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ABSTRACT 

 

 

We found that both AMPA and kainate autoreceptors were present on the glutamate-releasing 

terminals of cerebellar parallel/climbing fibres, and that they functioned as facilitatory 

autoreceptors. Extracellular cGMP inhibited the neurotransmitter release evoked by 

presynaptic kainate receptor activation; the inhibitory effect of extracellular cGMP was 

selective for the kainate autoreceptor-mediated response and did not affect the AMPA 

autoreceptor-mediated response. Endogenously synthesized cGMP might be the physiological 

source for the extracellular cGMP modulating the response to kainate autoreceptor activation.  
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Introduction 

It has long been known that intracellular cyclic GMP (cGMP), whose production is 

linked through nitric oxide formation to the activation of cerebellar glutamatergic 

transmission, functions as a crucial cerebellar intracellular messenger, e.g. in the long-term 

depression of excitatory transmission at parallel fibre-Purkinje cell synapses (see Ito and 

Karachot, 1992; Boxall and Garthwaite, 1996; Daniel et al., 1998; Hartell, 2001 and 

references therein). It is also known that cGMP can be actively transported from the 

intracellular compartment to extracellular fluid through membrane transport proteins 

(including a probenecid-sensitive transporter and members of the multidrug-resistance protein 

family; Sager, 2004). Activation of glutamate receptors has been shown to increase 

intracellular cGMP levels and to cause cGMP release from the intracellular to the 

extracellular compartment in cultured cerebellar neurons (Montoliu et al., 1999) or in 

cerebellar slices (in a probenecid-sensitive way; Tjörnhammar et al., 1986), the extracellular 

cGMP levels matching the intracellular levels. Indeed, extracellular cGMP has been exploited 

in in vivo models as a reliable measure of activation of cerebellar glutamatergic transmission 

(Wood and Rao, 1991; Luo et al., 1994; Fedele and Raiteri, 1999). Nevertheless, the roles of 

extracellular cGMP in the cerebellum have hardly been studied. Interference of cGMP with 

the response to activation of ionotropic glutamate receptors has been occasionally reported in 

cultured cerebellar cells; extracellular cGMP has been reported to inhibit glutamate responses 

at AMPA/kainate receptors in Purkinje cells and in granules (Linden et al., 1995; 

Poulopoulou and Nowak, 1998) and to prevent glutamate neurotoxicity in cerebellar neurons 

(Montoliu et al., 1999). It has also been reported to inhibit binding to a kainate low-affinity 

site in rat cerebellum membranes (Migani et al., 1997). 

We investigated the ability of extracellular cGMP to interfere with AMPA/kainate 

receptor responses in the adult cerebellum, by using superfused purified synaptosomes, which 
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allow direct functional evidence of presynaptic release-regulating receptors. Two aspects 

were investigated: 1) the presence and functioning of AMPA and kainate autoreceptors on the 

glutamatergic terminals of rat cerebellar parallel/climbing fibres; 2) the effect of extracellular 

cGMP on presynaptic AMPA and kainate autoreceptor-mediated effects. We found that 

activating ionotropic glutamate autoreceptors belonging to both AMPA and kainate subtypes 

stimulated glutamate release from the terminals of rat cerebellar parallel/climbing fibres, 

which fits in with electrophysiological evidence of the presence of presynaptic AMPA/kainate 

autoreceptors on the glutamate-releasing parallel-fibre terminals (Levenes et al., 2001; 

Delaney and Jahr, 2002). While the AMPA-mediated activation of glutamate release from 

parallel/climbing fibres was unaffected by extracellular cGMP, the release of glutamate 

evoked by activation of kainate autoreceptors was inhibited by extracellular cGMP in the 

micromolar range. Evidence obtained in synaptosomes during static incubation (allowing 

accumulation of compounds in the extracellular compartment) and in slices (retaining 

complexity of neuronal and glial networks and allowing accumulation of compounds in the 

presynaptic receptor biophase) indicates that endogenously synthesized cGMP might be the 

physiological source for extracellular cGMP acting upon kainate autoreceptor. 
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Methods 

 

Animals. Adult male rats (Sprague Dawley 200-250 g) were housed at constant 

temperature (22 ± 1°C) and relative humidity (50%) under a regular light-dark schedule 

(lights on 7 AM-7 PM). Food and water were freely available. Experimental procedures were 

approved by the Ethics Committee of the Pharmacology and Toxicology Section, Department 

of Experimental Medicine, in accordance with European legislation (European Communities 

Directive of 24 November 1986, 86/609/EEC). All efforts were made to minimize the number 

of animals used and their suffering. 

Preparation of purified synaptosomes. After decapitation, the cerebellum was 

rapidly removed and placed in ice-cold medium, and nerve terminals (purified synaptosomes) 

were prepared as previously reported (Nakamura et al., 1993; Pedrazzi et al., 2006; Marcoli et 

al., 2008). Briefly, the tissue was homogenized in 10 volumes of 0.32 M sucrose, buffered at 

pH 7.4 with Tris-HCl, using a glass-Teflon tissue grinder (clearance 0.25 mm). The 

homogenate was centrifuged (5 min, 1000 g at 4°C) to remove nuclei and debris, and the 

supernatant was gently stratified on a discontinuous Percoll gradient (2, 6, 10 and 20% v/v in 

Tris-buffered sucrose) and centrifuged at 33,500 g for 5 min. The layer between 10% and 

20% Percoll was collected and washed by centrifugation. Purified synaptosomes ensure 

negligible contamination by non-neuronal cells (see Nakamura et al., 1993; Pedrazzi et al., 

2006; Marcoli et al., 2008); in particular, cerebellar synaptosomes were found positive for the 

neuronal markers MAP-2 or β-tubulin III, and only scantly contamined by the glial marker 

