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The stimulation of excitatory amino acid receptors in the 
cerebellar cortex results in the Ca*+/calmodulin-dependent 
activation of nitric oxide synthase. This leads to an increase 
in tissue levels of cGMP following the interaction of nitric 
oxide with soluble guanylyl cyclase. The cerebellar cortex 
has the highest levels of nitric oxide synthase and cGMP in 
the brain; however, the levels of guanylyl cyclase and cGMP- 
phosphodiesterase are remarkably low. Thus, the mecha- 
nisms regulating cGMP levels in cerebellar cells are unclear. 
One report has noted that cGMP can be released from cer- 
ebellar slices. We have therefore used intracerebellar mi- 
crodialysis in awake, freely moving rats to test the hypoth- 
esis that activation of nitric oxide synthase in the cerebellar 
cortex results in the release of cGMP. Climbing fibers, which 
release excitatory amino acids in the cerebellum, were ac- 
tivated with systemic harmaline. This resulted in an imme- 
diate increase in extracellular cGMP, which was blocked by 
TTX or the removal of extracellular Ca*+, and attenuated by 
prior lesion of the climbing fibers. Blockade of N-type cal- 
cium channels with w-conotoxin also antagonized the har- 
maline-induced increase. In contrast, blockade of L-type cal- 
cium channels, or inhibition of anion transport with probenecid 
or bromosulfophthalein, potentiated the increase in cGMP 
seen in response to harmaline. Inhibitors of nitric oxide syn- 
thase or guanylyl cyclase prevented the harmaline-induced 
increase in extracellular cGMP, while phosphodiesterase in- 
hibitors potentiated the increase. Local application of the 
NMDA antagonist 2-amino+phosphonopentanoic acid or the 
AMPA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3- 
dione attenuated the effect of harmaline. In the presence of 
TTX, local application of NMDA, AMPA, or the metabotropic 
agonist frans-1 -amino-l ,3-cyclopentane-dicarboxylic acid 
(PACPD) elevated extracellular cGMP. Thus, activation of 
excitatory amino acid receptors results in a nitric oxide- 
dependent increase in the extracellular levels of cGMP in 
the cerebellar cortex. This may indicate the presence of an 
intercellular metabolic pathway for the regulation of intra- 
cellular cGMP levels. It is also possible that extracellular 
cGMP plays a role in intercellular communication in the cer- 
ebellar cortex. 
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Glutamate receptor activation in cerebellar slices has been shown 
to result in the formation of a diffusible messenger with prop- 
erties similar to those ofthe endothelium-derived relaxing factor 
(Garthwaite et al., 1988). This has now been shown to corre- 
spond to nitric oxide (NO), produced by the Caz+/calmodulin- 
dependent activation of NO synthase (Bredt and Snyder, 1989; 
Garthwaite et al., 1989). The release of endogenous excitatory 
amino acids, by activation of the climbing fiber afferents with 
harmaline, also evokes NO synthesis (Wood et al., 1990). The 
NO formed binds to and activates soluble guanylyl cyclase, 
producing an increase in the tissue levels of cGMP. Histochem- 
ical and biochemical studies of the cerebellum have indicated 
that NO is formed in basket and granule cells, from which it 
diffuses into other target cells containing the guanylyl cyclase 
(Garthwaite, 199 1; Vincent and Hope, 1992). Thus, in this sys- 
tem NO appears to act primarily as an intercellular messenger. 

Although the cerebellum has very high levels of NO synthase, 
and the levels of cGMP in the cerebellum are an order of mag- 
nitude higher than in most brain regions, it has only relatively 
low levels of guanylyl cyclase (Greenberg et al., 1978). The fact 
that the cGMP phosphodiesterase activity in the cerebellum is 
the lowest in the brain (Greenberg et al., 1978) may explain the 
high basal cGMP levels, and the dramatic increases in cGMP 
levels that can be seen in response to various drugs. These 
observations suggest enzymatic degradation via phosphodies- 
terase may not play a major role in regulating intracellular cGMP 
levels in cerebellar cells. Instead, one in vitro study on cerebellar 
slices found evidence for the release of cGMP that could be 
increased by depolarization, glutamate stimulation, or an or- 
ganic nitroso compound (Tjijrnhammar et al., 1986). This sug- 
gests that cyclic nucleotide release may be an important feature 
of the cerebellar cGMP signal transduction system. 

