a restriction site for the endonuclease Bbvl in the corres-
GAAGGTCATCGTCGAGCCATCTCTG, a downstream primer com- ponding double-stranded cDNA. RT-PCR primers were chosen such
plementary to the GIuUR5 mRNA, spanning residues VRDGSTMTFthat GIuR5 and GIuR6 amplification products span the Bbvl site of
(655-663); GIuR62, 5TGACTCCATTAAGAAAGCATAATCCGA, the unedited sequence as well as a ‘constitutive’ Bbvl site used in
a downstream primer complementary to the GIuUR6 mRNA, spanningach sample as an internal control for efficient Bbvl digestion. The
residues SDYAFLMES (700-708). upstream primer is'5end-labelled with§-33P] ATP. Following Bbvl

The upstream primer GluR5/6 was end-labelled usirtf P] ATP digestion, samples are analysed on a polyacrylamide gel which is
(NEN, Du Pont de Nemours, Les Ulis, France) and T4 polynucleotiddurther dried and autoradiographed. In a mixed population of edited
kinase (BRL, Gaithersburg, MD, USA) as described in Bernardand unedited mRNAs, RT-PCR yields amplification products of 313
& Khrestchatisky (1994). PCR reactions [0, 30cycles, 30s and 451 bp for GIUR5 and GIuR6, respectively; Bbvl digestion
denaturation at 94 °C, 30 s annealing at 58 °C (GIuR5) or 56 °Qoroducts of the following sizes are visible in ethidium bromide-
(GluR6), and 30 s elongation at 72 °C] were performed usipd. 5 stained gels: 187, 126, 106 and 81 bp for GIuR5; and 375, 268, 107

of the diluted cDNAs. and 76 bp for GIuR6 (Bernard & Khrestchatisky, 1994). In either
) ) case, of the four digestion products, only two (187 and 106 bp for
Gel analysis and autoradiography GIuRS5, and 375 and 107 bp for GIuR6) are end-labelled, as revealed

Ten microlitres of each PCR reaction was digested with the endonuclésy autoradiograms of the dried gels. In each lane, relative intensities
ase Bbvl (New England Biolabs, Beverley, MA, USA). One-third of of the two bands are measured by densitometric scannings of the
the digested samples were loaded on 5% polyacrylamide gelswtoradiograms. Ratios of the 187/106 and 375/107 digestion products
Following electrophoresis, gels were fixed in 10% acetic acid, driectorrespond to those of the edited and unedited GIuR5 and GIuR6
and exposed to Amersham MP films from 2 to 12 h. AutoradiogramsnRNAs in a given RNA sample.

were scanned and digitized using Samba software (TITN Alcatel,

Grenoble, France). For each measure, the number of pixels corrés/UR5 and GIuR6 Q/R editing throughout development of

sponds to a mean value of the entire band after it was digitized, sdifferent brain structures

that minor band distortions in the course of electrophoresis have ngye analysed the extent of GIUR5 and GIuR6 Q/R editing in RNAs
incidence on the densitometric readings. The least-exposed autoradiagktracted from embryonic day 18 (E18) hippocampi, and from the
rams were used for quantifications so as to avoid film saturation anﬁippocampus, cerebellum, cortex and olfactory bulb in PO, P4, P7,
to ensure measures were realized within the linear range of the fiIm@lo‘ P14, P21 and adult rats. We have also included in our study
In experiments with large differences between the levels of edite¢s| rs5 editing in E17 and adult DRG (Fig. 1). Following RT-PCR,
and unedited RNA (notably GIuR®), films were preflashed to avoidgpy| digestion of the PCR products, gel analysis and autoradiography
non-linearity at the low end of the exposure range. The autoradlograrr@ig_ 1A,C), densitometric scanning (Fig. 1B,D) reveals substantial
that were scanned do not always correspond to those used for thgiferences in the ratios of unedited and edited mRNAs, for GIUR5S
figures, which for the sake of illustration may correspond to longeryng GluR6. At E18 in the hippocampus, 90% of GIURS mMRNAs are
exposures. For thé vivo experiments (adult nervous tissues and \negited, and in all structures examined, Q/R editing increases during
ontogeny of the hippocampus, cerebellum, cortex and olfactory bulb)e,aﬂy postnatal development (Fig. 1A,B). At PO, GIURS mRNASs are
two independent batches of CDNAs were assessed. In all cases, &lqy edited (24-28% in the cerebellum, cortex and olfactory bulb,
least three different PCR and Bbv! digestion reactions were performeg. 4 1504 in the hippocampus). By P4, the extent of editing in all

from each cDNA sample mentioned in this study. Furthermore, alky - gyctures is substantially increased, as 43% (hippocampus,
s_amples were run a_t least three times and in some cases up to fIlf‘érebellum and cortex) to 48% (olfactory bulb) of the GIUR5 mRNAs

tlm_es for quantlflcatlons_. Results_ were fexpres_se_d as percentage QJe edited at this stage. At P7, a slight decrease in the extent of
edited over the total (editetd unedited). Highly similar results were editing is observed in the hippocampus, cerebellum and olfactory

always obtained, and percentages correspond to the mean of the&&lb. This drop in the amount of edited GIuUR5 mMRNA is even more

results. For a given RNA sample that was processed several tIm%sovious at P10 in the cerebellum where the edited mMRNAs represent

(independent RT'PCR’ dlgesthn by Bb\." and ggl analysis), W& 0% of the total, less than at PO. At P10, in the hippocampus, cortex
observed a maximum of 5% difference in the edited percentages,