GFAP; biochemical and functional data confirmed that cerebellar synaptosomes were largely 

free from glial elements (see Pedrazzi et al., 2006). Synaptosomes were then suspended in 

standard medium with the following composition (mM): NaCl 125; KCl 3; MgSO4 1.2; CaCl2 

1.2; NaH2PO4 1.0; NaHCO3 22 with glucose 10 (gassed with 95% O2 - 5% CO2; pH 7.4) and 
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incubated (15 min at 37°C) with [3H]D-aspartate (0.03 μM; Amersham Radiochemical 

Centre, Buckinghamshire, UK). Like parallel (and climbing) fibres, cerebellar mossy fibres 

use glutamate as their major transmitter; however, the parallel (and climbing) fibre terminals 

only without contamination by the giant mossy fibre terminals are recovered in the (here 

purified) cerebellar standard synaptosomal preparation (Israel and Whittaker, 1965; Raiteri et 

al., 1986). In particular, most of the standard glutamate-releasing synaptosomes recovered 

from the adult rat cerebellum appear to originate from terminals of parallel fibres, the granule 

cell axons (see Vollenweider et al., 1990). 

Superfusion experiments. Synaptosomes were transferred to parallel superfusion 

chambers at 37°C and superfused (0.5 ml/min) with standard medium aerated with 95% O2 - 

5% CO2 as previously described (Marcoli et al., 2008). In these experimental conditions, 

monitoring release from a superfused synaptosomal monolayer (by removing any released 

compound and minimizing metabolism) avoids the receptor biophase and prevents indirect 

effects, thus enabling “nude” receptors to be exposed; in these conditions, only targets located 

on glutamatergic nerve terminals (when monitoring glutamate release) are selectively acted 

upon, allowing release-regulating presynaptic receptors to be characterized 

pharmacologically. Briefly, after 33-min superfusion, superfusate fractions were collected in 

3 min samples (from the first fraction, basal1, B1 to B7); after 38 min of superfusion, 

synaptosomes were exposed (12 min) to ionotropic glutamate receptor agonists (and/or to the 

NO donors), to the depolarizing solution (9, 12 or 15 mM KCl; 2 min) or to the depolarizing 

agent 4-aminopyridine (4-AP; 100 μM; 2 min). The effect of cyclothiazide, concanavalin A, 

of nucleotides, ODQ, probenecid or of the antagonists was evaluated on the agonist responses 

by adding the compounds 8 min before the agonist. In each experiment at least one chamber 

was used as a control for each condition and was superfused with standard medium or with 

medium appropriately modified. At the end of superfusion, the radioactivity in synaptosomes 
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and superfusate samples was determined by liquid scintillation counting. Protein 

determinations were carried out according to Bradford (1976). In a subset of experiments, 

static incubation was used to allow accumulation of neuroactive compounds in the incubation 

medium. The experiments were carried out as described for superfusion experiments, except 

that after 38 min of superfusion, synaptosomes were incubated (12 min at 37°C) with kainate 

(in the presence of 100 μM D-AP5 and 30 μM GYKI 52466, to block NMDA and AMPA 

receptors, plus 3 μM concanavalin A, all added 8 min before kainate) and/or with the donor 

SNAP or DEA-NO (in the presence of D-AP5, GYKI 52466, plus concanavalin A); ODQ or 

probenecid were present starting 8 min before kainate or the NO donor.  

Preparation of cerebellar slices and superfusion experiments. After decapitation, 

the cerebellum was rapidly removed, placed in ice-cold medium and chopped with a 

Mcllwain tissue chopper into 400 μm slices. Slices were equilibrated for 30 min at 37°C in 

standard medium with changes of the medium every 15 min. After equilibration, slices were 

incubated (30 min at 37°C) with [3H]D-aspartate (0.06 μM) in 5-ml standard medium, then 

washed, transferred (1 slice per chamber) in parallel superfusion chambers at 37°C and 

superfused (0.5 ml/min) with standard medium; after 33-min superfusion, superfusate 

fractions were collected in 3 min samples (from B1 to B7) till the end of the experiment; after 

38 min of superfusion, slices were exposed to kainate (in the presence of 100 μM D-AP5 and 

30 μM GYKI 52466, to block NMDA and AMPA receptors, plus 3 μM concanavalin A, all 

added 8 min before kainate) and/or to the NO donor SNAP or DEA-NO (in the presence of D-

AP5, GYKI 52466, plus concanavalin A); ODQ or probenecid were added starting 8 min 

before kainate or the NO donor. In each experiment at least one chamber was used as a 

control for each condition and was superfused with standard medium or with medium 

appropriately modified. At the end of superfusion, the radioactivity in the slices and 

superfusate samples was determined by liquid scintillation counting.  
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Glutamate determination. The amount of endogenous glutamate released in the 

fractions collected was measured by high-performance liquid chromatography, as previously 

described (Marcoli et al., 2008). The analytical method involved automatic precolumn 

derivatization (Waters 715 ultra wisp; Milford, MA) with o-phthalaldehyde, followed by 

separation on a C18 reverse-phase chromatography column (Chrompack International, 10 cm 

x 4.6 mm, 3 μm) and fluorimetric detection. Homoserine was used as an internal standard. 

The detection limit was 100 fmol/μl. 

cGMP uptake. Synaptosomes were incubated (15 min at 37°C) in the presence of 

[3H]cGMP (500 µM) in HEPES (mM: NaCl 135; KCl 2.4; MgSO4 1.2; KH2PO4 1.2; CaCl2 

1.2; NaHCO3 5; HEPES 10 with glucose 10; pH 7.4). Blank values were obtained by carrying 

out parallel uptake procedure at 0°C. At the end of the incubation period, 600 µl aliquots of 

the synaptosomal suspensions (containing 73-106 µg proteins, analogous to the aliquots 

stratified on the superfusion chambers for release experiments) were rapidly filtered on 

Whatman glass microfibre filters (GF/B). The synaptosomes were then washed 6 times with 5 

ml aliquots of HEPES medium. Each filter was removed, placed in a scintillation vial and 

counted for radioactivity by liquid scintillation counting. Tritium uptake was measured by 

subtracting the values obtained in blank samples run in parallel from the values obtained at 

37°C. Assays were carried out in triplicate on different preparations on different days. 