Cyclic nucleotides are the classic intracellular second mes- 
sengers. However, for many years the release of these molecules 
from various cell types has also been described (Barber and 
Butcher, 1983). The efflux of CAMP was first noted when pigeon 
erythrocytes were stimulated by noradrenaline (Davoren and 
Sutherland, 1963). Shortly thereafter, CAMP release from rabbit 
cerebellar slices was noted following catecholamine stimulation 
(Kakiuchi and Rall, 1968). An efflux of cGMP that parallels the 
increase in tissue levels has since been described in a number 
of tissues, including the pineal and posterior pituitary (O’Dea 
et al., 1978) the isolated perfused rat kidney (Burton et al., 
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1990; Heuze-Joubert et al., 1992), isolated rat aorta (Schini et 
al., 1989), bovine aorta endothelial cells (Schini et al., 1988), 
pancreatic acinar cells (Kapoor and Krishna, 1977), and he- 
patocytes (Billiar et al., 1992). Furthermore, there is a substan- 
tial level of cGMP in the cerebrospinal fluid (CSF) (Trabucchi 
et al., 1977) and plasma cGMP levels can be influenced by 
various drug treatments (Brandt and Conrad, 199 1; Schuller et 
al., 1992). In the present study, we have used the technique of 
in vivo microdialysis to determine whether an efflux of cGMP 
is associated with the activation of NO production in the cer- 
ebellar cortex following excitatory amino acid receptor stimu- 
lation. 

Materials and Methods 
Microdialysisprobes. Transverse microdialysis probes were constructed 
using a saoonified cellulose ester membrane (SCE 135, Cordis Dow 
Medycal B:V., Netherlands). The horizontal probe had an open length 
of 10 mm and an outer diameter of 0.27 mm. Stainless steel cannulas 
were glued to both ends of the dialysis fiber. 

Animals and surgery. Adult male Wistar rats (250-300 gm) were 
anesthetized with pentobarbital and stereotaxically implanted with a 
transverse microdialysis probe in the cerebellar cortex (interaural, AP 
-2. I, DV -3.5). The stainless steel cannulas were secured with dental 
cement to three anchoring screws on the top of the skull. The animals 
were allowed to recover for 48 hr before the experiments. 

One group of animals received injections of the climbing fiber toxin 
3-acetylpyridine according to the protocol of Llinas et al. (1975) I week 
prior to implantation of the microdialysis probe. The animals received 
75 mg/kg of 3-acetylpyridine, followed 3 hr later by 15 mg/kg harmaline, 
and after another 1.5 hr by 300 mg/kg niacinamide. 

Intracerebellar microdialysis. The microdialysis probes were perfused 
at 5 &min with artificial CSF, which contained 147 mM NaCl, 3.0 mM 
KCl, I.0 mM MgCl,, 1.3 rnM CaCI,, 1 mM NaPO,, pH 7.4, in awake, 
freely moving animals. Fractions were collected every 20 min, lyoph- 
ilized, and stored at -20°C until assayed. 

cGMP radioimmunoassay. cGMP was determined by radioimmu- 
noassay (RIA) (New England Nuclear, DuPont) performed using the 
acetylation procedure for both standards and samples to increase sen- 
sitivity. The freeze-dried dialysis samples were reconstituted in RIA 
buffer and assayed in duplicate. The cGMP RIA had a sensitivity of I .O 
fmol/lOO 1~1 and an IC,, of 38 fmol/lOO ~1, and the variation between 
assays was less than +50/o. 