- . o and olfactory bulb, levels of GIUR5 editing are similar to those
When statistical analysis was performed for significansgoya . )
. ; oo : observed at P4. The levels of edited GIuR5 mRNAs are stable in the
followed by Fischer) in thén vitro experiments, results were averaged | . . .
- : . . hippocampus at P14 and P21, and are further increased in the adult
from at least three distinct experiments. In the experiments with the

0,
rat epileptic tissues (Fig. 3), the hippocampi from at least threeWhere they represent 50% of the total. In the cerebellum, the levels

animals were pooled at each time point. Two different cDNA batche of edited mRNAs increase substantially from P10 to the adult (from

were prepared, and the digested PCR products from each batch w to 55%), while the extent of GIUR5 editing is stable in the cortex

assessed from four (GIuR5) or three (GIuR6) independent gels. | nd olfactory bUIb_ from P10 to adult (around 50%). In_the DRG,
order to avoid overload on the figures, standard deviation an vels of GIuRS5 editing increase from 11% at E17 to 56% in the adult.

statistical significance were plotted only when relevant. The levels of Q/R editing in GIuR6 (Fig. 1C,D) are quite different
from those of GIuR5 throughout development in the brain structures
Results mentioned above. Similar experiments were performed fror_n_ the same
batches of cDNAs used to assess the extent of GIUR5 editing. In the
Assessing the extent of GIuR5 and GIuR6 Q/R editing hippocampus at E18, 32% of the GIuR6 mMRNAs are edited. At PO,
The extent of editing in the MIl domains of the GIuUR5 and GIuR6 the level of editing reaches 75% in the hippocampus and cortex, 90%
mMRNAs was assessed using Reverse Transcription-coupled Polir the cerebellum and 82% in the olfactory bulb. The extent of GIUR6
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Fic. 1. Q/R editing of GIuR5 (A,B) and GIuR6 (C,D) during development of the hippocampus, cerebellum, cortex, olfactory bulb and DRG (GIuR5). Following
RT-PCR, the GluR5- and GluRé6-radiolabelled PCR products were digested by the endonuclease Bbvl and separated on acrylamide gels, which were furtl
dried and exposed for autoradiography (A,C). Abbreviations: E18, embryonic day 18; 0, 4, 7, 10, 14, 21, postnatal days PO, P4, P7, P10, P14, P21; Ad, adL
(L), labelled Promega ladder; (C and nd), control non-digested PCR products. All other samples were digested by Bbvl prior to gel analysis. Autoradiogram
were scanned, and the mean percentages of edited GIuR5 (B) and GIuR6 (D) relative to the total-(editeited) were plotted. Data were combined from

at least three independent RT-PCR experiments and at least three independent gels

editing is stable in the hippocampus between PO and P7, and peakiNA was extracted from cortex, cerebellum, hippocampus, brain
at P10 and P14 (90%). Subsequently, 88% of the GIuR6 mRNAs arstem, striatum, olfactory bulb, retina, inner ear, thalamus, DRG and
edited in the adult rat hippocampus. In the cerebellum, we note gpinal cord. The highest levels of edited GIuUR5 mRNAs (Fig. 2A,C)
slight increase in the extent of editing from PO to P14, where levelsare found in the spinal cord (66%) and retina (62%), where 80% of
of editing peak and are close to 97%. The percentage of edited GluRfie GIuR6 mRNAs (Fig. 2B,D) are edited. For both GIuR5 and
mRNA decreases slightly at P21 and more so in the adult cerebellur@luR6 mRNA species, low levels of Q/R editing are detected in the
to reach 85%. In the cortex and olfactory bulb, a similar trend isinner ear (31 and 45% of the total GIuR5 and GIuR6 MRNAs,
observed: a slight increase in the extent of editing from PO to P10sespectively). The highest percentage of Q/R editing in adult nervous
where levels of editing peak in both structures to reach 90 and 95%issues is found in the GIluR6 mRNAs expressed in CNS structures,
respectively. Subsequently, a slight decrease in the levels of GIuR@.g. the hippocampus (87%), cortex (86%) and cerebellum (83%). In
editing from P10 to adult is observed in both structures, where 85%hnese structures, around 50% of the GIuR5 mRNAs are edited. In the
of the GIuUR6 mMRNAs are edited. In the PCR conditions used for theyrain stem, GIuR5 mRNAs are efficiently edited (61%), while editing
amplification of GIURS5 and GIURG6 in the tissues mentioned abovesf the GIUR6 MRNAs is substantially lower (63%) than in other
(30 cycles), we detected no GIuR6 in the E17 and adult DRG.  greas. Conversely, GIuR5 editing is low in the striatum (41%)
compared to other nervous tissues, while GIuR6 editing in the striatum
GluR5 and GIuR6 Q/R editing in adult nervous tissues (84%) is close to the highest levels found in adult tissues. While
We compared the extent of GIuR5 and GIuR6 Q/R editing in variousGluR5 mMRNAs are expressed in the DRG and spinal cord at levels
central and peripheral nervous tissues of the adult rat (Fig. 2). Toteghat compare with other tissues, GIuR6 mRNAs are expressed at low

© 1999 European Neuroscience AssociatiBaropean Journal of Neuroscienckl, 604—616
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levels when compared with most other nervous tissues, as thre A Bbvl

additional PCR cycles are necessary to obtain similar amounts of th nd | |

PCR product. In the DRG and spinal cord, the low levels of GIuR6 o E

MRNA expression are associated with low levels of editing (9 a1 _ | ot

and 46%, respectively) when compared to GIuR5 (56 and 66% i

respectively). 200 — | wa it s il el S ;
GIuR5 - ot R =i

GIuR5 and GIuR6 Q/R editing in the rat hippocampus e "‘"

following KA-induced seizures 100 | v SRR SR S gnggig;i

In order to assess whether neuronal hyperactivity had any effect o s

the levels of GIUR5 and GIuR6 editing, we analysed the RNAs .

extracted from the hippocampi of rats submitted to unilateral injections
of KA in the amygdala as previously described (Repetsa., 1987).