 Calculations and statistics. The efflux of radioactivity in each fraction was calculated 

as a percentage of the total radioactivity present at the onset of the fraction considered 

(fractional release). The amount of endogenous glutamate released in the fractions was 

expressed as pmol/mg protein. The mean tritium fractional release or endogenous glutamate 

in B1 and B2 fractions was taken as the 100% control value for each chamber. Tritium and 

endogenous glutamate efflux in Bn fractions were evaluated as the percent variation in tritium 

fractional release or in endogenous glutamate with respect to the corresponding control value. 
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The drug (or depolarization)-evoked tritium or endogenous glutamate efflux was measured by 

subtracting the area under the curve of percent variations in tritium fractional release or in 

endogenous glutamate release in appropriate control chambers from the area under the curve 

of the percent variations in drug-treated chambers (or in chambers supplemented with high K+ 

or 4-AP). 

Log concentration-response relationships for the agonists and EC50 (half-maximum 

effective concentrations) or IC50 (half-maximum inhibitory concentrations) values were 

obtained by using a four-parameter logistic function-fitting routine (Sigma Plot software). 

Means ± SEM of the numbers of experiments (n) are indicated throughout. Significance of the 

difference was analyzed by ANOVA followed by Student's t-test. The level of significance 

was set at p < 0.05. 

Materials. [3H]D-aspartate was from Amersham Radiochemical Centre 

(Buckinghamshire, UK) and [3H]cGMP was from PerkinElmer (Waltham, MA); α-amino-3-

hydroxy-5-methyl-4-isoxazole propionate (AMPA), kainic acid, (S)-α-amino-2,3,4,5,6,7-

hexahydro-2,4-dioxo-1H-cyclopen tapyrimidine-1-propanoic acid ((S)-CPW 399), 6-chloro-

3,4-dihydro-3-(5-norbornen-2-yl)-2H-1,2,4-benzothiazidiazine-7-sulfonamide-1,1-dioxide 

(cyclothiazide), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 1-(4-aminophenyl)-4-methyl-

7,8-methylenedioxy-5H-(3-N-methylcarbamate)-2,3 benzodiazepine (GYKI 52466), D(-)-2-

amino-5-phosphonopentanoic acid (D-AP5), S-nitroso-penicillamine (SNAP) and 1H-

[1,2,4]oxadiazole[4,3,-a]quinoxalin-1-one (ODQ) were from Tocris Cookson (Bristol, UK); 

Guanosine 3′,5′-cyclic monophosphate sodium salt (cGMP), guanosine 5’-monophosphate 

sodium salt (GMP), guanosine 5’-diphosphate sodium salt (GDP), guanosine 5’-triphosphate 

sodium salt (GTP), adenosine 3′,5′-cyclic monophosphate sodium salt (cAMP), concanavalin 

A, 4-aminopyridine (4-AP), 5-nitro-6,7,8,9-tetrahydrobenzo[g]-2,3-dione-3-oxime (NS-102) 

2-(N,N-diethylamino)-diazenolate-2-oxide (DEA-NO) and probenecid were from Sigma (St. 
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Louis, MO). 

When possible, drugs were dissolved in distilled water or in physiological medium. 

Concanavalin A was dissolved in a buffer of 10 mM Hepes and 100 μM CaCl2 and then 

diluted 1:300. Stock solutions of cyclothiazide, CNQX, NS-102, ODQ or probenecid were 

prepared in dimethyl sulfoxide and diluted at least 1:1000 in physiological medium; stock 

GYKI 52466 solutions were freshly prepared in HCl 0.1 N and diluted 1:800; dimethyl 

sulfoxide diluted 1:1000 or HCl 0.1 N diluted 1:800 had no effect on [3H]D-aspartate or 

endogenous glutamate release. DEA-NO was dissolved in 0.1N NaOH; final solutions were 

freshly prepared immediately before use. SNAP solutions were freshly prepared in 

physiological medium and kept well closed in dark at room temperature.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 30, 2009 as DOI: 10.1124/jpet.109.154955

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 JPET #154955 
 

12

Results 

 

Glutamate release was studied by measuring tritium efflux from synaptosomes prelabelled 

with [3H]D-aspartate. In order to rule out the possibility that tritium release was an artifact 

resulting from the use of [3H]D-aspartate, in some experiments we monitored in parallel the 

release of endogenous glutamate; the behavior of endogenous glutamate proved to be 

indistinguishable from that of tritium after labelling with [3H]D-aspartate, thus justifying the 

use of [3H]D-aspartate. The basal fractional [3H]D-aspartate outflow in the first two fractions 

collected from superfused rat cerebellar purified synaptosomes amounted to 0.90 ± 

0.02%/min (n = 88); the basal outflow of endogenous glutamate in the first two fractions 

amounted to 124 ± 6.9 pmol/mg protein/min (n = 46).  