Drugs. The drugs used in this study were obtained from Research 
Biochemicals Inc., Natick, MA: (+)-or-amino-3-hydroxy-5-methylisox- 
azole-4-propionic acid (AMPA), trans- I -amino- 1,3-cyclopentane-di- 
carboxylic acid (I-ACPD), 2-amino-5-phosphonopentanoic acid (AP5), 
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), w-conotoxin, NC-mono- 
methyl+arginine (L-NMMA), NC-monomethyl+arginine (DNMMA), 
NC-nitro-L-arginine methyl ester hydrochloride (NAME), NC-nitro-L- 
arginine (N-Arg); from RhBne-Poulenc Rorer Ltd., Dagenham, UK: 
Zaprinast (M&B 22948); from Sigma, St. Louis, MO: bromosulfoph- 
thalein, harmaline, 3-acetylpyridine, probenecid, 3-isobutyl-l-methyl 
xanthine (IBMX), nifedipine, tetrodotoxin (TTX); from Calbiochem: 
LY-83583: and from British Drug House: methylene blue. The drugs 
were administered either system&y (intraperitbneal injection) or lo- 
cally via the microdialysis probe. At a flow rate of 5 @min, in vitro 
studies indicated that the concentration of applied drug escaping the 
microdialysis probe corresponded to approximately 10% of the applied 
concentration. 

Histology and statistics. After the dialysis experiments, the rats were 
killed and the brains removed and fixed in 4% naraformaldehvde. They 
were then cryoprotected in 15% sucrose, and 30 wrn coronai sections 
through the cerebellum were cut on a cryostat and mounted onto chrome- 
alum-coated slides. The sections were stained with cresyl violet and the 
probe placements were determined. In the 3-acetylpyridine-treated an- 
imals, cresyl violet-stained sections through the inferior olive were also 
examined to estimate the extent of the lesion. 

The data are displayed as the percentage of the mean + SEM of the 
first three baseline samples. At least three animals were tested for each 
treatment. Analysis of variance (ANOVA) was used to determine wheth- 
er the cGMP concentrations in dialysates in response to applied drugs 
differed significantly from the control. A confidence level of 95% was 
accepted as significant. 

In vitro recovery of cGMP by the microdialysis probes was deter- 
mined by placing the probe in a beaker containing various concentra- 
tions (1.7-45 nM) of cGMP at the standard perfusion rate of 5 pl/min. 
Additional experiments were also done at various flow rates (l-10 pl/ 
min). The cGMP concentrations in the dialysate and in the beaker were 
determined using the same RIA procedure used for the in vivo studies. 

Results 
The baseline level of cGMP in the dialysate at a flow rate of 5 
pl/min was 0.74 f 0.07 pmol/ml (n = 65). The in vitro recovery 
rate at 5 &min was about 1 l%, suggesting a basal extracellular 
cGMP level in the cerebellar cortex of about 6.7 nM. In vitro 
experiments indicated that the recovery of cGMP varied in- 
versely with the flow rate. In an attempt to determine more 
accurately the extracellular level of cGMP, animals were per- 
fused overnight at a flow rate of 0.1 Fl/min. This yielded a 
concentration of 4 nM in the dialysate, which at a recovery 
estimated to be 55% gave a basal extracellular cGMP concen- 
tration of 7.3 nM. 

Climbing fiber activation with harmaline (40 mg/kg, i.p.) 
evoked an immediate, fivefold increase in extracellular cGMP 
levels (Fig. 1). This was prevented by blockade of voltage-de- 
pendent sodium channels, and thus action potentials, by the 
inclusion of 1 PM TTX in the dialysate. TTX had no effect on 
basal levels of cGMP. Substitution of Mg2+ for Ca2+ in the 
perfusate also blocked the harmaline-induced increase, without 
significantly affecting basal cGMP levels (Fig. 1A). Likewise, 
local application of the N-type Ca’+ channel blocker w-cono- 
toxin (100 FM) had no effect on basal cGMP levels, but atten- 
uated the increase evoked by systemic harmaline (Fig. 1B). In 
contrast, local application of nifedipine (100 KM), a blocker of 
L-type Ca*+ channels, greatly potentiated the increase in extra- 
cellular cGMP seen following systemic harmaline administra- 
tion (Fig. 1 B). The harmaline-induced increase in extracellular 
cGMP levels was also attenuated by a prior lesion of the climb- 
ing fibers with the toxin 3-acetylpyridine (Fig. 1 C). Histological 
examination of the inferior olive in these lesioned animals in- 
dicated an extensive cell loss; however, there were also many 
spared neurons, particularly in the medial accessory olive. 