Six hours after the onset of seizures, in the adult rat hippocampu
we observe a significant increase in GIUR5 editing, from 50-55% ir
the different control animals to 69% (Fig. 3A,B). This difference
with the control animals is still prominent at 16 h (65% compared to
the 51% of the saline-injected control). The ratios of the edited
version decrease at 24 h and 3 days following KA (58 and 60%
respectively), while the saline-injected controls remain stable (55 ani
53%, respectively). A second wave of modulation of the extent of
GIuR5 editing seems to occur in the days and weeks following the C o Bbvl
initial seizures. Indeed, 7 days after KA, high levels of GIuR5 editing
(71%) are observed in the hippocampus, followed by a slow decreas 500 -
at 14 days (68%), 21 days (65%), 30 days (62%) and 6 months (60% Ao
where GIURS5 editing is higher than in the hippocampi of non-epileptic
control animals (50-55%).

In the early time points following seizures (6 h to 3 days), modula—GluR6

B Unedited

B Edited

- - | eodited

31 - (375bp)

T

200 -

tions in GluR6 editing (comprised between 86 and 92%) are no 140 - |=

comparable with those observed for GIuR5 and are not statisticall - )
significant (Fig. 3C,D). In contrast with the second wave of GIUR5 100 = f - it it § t‘{‘;‘g‘;}d
increase observed 3 days and beyond for the GIuR5 subunit, at 3 ai -

7 days we observe a significant decrease in the extent of GIuR D ‘f C  Cx Cb Hp Bs & Ob e o Th Drg &

editing which reaches ratios (80%) that have not been observed i
the non-epileptic adult hippocampus. Six months after the onse
of seizures, the extent of GIuR6 editing is identical to control
levels (87%).

B Unedited

W Edited
GIuR5 and GIuR6 Q/R editing in cerebellar granule neurons

with high glutamate

G Cb H Bs 5t Ob Fe e Th Dy Sc

In order to studyin vitro whether neuronal activity could modulate
Q/R editing of GIuR5 and GIuR6, primary cultures of cerebellar Fig. 2. Q/R editing of GIUR5 (A,B) and GIuR6 (C,D) in various nervous
granule neurons were grown in different conditions. Cerebellar granuléssues from the adult rat. Abbreviations: Cx, cortex; Cb, cerebellum; Hp,
neurons were issected ffom rat pup cerebela at P7. . The ediPECConls s, e e o, s 5, ooy b e e
of G|UR,5 an.d G|UR6 mRNA editing was assessed n the Ce”Promega’ Iad’der; (c and n%), control ngn-d?ge’sted’ P%R prodchts.’AII other
suspension [time point (0 h)], and after 6, 24, 48 and 72 h in culturesamples were digested by Bbvl prior to gel analysis. Three additional PCR
We observe a significant change in the percentage of edited GluR&/cles were necessary for GIuR6 amplification from the DRG and spinal cord
(Fig. 4A,B) after 6 h in culture when compared to the cell suspensiorfDNAs. Autoradiograms were scanned, and the mean percentages of edited
[time point (0)]; the percentage of edited GIuURS MRNAs shifts from G!UR5 (B) and GIuR6 (D) relative to the total (editedunedited) were

. - S plotted. Data were combined from at least three independent RT-PCR
3510 20%. At 24 and 48 h, GIuRS5 editing levels increase S|gn|f|cantly\c(,xperiments and at least three independent gels.
as editing levels reach 30 and 35% at 24 and 48 h, respectively, after
plating and are stable up to 11 days (not shoimnyitro. A decrease
is observed subsequently, and at 25 deysitro, the edited GIUR5  cerebellum of developing rats at P4 and P7 (90 and 86%, respectively,
MRNAs represent 20% of the total (not shown). In the cerebellaFig. 4C,D). Thereafter, GIuR6 editing increases significantly to 100%
cultures, at all stages, the levels of the unedited GIUR5 variant arat 24 h after plating, and subsequently up to 25 diaysitro (not
higher than those of the edited variant. In these cultures we have nshown), the GIuR6 Q/R site is exclusively edited (Fig. 4D).
observed a down-regulation in the expression of GIuUR5 mRNA as Next, in cerebellar granule neurons prepared from P7-8 rat pups,
observedn vivo in mature cerebellar granule neurons (Betdeal., we assessed whether elevated glutamate levels could modulate the
1990; Wisden & Seeburg, 1993). In the same RNA populations, irextent of GIuR5 and GIuR6 editing (Fig. 4E-G). Two days after
the cell suspension [time point (0 h)] and 6 h after plating, the levelglating, cells were grown for 1, 2, 4, 8, 24, 48 and 72 h in the
of GIuR6 editing are similar to those observéd vivo in the presence of 10Qm glutamate. In freshly plated cerebellar granule
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; Bbvl ,nd In this set of experiments, GIuR5 (Fig. 4E,F) and GIuR6 (Fig. 4G)
A - 500 RNA editing levels remain identical to both controls.
| 427
- |31 GIuR5 and GIuR6 Q/R editing in cultured cerebellar granule

cells with high levels of potassium

Next, we assessed whether potassium-induced depolarization could
modulate editing of GIuR5 and GIuR6 (Fig. 5). Cerebellar granule
| 140 neurons were prepared from P7-8 rat pups. It is known that in
established cultures, the transition from high (25-30 Ki") to low
potassium (5 m K*) induces neuronal death (D'Mellet al., 1993;