Glutamate-releasing AMPA autoreceptors. AMPA increased [3H]D-aspartate efflux 

from rat cerebellar purified synaptosomes in a concentration-dependent manner (EC50 value 

42.3 μM; Fig. 1A). The AMPA/kainate receptor antagonist CNQX (10 μM; Honoré et al., 

1988) or the selective AMPA receptor antagonist GYKI 52466 (30 μM; Wilding and 

Huettner, 1995) prevented the [3H]D-aspartate or endogenous glutamate-releasing effects of 

AMPA (50 μM; Fig. 1B,C). Conversely, the compound NS-102 (20 μM), which displays 

selectivity against the kainate receptor (Verdoorn et al., 1994), had no effect on the AMPA-

evoked [3H]D-aspartate or endogenous glutamate efflux. Cyclothiazide (10 μM), which 

selectively inhibits desensitization of native or recombinant AMPA receptors while exerting 

little or no effect on kainate receptors (Wong and Mayer, 1993), produced a leftward shift in 

the AMPA concentration-response curve in evoking [3H]D-aspartate efflux and greatly 

increased the maximal response (EC50 value 16.4 μM; Fig. 1A); GYKI 52466 (30 μM) almost 

completely antagonized the AMPA (50 μM)-evoked efflux of [3H]D-aspartate or endogenous 

glutamate when AMPA receptor desensitization was inhibited by cyclothiazide (Fig. 1D,E). 
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By contrast, concanavalin A (3 μM), which prevents desensitization of native and 

recombinant kainate receptors while exerting minimal effects on native AMPA receptors 

(Wong and Mayer, 1993), did not affect the response to AMPA (Fig. 1D). The compound (S)-

CPW 399, a full AMPA receptor agonist that significantly prevents receptor desensitization 

(Campiani et al., 2001), mimicked the effect of AMPA, but exhibited greater efficacy than 

AMPA (EC50 value 66.3 μM; Fig. 1A). 

The addition of cyclothiazide, concanavalin A or the ionotropic glutamate receptor 

antagonists at the concentrations used did not affect basal endogenous glutamate 

and/or[3H]D-aspartate efflux (data not shown). 

Glutamate-releasing kainate autoreceptors. Kainate increased [3H]D-aspartate 

efflux from purified synaptosomes in a concentration-dependent manner (EC50 value: 62.7 

μM; Fig. 2A). The kainate (50 μM)-evoked [3H]D-aspartate or endogenous glutamate efflux 

from purified synaptosomes was prevented by the AMPA/kainate receptor antagonist CNQX 

(10 μM) and was almost suppressed in the presence of the selective AMPA receptor 

antagonist GYKI 52466 (30 μM; Fig. 2B,C). Concanavalin A, which prevents desensitization 

of native and recombinant kainate receptors, unmasked a response that was resistant to 

blockade by GYKI 52466; this can be ascribed to kainate receptor activation (Fig. 2B,C). The 

concentration-response relationship for [3H]D-aspartate efflux evoked by activation of the 

kainate receptor (kainate in the presence of 30 μM GYKI 52466 plus 3 μM concanavalin A) is 

shown in Fig. 2A; the EC50 value of kainate on the kainate receptor was 54.3 μM. The 

AMPA/kainate receptor antagonist CNQX (10 μM) prevented the [3H]D-aspartate or 

endogenous glutamate-releasing effect of kainate (50 μM) in the presence of GYKI 52466 (30 

μM) plus concanavalin A (3 μM; Fig. 2B). The kainate receptor antagonist NS-102, which 

displays selectivity for the GluR6 subunit, antagonized the efflux of [3H]D-aspartate or 

endogenous glutamate evoked by kainate (50 μM in the presence of 30 μM GYKI 52466 plus 
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3 μM concanavalin A; Fig. 2B,C). 

Extracellular cGMP inhibited kainate receptor-evoked glutamate 

release. Extracellular cGMP (500 μM) did not affect the efflux of [3H]D-aspartate or 

endogenous glutamate evoked by AMPA receptor activation (by AMPA, AMPA plus 

cyclothiazide or (S)-CPW 399; Fig. 3A,B). Conversely, the glutamate-releasing response to 

kainate receptor activation (by kainate in the presence of 30 μM GYKI 52466 plus 3 μM 

concanavalin A) was inhibited by adding extracellular cGMP (500 μM; Fig. 3E,F). On the 

other hand, extracellular cGMP did not appear to affect membrane excitability, as it did not 

modify the [3H]D-aspartate- or endogenous glutamate-releasing response to the depolarizing 

solution (9, 12 or 15 mM KCl) nor to 4-AP (100 μM; Fig. 3C,D). By uptake experiments, we 

verified that at the maximal concentration used (500 μM) there was no uptake of [3H]cGMP 

in the intrasynaptosomal compartment (the uptake of [3H]cGMP measured by subtracting the 

blank values amounted to -0.0081 ± 0.037% /15min; mean ± S.E.M. of n = 5 assays carried 

out in triplicate on different preparations on different days).  

The cyclic nucleotide monophosphate cAMP or the nucleotides GMP, GDP and GTP 

(500 μM; Fig. 3E,F) added extracellularly did not affect the glutamate-releasing response to 

kainate receptor activation (by kainate in the presence of 30 μM GYKI 52466 plus 3 μM 

concanavalin A). 

The cGMP concentration-response curve in inhibiting the [3H]D-aspartate or 

endogenous glutamate efflux evoked by kainate (100 μM) in the presence of 30 μM GYKI 

52466 plus 3 μM concanavalin A is shown in Fig. 4A,B. The IC50 values of the inhibitory 

effect of extracellular cGMP on [3H]D-aspartate and endogenous glutamate efflux evoked by 

kainate receptor activation were 36.3 and 15.1 μM, respectively. The shift of the 

concentration response relationship for kainate at kainate receptors (kainate-evoked [3H]D-

aspartate efflux, in the presence of 30 μM GYKI 52466 plus 3 μM concanavalin A) caused by 
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extracellular cGMP (5-5000 µM) is shown in Fig. 5. It has to be noted that: - increasing the 

kainate concentration overcomes cGMP inhibition of the kainate receptor-evoked [3H]D-

aspartate efflux; - the concentration response relationships appeared shifted to the right in a 

parallel way and in a concentration-dependent way by cGMP. Notwithstanding, the Schild 

plot analysis indicated a “not competitive” behaviour, as the slope of linear regression was 

significantly less than unity (0.52 ±  0.05, mean ± S.E.M, n = 5; r = 0.988). 

cGMP, cAMP or the nucleotides, the glutamate receptor antagonists, concanavalin A 

or cyclothiazide at the concentrations used did not affect basal [3H]D-aspartate or endogenous 

glutamate efflux (data not shown). 