Application of methylene blue (1 mM) or LY-83583 (0.1 mM) 
in the perfusate attenuated the increase in cGMP evoked by 
harmaline (Fig. 2A). Local application of the general phospho- 
diesterase inhibitor IBMX (1 mM), or Zaprinast (10 PM), a spe- 
cific inhibitor of type V phosphodiesterase, potentiated the har- 
maline-evoked increase in extracellular cGMP (Fig. 2B). 

Systemic injection of probenecid (200 mg/kg), an inhibitor of 
anion transport systems, had no effect on basal cGMP levels, 
compared with vehicle (dimethyl sulfoxide, DMSO)-injected 
rats (Fig. 3A). However, probenecid dramatically potentiated 
the increase in extracellular cGMP evoked by harmaline. Sim- 
ilar results were obtained when another inhibitor of anion trans- 
port, bromosulfophthalein (100 FM), was applied locally via the 
microdialysis probe (Fig. 3B). 

Inhibitors of NO synthase blocked the harmaline-induced 
increase in extracellular cGMP when administered either locally 
or systemically (Fig. 4). Application of L-NMMA (1 mM) via 
the microdialysis probe greatly inhibited the harmaline-induced 
increase in cGMP (Fig. 4A). In contrast, D-NMMA (1 mM) 
produced only a slight, nonsignificant attenuation of the effect. 
Local application of NAME (Fig. 4B) or N-Arg (Fig. 4C) dose 
dependently inhibited the harmaline-induced cGMP increase. 
Systemic application ofN-Arg (50 mg/kg) also blocked the cGMP 
increase evoked by harmaline (Fig. 40). 
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Figure 1. Systemic harmaline administration (40 mg/kg, i.p.) produces 
an immediate increase in the extracellular levels of cGMP in the cer- 
ebellar cortex. A, Application of artificial CSF containing 1 mM TTX 
via the microdialysis probe prevented the harmaline-induced increase 
(F = 87.89; p < 0.0 1). A similar blockade of the harmaline effect was 
seen when the ACSF was switched to one in which Mg2+ was substituted 
for Ca2+ after collection of the first three baseline fractions (F = 56.77; 
p < 0.0 1). B, Local application 100 PM w-conotoxin attenuated the effect 
of harmaline (F = 19.88; p < 0.0 l), while inclusion of 100 /LM nifedipine 
in the microdialysis probe potentiated the harmaline-induced increase 
in extracellular cGMP levels (F = 16.99; p < 0.01). C, Prior treatment 
with the climbing fiber neurotoxin 3-acetylpyridine also attenuated the 
harmaline-induced increase in extracellular cGMP levels (F = 18.11; p 
-c 0.01). 
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Figure 2. A, The local administration of the guanylyl cyclase inhibitors 
methylene blue (1 mM) and LY-83583 (100 PM) attenuated the cGMP 
increase produced by systemic harmaline (40 mg/kg, i.p.) administration 
(F = 28.47; p < 0.01, and F = 15.45; p < 0.01, respectively). B, The 
local administration of the general phosphodiesterase inhibitor IBMX 
(1 M) or the selective inhibitor of type V phosphodiesterase, Zaprinast 
(10 FM), potentiated the increase in cGMP induced by harmaline (F = 
37.68; p < 0.01, and F = 23,95; p < 0.01, respectively). 

Local pretreatment with the NMDA receptor antagonist AP5 
(1 mM) via the microdialysis probe prevented the harmaline- 
induced increase in extracellular cGMP (Fig. 5). Pretreatment 
with the AMPA receptor antagonist CNQX (100 PM) also sig- 
nificantly attenuated the response to harmaline (Fig. 5). 