Yan et al, 1994). It was thus not possible in the course of the culture
GIuR5 to first decrease K to observe the subsequent effects of increased

OIter | - - —— | 200
(187bp)

UNETItEd | S o - - -

(106bp) i

B . - |
© Bk 16c 18K 24c 24k 3dc 3dk 7dk 14dk 21dk 30dk 6mk L

% K* on GIuR editing. In order to circumvent this problem, cerebellar

* o %

5 x granule neurons were plated directly in low" KHowever, because
low K™ is detrimental to cultured neurons after a few days (Gallo
etal, 1987), we started to evaluate the effects of high potassium
(25 mm K*) on GIUR editing rapidly (6 h) after neurons were plated,
hence, at an earlier time point after cell dissociation than for the
experiments in Fig. 4. At 6 h, in 5 and 25wpotassium, the levels
of GIuR6 and GIuR5 editing were 82—-81% and 18-17%, respectively
¢ Bk 16c 16k 24c 24k 3dc 3dk Tdk 14dk 21dk 30dk 6mk . . .
(Fig. 5A,B), in agreement with other granule cell cultures evaluated
Bbvl early after plating (see Fig. 4). The 48 h cultures showed significantly
c : : increased editing for both GIuR6 and GIUR5 with levels of 95-96%
i and 33%, respectively (Fig. 5A,B), similar to the levels observed in
— 427 other experiments (Fig. 4). However, this increase was identical in 5
or 25 mv potassium. Using semiquantitative RT-PCR (gel and NR
standard not shown, but the increase is obvious on the GIUR5 gel),
we observe that the high potassium levels significantly increase the
total amounts of GIuUR5 mRNAs as early as 6 h (300% increase), and
~140 that this increase is enhanced at 48 h (500% increase), while GIuR6
mRNA expression is not changed (Fig. 5C).

% Editing

p=
a

i RAAN NN iiE

SO0 | e et - ——— - —

(375bp) - 311

- 200

unedited o e S L L

(107bp) =100

GIuR5 and GIuR6 Q/R editing in cultured hippocampal

Glu Rs neurons

In the rat hippocampus, a substantial shift is obseimedvo in the
extent of GIuR5 and GIuR6 Q/R editing between E18 and P4 (Fig.

© Bk 16c 16K 24c 24k 3dc 3dk Tdk 14dk 21dk 30dk 6mk

* %

DIOO

@ 2 2). In order to assess whether this shift occurred in hippocampal
I% 50 neuronsin vitro, as for the cerebellar granule cells, we plated
w hippocampal pyramidal neurons dissociated from the hippocampi of
& 25 E18 rat embryos. The extent of GIuUR5 mRNA editing was 13% in
0 the cell suspension (not shown), close to the 10% observed in

D —— hippocampi from E18 rat embryos (Fig. 2), and was assessed in the
B _ _ ~ cultured neurons after 1, 2, 4 and 7 daysvitro (Fig. 6A,B). After
Fic. 3. QIR editing of GIURS (A,B) and GIuR6 (C,D) in the hippocampi of 24 h in culture, GIUR5 editing levels are 20%, and subsequently, we

epileptic rats at various times after intra-amygdalar KA injection. . o . .
Abbreviations: (c), control hippocampus (naive rats); (6k), 6 h post-KA; (ch),Ob‘Q'erVe a significant decrease to 12% at 7 days in culture. This

16 h saline-injected control; (16k), 16 h post-KA; (24c), 24 h saline-injectedPercentage i_S substantially lower than that observed at P4 in the
control; (24k), 24 h post-KA; (3dc), 3 days saline-injected control; (3dk), developing hippocampus (42%).
3 days post-KA; (7dk), 7 days post-KA; (14dk), 14 days post-KA; (21dk), Editing of the GIuR6 mRNAs increases significantly from 35% in

21 days post-KA; (30dk), 30 days post-KA; (6mk) 6 months post-KA; (L), ’ ; i ° 0
labelled Promega ladder; (nd), control non-digested PCR products. All othetrhe E18 hippocampal cell suspension, in agreement with the 31%

samples were digested by Bbvl prior to gel analysis. Autoradiograms Weréneasured in samples of E18 hippocampi (F_'g' 2_)' to 4_4_43% at days
scanned, and the mean percentages of edited GIUR5 (B) and GIur6 () and 2, and to 57-58% after 4 and 7 dagsvitro (Fig. 6C,D).
relative to the total (edited unedited) were plotted: SD. The hippocampi  Again, editing levels of GIuUR6 are lower than those observed at P4
from at least three rats were pooled at each time point. Data were combingg, the hippocampi of live animals (68%). In contrast with the
from two independent RT-PCR experiments, and from four (GIuR5) and thre : .
(GluR6) independent gels. Significantly different from the control (c) values:%erebel_lar granule_ cell cultyres, a substantial _percentage of ungdlted
(*) P < 0.05; (**) P < 0.001. GIuR®6 is present in the primary cultures of hippocampal pyramidal

neurons, even after 7 days in culture.

cells, this concentration of glutamate does not affect cell viability. GIUR6 Q/R editing in cultured glial cells