 
In the attempt to get an insight on physiological relevance of the effect of extracellular 

cGMP at kainate autoreceptor and on the possibility that intracellularly synthesized cGMP 

might be the physiological source for the extracellular cGMP response, additional 

experiments regarding the role of endogenously synthesized cGMP were performed in 

different experimental conditions (superfused synaptosomes, synaptosomes under static 

incubation, superfused slices). In particular, the possibility that endogenously produced 

cGMP might affect the response to kainate autoreceptor activation was investigated by 

assessing whether the response to kainate in the presence of the NO donor SNAP (at 1 μM 

concentration proved effective in producing cGMP in cerebellar slices from adult rat; Marcoli 

et al, 2006a,b), was affected when endogenous cGMP production was inhibited by the soluble 

guanylyl cyclase inhibitor ODQ (Garthwaite et al., 1995; see also Montoliu et al 1999; 

Marcoli et al, 2006a). Furthermore, by considering that cyclic nucleotides can be transported 

across the plasma membrane by probenecid-sensitive organic anion transporters (Sager, 2004; 

Tjörnhammar et al., 1986) the response to kainate receptor activation in the presence of SNAP 

was compared to the response when cGMP efflux was blocked by probenecid.  

In conditions where accumulation of substances released from presynaptic elements is 
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not allowed in the extracellular compartment and no receptor biophase is present (superfused 

synaptosomes), endogenously synthesised cGMP did not affect the response to kainate 

receptor. Inhibiting either the production of cGMP (by ODQ 100 μM) or the in-out transport 

of cGMP (by probenecid 500 μM) did not affect the response to kainate (100 μM, in the 

presence of 30 μM GYKI 52466 plus 3 μM concanavalin A) in the presence of 1 μM SNAP 

in superfused synaptosomes (Fig. 6A); the finding is consistent with our evidence that cGMP 

did not affect kainate receptor responses by acting at intracellular sites.  

When substances produced intracellularly and transported across the membrane were 

allowed to accumulate in the extracellular compartment (synaptosomes under static 

incubation), helping to address functional roles of substances released from presynaptic 

elements, the cerebellar nerve terminals appeared to be a physiological source for cGMP 

affecting the kainate autoreceptor response. ODQ (100 μM) or probenecid (500 μM) 

significantly increased the response to kainate (100 μM, in the presence of 30 μM GYKI 

52466 and 100 μM D-AP5, plus 3 μM concanavalin A) in the presence of 1 μM SNAP in 

synaptosomes under static incubation (Fig. 6B).  

When complexity of neuron-glial networks and control of synapse functioning was 

retained, allowing biophase formation at presynaptic receptors (superfused slices), 

endogenously synthesised cGMP appeared to be transported extracellularly and reach an 

active concentration in the biophase of presynaptic kainate autoreceptors. The basal fractional 

[3H]D-aspartate outflow in the first two fractions collected from superfused rat cerebellar 

slices amounted to 0.37 ± 0.036%/min (n = 11). In superfused slices ODQ (100 μM) or 

probenecid (500 μM) significantly increased the response to kainate (100 μM, in the presence 

of 30 μM GYKI 52466 and 100 μM D-AP5, plus 3 μM concanavalin A) in the presence of 1 

μM SNAP (Fig. 6C).  

Although the findings are intriguing, indicating the role of intracellularly synthesized 
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cGMP as source of extracellular cGMP and the involvement of probenecid-sensitive 

transporters in this process, it is not clear why the addition of the NO-donor SNAP did not 

inhibit but also enhanced [3H]D-aspartate efflux (see Fig. 6B,C). In order to explain the 

puzzling effects of SNAP additional experiments were performed with an additional SNAP 

concentration and with the structurally unrelated NO donor DEA-NO. The NO donors per se 

evoked a  [3H]D-aspartate efflux in superfused synaptosomes, in synaptosomes under static 

incubation or in slices (Fig. 6A,B,C); the releasing effect appeared unrelated to cGMP 

production, as it was unaffected by ODQ (100 μM) or probenecid (500 μM; Fig. 6A,B,C). 

Such a potentiating effect of the NO donors per se on the transmitter release could mask 

reduction of the response to kainate receptor activation (mediated by the endogenously 

produced cGMP) in both the experimental settings allowing formation of a receptor biophase 

and a tone to be exerted on the receptor, namely in synaptosomes under static incubation and 

in superfused slices. The significantly lower effect of the NO donors + kainate receptor 

activation in the presence of ODQ (or probenecid) with respect to NO donors + kainate 

receptor activation (Fig. 6B,C) indicate that endogenously produced (and transported) cGMP 

indeed inhibited the response to kainate receptor activation. Similar effects of ODQ and 

probenecid on the activation of kainate autoreceptors in the presence of NO donors (Fig. 

6B,C) indicate that inhibition of kainate receptor response was a cGMP-dependent effect; 

cGMP was transported in the extracellular compartment through probenecid-sensitive 

transporters; extracellular cGMP was responsible for the inhibitory effect.  

Notably, inhibition of cGMP production or transport (by 100 μM ODQ or 500 μM 

probenecid) significantly increased the response to kainate receptor activation (by kainate, in 

the presence of concanavalin A and of blockers of AMPA/NMDA receptors) in synaptosomes 

during static incubation or slices (Fig. 6B,C), while leaved unaffected the response in 

superfused synaptosomes (Fig. 6A). It could be therefore suggested that activation of 
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presynaptic kainate autoreceptor per se could activate cGMP synthesis and in-out transport, 

allowing cGMP functioning as a negative feed-back messenger onto kainate receptors. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 30, 2009 as DOI: 10.1124/jpet.109.154955

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 JPET #154955 
 

19

Discussion  
 

 

The present study focusing on presynaptic autoreceptor activation and spontaneous 

glutamate release indicates that: - AMPA and kainate release-facilitatory autoreceptors are 

present on glutamatergic terminals of cerebellar parallel/climbing fibres; - the release of 

glutamate evoked by kainate autoreceptor activation can be controlled by extracellular cGMP; 

- endogenously synthesised cGMP might control the glutamate release evoked by kainate 

autoreceptor activation. 