Excitatory amino acid agonists evoked large increases in ex- 
tracellular cGMP when applied locally via the microdialysis 
probe (Fig. 6). NMDA (1 mM) produced a massive increase in 
extracellular cGMP, which was slightly attenuated by the inclu- 
sion of TTX (1 PM) in the dialysate (Fig. 6A). This NMDA- 
induced cGMP increase was greatly attenuated and delayed by 
prior application of AP5 (1 mM). Local AMPA (100 PM) appli- 
cation also produced a dramatic increase in extracellular cGMP 
in the presence of TTX (Fig. 6B). This was unaffected by AP5 
(1 mM) but inhibited by CNQX (100 PM). The metabotropic 
glutamate receptor agonist t-ACPD (100 PM) also produced a 
smaller but significant increase in extracellular cGMP in the 
presence of TTX (Fig. 6C). This was unaffected by AP5 (1 mM). 
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197 1; Llinas and Volkind, 1973). This is associated with a large 
increase in cerebellar cGMP levels, apparently in response to 
increased release of endogenous excitatory amino acids follow- 
ing climbing fiber activation (Guidotti et al., 1975; Biggio et al., 
1977; Lorden et al., 1985; Wood et al., 1990). We have found, 
using the technique of intracerebellar microdialysis in freely 
moving, unanesthetized rats, that this is associated with a large 
increase in the extracellular levels of this cyclic nucleotide. This 
was completely prevented by inclusion of TTX in the perfusion 
solution, and attenuated by prior lesion of the climbing fibers 
with 3-acetylpyridine. These results indicate that the harmaline- 
induced increase in extracellular cGMP was dependent upon 
climbing fiber activation. 

The removal of Ca*+ from the perfusion medium would be 
expected to block both synaptic transmission and the Ca*+- 
dependent activation of NO. Thus, it is not surprising that this 
completely prevented the harmaline-induced increase in extra- 
cellular cGMP. Ca2+ does not appear to be directly required in 
the mechanism responsible for the release of cGMP, since the 
increase in extracellular cGMP seen in response to the local 
application of nitroprusside was not prevented by the removal 
of Ca*+ from the perfusion medium (D. Singla, D. Luo, and S. 
R. Vincent, unpublished observations). 

Local application of w-conotoxin attenuated the harmaline- 
induced cGMP increase. This may indicate a role for N-type 
Ca2+ channels in mediating the release of excitatory transmitters 
from the climbing fibers (and/or mossy fibers; see below) in the 
cerebellar cortex. Indeed, a recent report demonstrated that 
w-conotoxin decreases potassium-evoked glutamate release from 
rat cerebellar slices (Dickie and Davies, 1992). In contrast, the 
L-type Ca2+ channel blocker nifedipine, which does not inhibit 
potassium-evoked glutamate release from cerebellar slices 
(Barnes and Davies, 1988), enhanced the increase in cGMP seen 
in response to harmaline. One way this might arise would be if 
nifedipine prevented the activation of the Ca*+/calmodulin- 
dependent cGMP phosphodiesterase, which has recently been 
described in rat brain (Mayer et al., 1992). 

The increase in extracellular cGMP induced by harmaline 
was blocked by a variety of NO synthase inhibitors given locally 
or systemically. This is consistent with previous in vivo or in 
vitro work indicating that NO production is an essential step in 
the pathway leading to cGMP synthesis following excitatory 
amino acid stimulation in the cerebellar cortex (Bredt and Sny- 
der, 1989; Garthwaite et al., 1989; East and Garthwaite, 1990; 
Wood et al., 1990; Wood, 199 1). Both methylene blue and LY- 
83583 (Schmidt et al., 1985), which have been suggested to 
inhibit soluble guanylyl cyclase, perhaps via the formation of 
superoxide anion (Brtine et al., 1990), attenuated the cGMP 
increase evoked by harmaline, although this effect could also 
have resulted from direct inhibition of NO synthase by these 
drugs (Mulsch et al., 1988; Mayer et al., 1993). These data are 
consistent with the NO-dependent activation of soluble guanylyl 
cyclase following harmaline administration. Inhibition of phos- 
phodiesterase activity with IBMX, or Zaprinast, dramatically 
potentiated the response to harmaline. Thus, although phos- 
phodiesterase levels in the cerebellum are very low (Greenberg 
et al., 1978), the type V isoform does appear to play an active 
role in regulating cerebellar cGMP levels. It is not yet known 
whether cGMP is hydrolyzed before or after being released from 
the cells in which it is produced. 