The extent of GIuR5 and GIuR6 editing was compared to two controWe next assessed whether GIuR editing occurred in secondary cultures
cultures [C, corresponding to time point (0) before the addition ofof glial cells (Fig. 7). RT-PCR performed in identical conditions from
glutamate, and 48C corresponding to 48 h in the absence of glutamatd] ug total RNA extracted from cultured glial cells and control cultured
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A Bbvl Cc Bbvl
ndr I nd r 1
500 - S —
427 — | N 500 — | s
427 - | — edited
R 1 - [ HH_--(S?SIJDJ
H St
200 [Nt - 200 = |
140 - \restp) 140 ~ | S
100 - s il el St E’nglfpef 100 — [ Fa— hn‘:??clglpe)d
S—
L c 1] 6 24 48 T2 L c Q ] 24 48 72
Haurs in vitro Hours in vitro
B D
100 * + 100 i
275 2 90
% s0 3 80 Fi. 4. QIR editing of GIURS (A,B) and GIUR6
(C,D) in freshly dissociated (time point 0, from
R 2s R 70 P7-8 rat pups) cerebellar cells, and in cultured
0 80 cerebellar granule neurons for 6, 24, 48 and
0 6 24 48 T2 72 h. Autoradiograms were scanned (B,D), and
the mean percentages of edited GIuR5 and
E Bbvl G Bbvl GIuR® relative to the total (edi_te(ﬁi unedited)
ndr 1 ndr 1 were plotted. Data were combined from three
ol 4 e cultures. GIuRS editing decreased significantly
427 = | - - at 6 h compared to time point (OP[< 0.05,
11 - s00 - [ (f)]. _A_t 48 h, GIuR5 editing was increased
i A N e b b s i il s | ecited significantly P < 0.05, (+)]. Twenty-four
200 - DR et o e o il it EILEC B {375bp) hours foII(_)\_Ning dissc_)cia_t_ion (tim_e point 0),
- (187bp) e GIuR6 editing was significantly increased
10~ . ‘ 200 - e [P < 0.001, (*)] and reached maximal levels
100 - [y SNTDEDEDGS SIS aﬂggg‘:)d 140 - . (100%). (E-G) Q/R editing of GIURS5 (E,F)
g 100 - [ Lunedited and GIuR6 (G) in cultured cerebellar granule
- - (107bp) neurons (2 dayi vitro from P7-8 rat pups) in
L ok the absence (C, 48C) and presence of @0
L C 1 2 4 824 48 7248C L € 1 2 4 8 24 48 T2 48C glutamate for 1, 2, 4, 8, 24, 48 and 72 h.
+ Glulamate T Autoradiograms were scanned, and the mean
F Hours in viiro Hours in vitro percentages of edited GIUR5 (F) relative to the
100 total (edited+ unedited) were plotted. Data
were combined from three cultures. In the
27s cultured cerebellar granule neurons, after
% 2 daysin vitro, GIuR6 mRNAs were fully
g se = 5 . : edited. Glutamate had no effect on GIuR5 and
£ 56 Unedited Edited GIuR6 Q/R editing. Abbreviations: (C), control
before glutamate; (48C), control culture 48 h in
O T T "4 T B T a8 72 T etc the absence of glutamate; (L), labelled
Promega ladder; (nd), control non-digested

GIURG PCR products. All other samples were digested
by Bbvl prior to gel analysis.

GluR5

hippocampal neurons reveals that GIuR5 mRNAs are not detected iBIuUR5 mMRNA expression is elevated but transient in the granule
cultured glial cells (not shown). In contrast, GIuR6 mRNAs are cells, and that beyond P12, expression decreases (Betttér 1990)
expressed in glial cells, and semiquantitative PCR (NR standard naind is low in the adult (Bettleetal, 1990; Wisden & Seeburg,
shown) reveals that levels are significantly lower (sevenfold) than im993), while high levels of expression are observed throughout
cultured hippocampal neurons (Fig. 7A,B). Assessment of the extergostnatal development in the Purkinje cells. This suggests that up to
of editing shows that 70% of the GIuR6 mRNAs are edited in theP10-12, the PCR products we obtain originate from both granule
cultured glial cells (Fig. 7C). neurons and Purkinje cells, while in the adult cerebellum, it is mostly
the Purkinje cell GIuR5 mRNA that is amplified. We find GIuR5
mRNA in the retina, where it has been localized in the inner nuclear

Discussion ) .
layer (Hugheset al,, 1992; Miuler et al, 1992). In agreement with
The GIuR5 and GIuR6 mRNAs are expressed in a variety of previous results (Bettleet al,, 1990; Wisden & Seeburg, 1993), we
nervous tissues during ontogeny, and in the adult central and also find GIUR5 in the hippocampus, thalamus, striatum, brain stem
peripheral nervous systems and spinal cord. In the embryonic and adult rats, we find that the