 Release-facilitatory AMPA autoreceptors are located on cerebellar glutamatergic 

terminals. The presence of release-facilitatory AMPA receptors on cerebellar 

parallel/climbing fibre terminals was indicated by the following findings. First, AMPA 

increased [3H]D-aspartate and endogenous glutamate efflux in a concentration-dependent 

manner, sensitive to the AMPA/kainate receptor antagonist CNQX (Honoré et al., 1988) and 

to the selective AMPA receptor antagonist GYKI 52466 (Wilding and Huettner, 1995), and 

insensitive to the kainate receptor antagonist NS-102 (Verdoorn et al., 1994).. Second, 

cyclothiazide, which selectively inhibits AMPA receptor desensitization (Wong and Mayer, 

1993), increased both the efficacy and potency of AMPA in evoking [3H]D-aspartate or 

endogenous glutamate efflux, while concanavalin A, which prevents kainate receptor 

desensitization while exerting minimal effects on AMPA receptors (Wong and Mayer, 1993), 

was ineffective. Third, the maximal releasing response to (S)-CPW 399 (a full AMPA 

receptor agonist that prevents receptor desensitization; Campiani et al., 2001) almost equalled 

the maximal response to AMPA in the presence of cyclothiazide. Kainate also proved to 

primarily activate AMPA receptors, its effect being almost suppressed by GYKI 52466. 

Evidence that AMPA receptors facilitate spontaneous glutamate release from adult rat 

cerebellar glutamatergic terminals fits in with electrophysiological data suggesting that 
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presynaptic AMPA/kainate receptors are located along parallel fibres (Levenes et al., 2001) or 

with evidence that mature granule cells express both AMPA and kainate receptor currents 

(Smith et al., 1999). 

 Release-facilitatory kainate autoreceptors are present on cerebellar 

glutamatergic terminals. Presynaptic kainate receptors have been primarily identified on 

glutamatergic terminals (close to release sites; Pinheiro et al., 2005; Feligioni et al., 2006) in 

the rat hippocampus or cerebral cortex (Pittaluga et al., 1997; Bortolotto et al., 1999; 

Perkinton and Sihra, 1999; Rodriguez-Moreno and Sihra, 2004). Here, we provide direct 

evidence of the presence of presynaptic kainate autoreceptors evoking spontaneous glutamate 

release from the terminals of cerebellar parallel/climbing fibres. The kainate receptor-

mediated response was unmasked when AMPA receptors were blocked by GYKI 52466 and 

concanavalin A inhibited kainate receptor desensitization. Sensitivity to the GluR6 selective 

antagonist NS-102 (Verdoorn et al., 1994), suggests that the kainate autoreceptor contains the 

GluR6 subunit. Our findings fit in with the expression of functional kainate receptors by 

granules (Smith et al., 1999; Pemberton et al., 1998), with electrophysiological evidence for 

release-regulating kainate receptors on parallel fibres (Delaney and Jahr, 2002) and with the 

indication (obtained in GluR6-/-mice) that release-regulatory kainate receptors on rodent 

parallel fibres include GluR6 subunits (Crepel, 2007).  

 Extracellular cGMP controls kainate receptor-evoked glutamate release from 

cerebellar nerve terminals. The glutamate release evoked by kainate autoreceptor activation 

was inhibited by cGMP. This inhibition appeared selective for the kainate receptor-mediated 

response, as the glutamate-releasing response to AMPA receptor activation (by AMPA, by 

(S)-CPW 399 or by AMPA plus cyclothiazide) was unaffected. As cell membranes are 

impermeable to cGMP (and cGMP membrane transporters work in in-out direction; Sager, 

2004), cGMP added to the superfusion medium is presumed to act at an extracellular site; 
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lack of cGMP uptake in the intrasynaptosomal compartment in our experiments makes highly 

unlikely that cGMP could inhibit the kainate receptor response acting at intrasynaptosomal 

sites. No other extracellular cyclic nucleotide monophosphate mimicked the cGMP effect at 

kainate receptor, as cAMP was ineffective up to 500 μM concentration. Ineffectiveness of the 

related nucleotides GMP, GDP or GTP (500 μM) showed selectivity of the effect of cGMP at 

kainate receptor. 

Extracellular cGMP in the millimolar range transiently inhibits a glutamate-evoked 

current in cerebellar Purkinje cells (Linden et al., 1995; see also Poulopoulou and Nowak, 

1998 for a kainate-evoked current) and affects the electrical properties of various neurons, 

including Purkinje cells (Siggins et al., 1976); in our experiments, ineffectiveness of cGMP 

on depolarization (high K+ or 4-AP)-evoked glutamate release suggests that inhibition of 

kainate receptor-evoked glutamate release does not involve alteration of membrane 

excitability.  