Our RT-PCR results confirm that the GIuR5 mRNAs are expressefPRG exhibit high levels of GIUR5 expression. KA receptors have
in structures that undergo neurogenesis postnatally, e.g. the olfactobeen described in the C-fibres of the dorsal root ganglia (Agrawal &
bulb, hippocampus (dentate gyrus) and cerebellum (granule neurongyans, 1986). Furthermore, cultured DRG neurons express KA
(Bettler et al., 1990). In the latter structure, it has been shown thatreceptors (Huettner, 1990), and it has been suggested that GIuR5
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A il lL' il |_Bb\f’_‘ but at low levels, as three additional PCR cycles. were necessary to
— obtain amounts of the PCR product comparable with the other tissues.
e Also in this study we used primary cultures of neuronal cells and
500 - ws ] secondary cultures of glial cells. Primary cultures from developing
D Rt T 1 ¢éf|‘::a‘é cerebellum and hippocampus are distinct but rather homogeneous
IR - .- (375bp) neuronal populations. The primary cultures of cerebellar neurons
- edi prepared from the cerebella of P7-8 rat pups are enriched in granule
200 e ited L e .
«« % |GIlUR5 neurons, and it is likely that the amplification products we obtained
140 -|ag (187bp) in these cultures readily originate from the granule neurons for a
100 o b Lo e e e | unedited number of reasons. First, Purkinje cells arise early in the development,
— {G1|0u?ﬁlﬁf’5 and have formed extensive processes and synaptic connections by
L e M4BT 5 o amrs 106bp) the tlme .of dissociation; they are irreversibly damaged upo.n.tlssue
‘5—“2;“5?' 'E"E' dissociation and we have not been able to detect any Purkinje cells
_— _ in our cultures. Second, GIuRS5 (early postnatally), and GIuR6 mRNAs
i TR e are expressed in granule neuramsivo (Bettleret al., 1990; Egebjerg
GluR6 GIuR5 etal, 1991). Third, unedited and edited versions of GIURS transcripts
B have both been detectéd vitro in single cerebellar granule neurons
6hrs 48 hrs 6hrs 48 hrs using single cell RT-PCR (Pembertetal,, 1998). At E18, primary
o ¥k * * cultures from the hippocampus are enriched in pyramidal neurons
(Ferhatet al., 1993, 1997), and it is most likely that the PCR products
275 we obtained originate from this neuronal cell type. Indeed, as
% 50 mentioned above, both GIuR5 and GIuR6 mRNAs are expressed (low
w levels for GIURS5) in the pyramidal cell layer of the rat hippocampus
K25 (Bettleret al., 1990; Egebjergt al., 1991; Wisden & Seeburg, 1993),
0 and have been characterized in CA1 pyramidal neurons in hippocampal
5255 & 5 & 5 2 slices (Mackler & Eberwine, 1993). Finally, in cultured glial cells,
mM Ky mi.k+ we find GIuR6 mRNA expression, but not GIuR5, and at levels that
GluR6 GluRS are lower than in cultured hippocampal neurons. It is established that
C O unedited M Edited glial cells express functional receptors for glutamate and KA (Bowman
& Kimelberg, 1984; Sontheimegt al., 1988; Burnashegt al., 1992b;
800 *% Patneatet al,, 1994).

GluR5

The extent of GIUR5 and GIuR6 Q/R editing is differentially
regulated during ontogeny, and in the adult central and

0.D. Arbitrary Units
Y
[=]
[=]

200
P = W peripheral nervous systems

SrMEe Zomiis BmlMKe 2omMitt The RT-PCR-based method we used (Bernard & Khrestchatisky,

6 hrs 48 hrs 1994) to assess the extent of Q/R editing in the mRNAs encoding

- ) GluR5 and GIuR®6 is simple, reliable and highly reproducible. GIUR5

Fic. 5. Q/R editing of GIuR5 and GIuR6 (A,B) in cultured cerebellar granule d GIUR6 PCR bri h h that th the MII

neurons (6 hin vitro, from P7-8 rat pups) in 5 and 25urpotassium (K) an u ) primers were ¢ _os.en suc at they span the

for 6 and 48 h. Abbreviations: (L), labelled Promega ladder; (nd), controland TMIIl domains, encoded by distinct exons, separated by several

non-digested PCR products. All other samples were digested by Bbvl priokilobases of intronic sequence (Somnatial, 1991). This excludes

to gel analysis. Autoradiograms were scanned (B), and the mean percentaggfe possibility that the PCR-amplified products that are analysed

of edited GIURS and GIuRé relative to the total (editedinedited) were gerive from contaminating genomic DNA. The amplified products do

plotted. Data were combined from three cultures. In the freshly dissociate L .

cerebellar granule neurons (6rhvitro), GIURE MRNAs were not fully edited. Nt allow us to discriminate between the various GIuRS and GIuR6

After 48 hin culture, they were nearly fully edited and values were significantlysplice variants that have been described in the CNS (Bedtlat,

different compared to 6 h(< 0.05). Editing of GIuR5 also increased 1990; Sommeret al, 1992; Gregoret al, 1993), but cloned GluR

significantly at 48 h in culture compared to 6 € 0.05). Increased potassium  ;pNAs show that the amino acid substitution in the Q/R site seems

had no effect on GIUR5 and GIuR6 editing, but significantly increased the . . . S
to occur independently of either C- or N-terminal variability (Sommer
etal, 1992).

Levels of editing measured by RT-PCR in a few structures are in
constitutes a major component of the glutamate receptor or part of agreement with the results obtained by others following the sequencing
heteromeric receptor complex in DRG neurons of primary afferenpf multiple cloned PCR products overlapping the MIl domain, or
C-fibres (Sommeet al., 1992). following plaque lifts and the hybridization of oligonucleotides that

Similarly, GIuR6 PCR products were obtained from structuresdiscriminate the edited and unedited GIuR subunits (Sonehat,
shown previously to express GIuUR6 mMRNAs, e.g. the olfactory lobe]1991; Kthler et al, 1993). Variants of the approach we described
hippocampus, thalamus, striatum, cortex, several brain stem nuclgiBernard & Khrestchatisky, 1994) have been used by various authors
and retina (ganglion cell layer) (Egebjesg al., 1991; Wisden & (Chaetal, 1994; Paschertal, 1994a, 1994b), including at the
Seeburg, 1993). GluR6 PCR products obtained from the cerebellusingle cell level (Ruanet al.,, 1995). In some adult rat brain structures,
presumably originate from the granule neurons, which have beewe find results similar to those of Paschen & Djuricic (1995) for
shown by these authors to express high levels of the GIuR6 mMRNAGIUR6 Q/R editing. The differences between our results and those
We also detected GIuR6 mRNA in the spinal cord and adult rat DRGpublished by Paschest al. (1995) in adult rat brain for GIuR5 editing

global levels of GIuUR5 mRNA (C) at 6 and 48 R € 0.001).
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A Bbvl C Bbvl
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00 = . | edited -
200 -- |-
140 - | & jisay)
- 140 - (G
100 - |wn BN SN S- - an&dgte)d 100 -- | S S 8 8| unedited
| = [ el
LCcC 1 2 4 7 L ¢ 1 2 4 7
Days in vitro - Serum Days in vitro
B D Fic. 6. Q/R editing of GIuR5 (A,B) and GIuR6
100 * 100 * % (C,D) in hippocampal neurons after 1, 2, 4 and
7 daysin vitro. Abbreviations: (L): labelled
[0)] 75 )] 75 Promega ladder; (C and nd): control non-
E E digested PCR products. All other samples were
5 50 5 50 digested by Bbvl prior to gel analysis.
wl w Autoradiograms were scanned (B,D), and the
g 25 QQ 25 mean percentages of edited GIuR5 and GIuR6
relative to the total (edited unedited) were
0 . 0 plotted. Data were combined from three
i 2 4 7 M Edited 1 2 4 7 cultures. GIuR5 editing decreased significantly
. (P < 0.05) between 1 and 7 days vitro.
B Unedited GIuR6 editing was slightly but significantly
(P < 0.05) increased at 4 and 7 days in culture
GIURS GIURG when compared to 1 and 2 daiysvitro.

may stem from the differences in strategies that were adopted, d®/R site, suggesting that €apermeability of GIuUR6 KA receptors
from age or strain differences between rats. may be altered during ontogeny (Kler et al, 1993; Egebjerg &

In the hippocampus, at E18, GIuR5 mRNAs are largely uneditedHeinemann, 1993; Burnashetal, 1995). While KA induces intense
and the percentage of GIuUR5 Q/R editing increases in the course akizure activity in rat pups, brain damage is not evidenced until the
hippocampal development. A similar trend is observed for thethird postnatal week and increases thereafter (Niteztka., 1984,
cerebellum, cortex and olfactory bulb starting at PO. In some tissue§remblay et al, 1984). Considering the important contribution of
the switch from unedited to edited is not linear during ontogeny, asGIuR6 in KA-induced epileptogenesis and neuronal damage (Mulle
a transient but marked decrease of the percentage of edited GluR5asal., 1998), it is tempting to speculate on a link between increased
observed between P7 and P10. This decrease, most obvious in tuR editing and increased sensitivity to KA in the course of
hippocampus and cerebellum, may be due to the delayed appearardevelopment.
and maturation of specific cell populations, e.g. the granule cells in In the different adult rat nervous tissues we studied, we show
the dentate gyrus or cerebellum, which presumably initially expres®bvious differences in the extent of GIUR5 and GIuR6 Q/R editing.
unedited GIuR5 mRNAs. In all the nervous tissues, except the spinal chord and DRG, the

At E18, in the hippocampus, the extent of GIuR6 Q/R editing isextent of Q/R editing is substantially higher for GIuR6 (80—90% on
higher than that of GIuUR5. The same holds true throughout theverage, in CNS structures, e.g. hippocampus, cortex, striatum and
development of the hippocampus and other structures, where theerebellum) than for GIuR5 mRNAs (50% on average). However, in
edited version of GIuR6 predominates over the unedited version amost tissues, the extent of GIUR5 and GIuR6 editing is not parallel,
early as PO. In contrast with GIuR5, no decrease in the extent ofnd in some cases, e.g. spinal cord and DRG, even opposite, i.e. high
GIuR6 editing is observed between P7 and P10 in the hippocampusevels of GIuR5 editing (66 and 56%, respectively) are associated
and cerebellum, suggesting that editing of the GIuUR6 RNA occurswith very low levels of GIuR6 editing (46 and 9%, respectively)
rapidly during maturation of their respective granule neurons. relative to other structures. In the DRG and spinal cord, the low

In any case, we show that the developmental expression of GluREvels of GIUR6 editing are associated with low levels of GIuR6
and GIuRé6 is associated with an increase in Q/R editing in agreememixpression. In the retina, GIuR5 and GIuR6 editing presumably takes
with our previous results comparing Q/R editing in the entireplace in different cell types, as the GIuR5 mRNA is mainly expressed
embryonic and adult rat brain, and with those of Pasatet (1995) in the inner nuclear layer (Hughes al., 1992; Miller et al,, 1992),
showing increased GIuRS5 editing during ontogeny. Our results indicatevhile GIuR6 mMRNA is expressed in the ganglion cell layer (Egebjerg
that the GIuUR5 mRNAs involved in the early stages of developmentt al., 1991).
in areas of neuronal differentiation and synapse formation (Bettler In general, it appears that GIluR6 mRNAs are more efficiently
et al, 1990) are essentially unedited. In contrast, it seems as if GluRédited at the Q/R site in forebrain and cerebellar structures than in
mRNAs, when expressed, are rapidly and extensively edited in théhe brain stem and spinal cord, or peripheral nervous tissues, e.g.
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A Bbvl (reviewed in Represat al., 1995). Neosynaptogenesis has also been
nd ——1 . - L o .
evidenced in the epileptic hippocampus with increased density of KA
— - ! . b v | edited binding sites (Represet al., 1987). If the GIUR5 and GIuR6 subunits
(375bp) contribute to novel KA binding sites, it is likely that their expression
will be associated with modulation in the extent of editing. It is also
possible that the important glial reaction (glial hypertrophy and
proliferation) in the degenerating CA3 area and the hilus, which is
evidenced only 3 days after KA administration (Represal., 1995),
contributes to changes in GIuR6 editing. Indeed, we show (present
study) in cultured glial cells that GIuR6 editing is lower than that
G N L C G N observed in most tissués vivo. Interestingly, Patneaet al. (1994)
show that the GIuR6 mRNA is expressed abundantly in glial cells of
C the O-2A lineage, while Represetal. (1993) have shown that
100 reactive glial cells in the hippocampus of the KA-treated rats acquire
immunoreactivity to antibodies that label the O-2A lineagevitro.