In the micromolar range extracellular cGMP competitively antagonized a kainate 

current in cultured granules (Poulopoulou and Nowak, 1998) and inhibited binding to a rat 

cerebellar kainate low-affinity site (Migani et al., 1997). Although we found that the cGMP 

effect was overcome by increasing the kainate concentration, and extracellular cGMP shifted 

in a parallel way the kainate concentration-response relationship, Schild analysis yielded a 

less-than-unity slope suggesting that cGMP and kainate are not interacting competitively at a 

single receptor (sub)type on glutamatergic cerebellar terminals. One possibility would be that 

kainate effect is mediated by multiple kainate receptor subtypes, and cGMP binds with 

different affinity to these subtypes (see Kenakin, 1992). In fact cerebellar granules express 

kainate receptors with different subunit composition (Belcher and Howe, 1997; Pemberton et 

al., 1998; Cui and Mayer, 1999) and both cGMP-insensitive and cGMP-sensitive kainate 

receptors (Poulopoulou and Nowak, 1998). Allosteric interaction might alternatively be 
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responsible for the observed curve shifts: a kainate receptor model with two nucleotide 

binding sites (one for competitive, and one for allosteric interaction) was indeed proposed 

(Paas et al, 1996; see also Migani et al, 1997; Poulopoulou and Nowak, 2008 and references 

therein). On the other hand, being the effect specific for the cyclic nucleotide monophosphate 

cGMP, extracellular cGMP-signaling proteins (to be identified) might be the target of cGMP 

and might be involved in the inhibition of the kainate receptor(s). In fact, modulatory cyclic 

nucleotide-binding domains are present in proteins having diverse functions (see Shabb and 

Corbin, 1992; Francis et al, 2005). Interestingly, receptors cannot be considered stand-alone 

entities, but can be regulated by accessory proteins: recently, extracellular domains of the 

transmembrane protein NETO2, which enhanced currents in GluR6-containing kainate 

receptors, were found to modulate kainate receptor activity (Zhang et al, 2008). 

A noteworthy point concerns the sites of cGMP production (and from which cGMP 

can be transported into the extracellular compartment) and the possibility that regulation of 

kainate autoreceptor response by extracellular cGMP might be of physiological relevance in 

the cerebellum. The concentration range of extracellular cGMP affecting the kainate 

autoreceptor response is high relative to the physiological levels indicated by in vivo 

microdialysis. Indeed, the extracellular cGMP level in the cerebellar cortex was estimated to 

be about 7 nM in basal conditions, increased up to 200 nM during glutamatergic pathway 

activation (Luo et al., 1994; Fedele and Raiteri, 1999). Nevertheless, extracellular cGMP level 

in the brain region drained by the probe might not sufficiently reflect transient changes of 

extracellular cGMP in synaptic compartments, and compartmentalization and spatiotemporal 

dynamics of cGMP signaling allow to hypothesise that in discrete extracellular compartments 

(e.g. in the microenvironment of receptor biophase) cGMP could transiently reach 

concentrations effective at kainate receptors. Our findings indicate that indeed this might be 

the case. In-out transport of endogenously synthesised cGMP across the nerve terminal 
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plasma membrane could affect kainate autoreceptor response: when neuron-glia network 

integrity was maintained in slices, endogenously synthesised cGMP could reach active 

concentrations in the presynaptic kainate autoreceptor biophase. Potentiation by ODQ or 

probenecid of kainate autoreceptor response in the presence of NO donors indicates that the 

NO-evoked endogenously synthesised cGMP was transported in the extracellular 

compartment through probenecid-sensitive transporters, and extracellular cGMP inhibited 

kainate receptor. In fact, when used to study the role of endogenously synthesised cGMP as 

source of extracellular cGMP, NO donors exhibited puzzling effects, resulting from a balance 

between cGMP-dependent (control of kainate receptor activation) and cGMP-independent 

(transmitter release facilitation) pathways. Interestingly, although cGMP production plays a 

preminent role in transducing NO actions, physiological NO signals can be transduced in a 

cGMP-independent manner (Garthwaite, 2008; Gonzales et al, 2008; Ziolo et al, 2008), and a 

NO-evoked cGMP-independent facilitation of neurotransmitter release from cerebellar 

parallel fibres was required during synaptic plasticity (Jacoby et al, 2001; Qiu and Knopfel, 

2007).  

Cerebellar nerve terminals could be a physiological source for cGMP affecting the 

kainate autoreceptor response; we cannot however exclude that glial or Purkinje cells, where 

cGMP accumulate following glutamate receptor/nitric oxide/guanylyl cyclase pathway 

activation or parallel fibre stimulation (Tsuyama et al., 1999; Hartell et al., 2001; Honda et al., 

2001; Marcoli et al., 2006b) and from which cGMP may be released (see Luo et al., 1994) 

might contribute as a source for extracellular cGMP.  

Conclusions. Taken together, previous evidence and our findings suggest that a low-

affinity kainate receptor, most probably including the GluR6 subunit, is expressed in 

cerebellar granules, and functions as an autoreceptor which facilitates spontaneous glutamate 

release from parallel fibres; extracellular cGMP in the micromolar range behaves as an 
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antagonist against kainate autoreceptor; endogenously synthesised cGMP may be in-out 

transported through probenecid-sensitive transporters and modulate kainate autoreceptor 

response by acting at an extracellular site. When studying the cGMP effects at parallel 

fibres/Purkinje cell synapses, the possibility that cGMP, besides behaving as an intracellular 

messenger at postsynaptic sites, may also affect glutamatergic synapse functioning by acting 

extracellularly at presynaptic sites should be taken into consideration.  
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Legends for Figures 

 

Fig. 1. Presynaptic AMPA receptors stimulated glutamate release from rat cerebellar purified 

nerve terminals. (a) Log concentration-response curves for AMPA, (S)-CPW 399 or for 

AMPA in the presence of 10 μM cyclothiazide in facilitating [3H]D-aspartate efflux are 

shown. (b),(c). CNQX and GYKI 52466 antagonized the AMPA-evoked efflux of [3H]D-

aspartate or endogenous glutamate, while the kainate receptor antagonist NS-102 had no 

effect. (d),(e). Effects of agents that modulate receptor desensitization on the AMPA-evoked 

efflux of [3H]D-aspartate or endogenous glutamate: ineffectiveness of concanavalin A and 

potentiation by cyclothiazide; antagonism by CNQX and GYKI 52466 of the AMPA-evoked 

[3H]D-aspartate or endogenous glutamate efflux in the presence of cyclothiazide. Bars 

represent % increase in [3H]D-aspartate (b),(d) or endogenous glutamate (c),(e) in the 

presence of the drugs at the concentrations indicated. AMPA or (S)-CPW 399 was added for 

12 min during superfusion; cyclothiazide, concanavalin A or the antagonists were added 8 

min before the agonist. Other experimental details as in the Methods section. Data are means 

± S.E.M. (bars) of 3 to 12 experiments performed in triplicate. * p < 0.05 when compared 

with the effect of AMPA alone; # p < 0.05 when compared with the effect of AMPA plus 

cyclothiazide. 