az7 -
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por s b unedited
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In cultured cerebellar granule neurons, the Q/R site of GIUR6
is fully edited, while GIuR5 and GIuR6 Q/R editing is not
G N affected by glutamate or high potassium

DL Arbitrary Uni
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Epilepsy is associated with neuronal hyperactivity and increased

G IURG glutam_ate I_evels. Neuronal_ ac_tivity,_ glutamatt_a and its agonists, and

potassium-induced depolarizations in acute slices or cultured neurons

Fie. 7. QR editing of GIUR6 (AC) in secondary cultures of glial cells. MOdUIate to some extent the expression of specific sets of genes,

Abbreviations: (G), glial cells; (N), hippocampal neurénsitro; (L), labelled  including those encoding specific subunits of glutamate receptors
Promega ladder; (C and nd), control non-digested PCR products. On the lefPollardet al., 1993; Audinatkt al,, 1994; Besshet al., 1994; Resink
part of the gel, semiquantitative PCR showing low levels of GIuR6 mRNA in gt al, 1995; Gerfin-Moseet al, 1995; Rafikietal, 1998). In this

cultured glial cells when compared to hippocampal neurons. (B) Quantificatio L . . s
showing significant® < 0.001) differences in GIuR6 expression in glial cells Tontext, we shovin vitro that high potassium levels rapidly induced

compared to neuronal cells. On the right part of the gel, evaluation of GIuRE3IURS (but not GIuR6) mRNA levels in cultured cerebellar neurons.
editing in cultured glial cells compared with cultured hippocampal neuronsHowever, in these neurons, we found that neither increased glutamate
(C) The mean percentages of edited GIuR6 relative to the totalevels nor potassium-induced depolarizations had any effect on the
(edited-+ unedited) in the glial and hippocampal cell cultures. extent of GIUR5 or GIuR6 Q/R editing in the short term. Our results
suggest, at least in the cerebellar granule neurons, that modulation of
DRGs, inner ear or retina. With the exception of the inner ear, they/R editing is not activity dependent. The possibility remains that
opposite conclusion seems to prevail for Q/R editing of GIURS.  the specific activation of KA receptors themselves elicits signal
transduction pathways that modulate Q/R editing. We show rather
GIuR5 and GIuR6 Q/R editing are independently altered rapid modulation of GIuR5 and GIuR6 Q/R editing in cultured
following KA-induced seizures neurons, most notably in the cultured cerebellar granule cells. This
At 6 and 24 h following KA treatment, GIuR5 Q/R editing levels are may be due to the editing process itself or to important changes in
increased in the hippocampus. These changes precede neuroitfaé neural populations at stake: it is known that cell dissociation and
lesions, as the first signs of neuronal death are observed 12plating kills preferentially some cell types, e.g. the Purkinje cells
following treatment (Pollaret al., 1994). They also precede synaptic which are absent from our cultures and whighvivo contribute in
reorganization, as the first signs of mossy fibre sprouting are detectgafirt to the extent of GIURS editing. In the cultured cerebellar granule
around 12 days after KA (Represfal., 1987). Therefore, it is likely —neurons, we show a very rapid increase and a maximal level of
that the early changes in GIuR5 editing are a direct consequence &luR6 editing, similar to that observed for the fully edited GIuR-B
the paroxysmal activity occurring during status epilepticus, and it issubunit of the AMPA receptor (Sommet al,, 1991; Burnasheet al.,
apparent from ouin vitro data with the cerebellar granule neurons 1992b). In contrast, we observe poor editing of both GIUR5 and
that the extent of editing can be rapidly modulated. GIuR®6 in cultured hippocampal neurons from E18 embryos. One
We also observe a delayed increase of GIUR5 editing in the daygossibility is that the cultured hippocampal neurons, in contrast with
and weeks that follow the onset of seizures that seems to be associatdg cultured cerebellar granule neurons, are not in an environment
with a slight decrease in GIuR6 Q/R editing. Interestingly, similarthat is appropriate for editing to proceed to its full extent. For
observations were reported (Pascle¢ml., 1996) following cerebral instance, pyramidal neuromsvitro will never receive the appropriate
ischaemia, where GIuR5 editing was significantly increased in thelentate granule neuron afferences which might contribute to further
striatum, a structure vulnerable to ischaemia, while GIuR6 editingdifferentiation and hence to higher editing of GIuR5 and GIuR6 KA
was reduced. The modulations in editing could be moderate anceceptors. Indeed, Mackler & Eberwine (1993) have shown that in
homogeneous in a large number of cells, or could be more dramatithe organized network of the hippocampal slice, the GIuUR5 mRNAs
in a restricted number of cells or given structure. Indeed, in theof individual CA1 pyramidal neurons are fully edited. In conclusion,
hippocampus, KA-induced seizures are associated with rapid (fewand in agreement with the observations of Pasatel (1997), we
days) cell death of the CA3 pyramidal neurons ipsilateral to the sitdind the extent of GIuR5 and GIuR6 editifg vitro to be particularly
of KA injection, with sprouting of the mossy fibres (few weeks, dependenton the developmental stage of the cells and cell dissociation,
Represaet al., 1993, 1994) whose terminals are enriched in KA plating and culture conditions, and to differ in most cases fiomivo
binding sites (Represatal, 1987), and with extensive gliosis observations.
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Functional implications from the AFM. We thank Dr Serge Timsit for his expertize in the dissection

of the embryonic and adult DRG.
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requirements for the expression of functional KA receptors (HerpAPbreviations
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