 

 

Fig. 2. Unmasking presynaptic kainate receptors that facilitate glutamate release from rat 

cerebellar purified nerve terminals. (a). Log concentration-response curves for kainate and for 

kainate in the presence of 30 μM GYKI 52466 plus 3 μM concanavalin A are shown. (b),(c). 

Unmasking by concanavalin A of the kainate-evoked, GYKI 52466-insensitive efflux of 

[3H]D-aspartate or endogenous glutamate; antagonism by CNQX and NS-102. Bars represent 
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% variation in [3H]D-aspartate (b) or endogenous glutamate (c) in the presence of the drugs at 

the concentrations indicated. Kainate was added for 12 min during superfusion; concanavalin 

A or the antagonists were added 8 min before the agonist. Other experimental details as in the 

Methods section. Data are means ± S.E.M. values of 3 to 20 experiments performed in 

triplicate. * p < 0.05 when compared with the effect of kainate alone; # p < 0.05 when 

compared with the effect of kainate plus GYKI 52466; § p < 0.05 when compared with the 

effect of kainate plus GYKI 52466 plus concanavalin A. 

 

 

Fig. 3. Ineffectiveness of extracellular cGMP on AMPA- or depolarization-evoked glutamate 

efflux; effectiveness of extracellular cGMP, but not of cAMP, GMP, GDP or GTP against 

kainate receptor-mediated glutamate efflux. Effects of extracellular cGMP (or cAMP, GMP, 

GDP or GTP) on the AMPA receptor-evoked (a),(b), depolarization-evoked (c),(d) or kainate 

receptor-evoked (e),(f) efflux of [3H]D-aspartate or endogenous glutamate. Bars represent % 

variation in [3H]D-aspartate (a),(c),(e) or endogenous glutamate (b),(d),(f) in the presence of 

the drugs at the concentrations indicated. AMPA or kainate (in the presence of 3 μM 

concanavalin A and 30 μM GYKI 52466) was added for 12 min during superfusion; 

depolarization was evoked by 4-AP or high K+ solution (2 min). Other experimental details as 

in the Methods section. Bars are means ± S.E.M. of 3 to 17 experiments performed in 

triplicate. * p < 0.05 when compared with kainate (plus GYKI 52466 plus concanavalin A). 

 

 

Fig. 4. Extracellular cGMP inhibition of kainate receptor response (�, 100 μM kainate in the 

presence of 30 μM GYKI 52466 plus 3 μM concanavalin A) in rat cerebellar nerve terminals. 

Extracellular cGMP concentration-response curves in inhibiting the efflux of [3H]D-aspartate 
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(a) or endogenous glutamate (b). Kainate (in the presence of 3 μM concanavalin A and 30 μM 

GYKI 52466) was added for 12 min during superfusion. cGMP was added 8 min before 

kainate. Other experimental details as in the Methods section. Each point represents the mean 

± S.E.M. of 3 to 9 experiments performed in triplicate. 

 

 

Fig. 5. Extracellular cGMP antagonism of kainate receptor response in rat cerebellar nerve 

terminals. Shift of the concentration-response curve for kainate (in the presence of 3 μM 

concanavalin A and 30 μM GYKI 52466) in inhibiting [3H]D-aspartate efflux, in the presence 

of 5, 50, 500 or 5000 μM extracellular cGMP (a). Schild analysis, giving a slope of 0.52 ± 

0.05 (mean ± S.E.M. of 5 experiments); r = 0.988 (b). Kainate (in the presence of 3 μM 

concanavalin A and 30 μM GYKI 52466) was added for 12 min during superfusion. cGMP 

was added 8 min before kainate. Other experimental details as in the Methods section. Each 

point represents the mean ± S.E.M. of 4 to 12 experiments in triplicate.  

 

 

Fig. 6. Effects of endogenously synthesized cGMP on kainate receptor-mediated glutamate 

efflux. Effects of inhibiting cGMP production (by ODQ) or cGMP efflux (by probenecid) on 

the kainate receptor-evoked efflux of [3H]D-aspartate in the presence or in the absence of NO 

donors from purified synaptosomes in superfusion (a), from purified synaptosomes in static 

incubation (b), from superfused cerebellar slices (c). Bars represent % variation in [3H]D-

aspartate in the presence of the drugs at the concentrations indicated. Kainate (in the presence 

of 3 μM concanavalin A plus 100 μM D-AP5 and/or 30 μM GYKI 52466) was added for 12 

min; the NO donor was added concomitantly with kainate; ODQ or probenecid were added 

starting 8 min before kainate. All experiments in synaptosomes (static incubation) or slices 
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were performed in the presence of 100 μM D-AP5 and 30 μM GYKI 52466, to block NMDA 

and AMPA receptors, plus 3 μM concanavalin A, all added 8 min before kainate or NO 

donors;  other experimental details as in the Methods section. Bars are means ± S.E.M. of 3 to 

8 experiments performed in triplicate. * p < 0.05 when compared with kainate alone  (in the 

presence of concanavalin A plus D-AP5 and/or GYKI 52466);  # p < 0.05 when compared 

with kainate (in the presence of concanavalin A plus D-AP5 and/or GYKI 52466) plus the 

NO donor. 
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