In this discussion, an attempt will be made to explain our 
results in terms of what is now known regarding the cellular 
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Figure 3. A, The systemic injection of probenecid (200 mg/kg) poten- 
tiated the increase in cGMP following harmaline (F = 11.42; p < 0.01) 
compared to the control, while vehicle (DMSO) ‘pretreatment had no 
significant effect. B, Locally applied bromosulfophthalein (BSP, 100 
FM) also potentiated the harmaline-stimulated extracellular cGMP in- 
crease (F = 37.33; p < 0.01). 

Discussion 
Many studies have examined the pharmacological regulation of 
cGMP levels in the cerebellar cortex (Wood, 199 1). Large changes 
in cGMP concentration could be demonstrated in response to 
various drug treatments. Microdissection studies have shown 
that the molecular layer accounts for about 80% of the cGMP 
seen in such studies, with the remaining 20% arising from the 
granule cell layer (Rubin and Ferrendelli, 1977). Taking into 
account the tortuosity and volume fraction of the extracellular 
space (Nicholson and Phillips, 198 1) and the extractive prop- 
erties of the microdialysis probe (Benveniste and Huttemeier, 
1990), it would appear safe to conclude that the changes in 
extracellular cGMP we have observed derive largely, if not to- 
tally, from changes in the molecular layer. 

The activation of excitatory amino acid receptors in the cer- 
ebellar cortex results in an NO-dependent increase in the pro- 
duction of cGMP (Garthwaite et al., 1988, 1989; Bredt and 
Snyder, 1989; Wood et al., 1990; Wood, 199 1). The alkaloid 
harmaline selectively activates the climbing fiber input by in- 
creasing the firing rate of inferior olive neurons (LaMarre et al., 
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Figure 4. A, Local administration via the microdialysis probe of 1 mM NC-monomethyl+arginine (L-EMMA) inhibited the increase in cGMP 
seen in response to systemic harmaline (40 m&kg, i.p.) (F = 39.63; p < O.Ol), while 1 mM NC-monomethyl-D-arginine (D-NMMA) was without 
significant effect. B, Local application of NG-nitro-L-arginine methyl ester hydrochloride (NAME) in the microdialysate at 5 PM (F = 33.95; p < 
0.01) and 50 PM (F = 48.59; p < 0.01) attenuated the harmaline-stimulated cGMP levels. C, Local application of NC-nitro-L-arginine (N-Arg) at 
5 PM (F = 20.96; p < 0.01) and 50 1~ (F = 123.77; p < O.Ol), via the microdialysis probe, attenuated the harmaline-stimulated extracellular 
cGMP levels. D, Systemic administration of N-Arg (50 mg/kg, i.p.) also blocked the harmaline-stimulated extracellular cGMP increase (F = 115.17; 
p < 0.01). 

localization of NO synthase and the cGMP system in the cer- 
ebellar cortex (Fig. 7). In the rat, the cerebellum has the highest 
concentration of NO synthase in the brain, and histochemical 
studies indicate that it is present in granule and basket cells, but 
not in Purkinje cells or their climbing fiber afferents (Bredt et 
al., 1990; Vincent and Kimura, 1992). In contrast, soluble guan- 
ylyl cyclase has been localized with monoclonal antibodies or 
in situ hybridization predominantly in the Purkinje cells (Ariano 
et al., 1982; Nakane et al., 1983; Matsuoka et al., 1992). Mono- 
clonal antibodies to cGMP have also demonstrated intense 
staining of Purkinje cells (Sakaue et al., 1988). Similarly, high 
levels of cGMP-dependent protein kinase and its target, G-sub- 
strate, are expressed in Purkinje cells (Schlichter et al., 1980; 
Lohmann et al., 198 1). Together, these results point to the Pur- 
kinje cells as major targets of cGMP action in the cerebellar 
cortex. 

In cerebellar slices from adult rats, the levels of cGMP can 
be elevated in a Ca2+ -dependent manner by depolarization with 
elevated potassium (Ferrendelli et al., 1973; Raiteri et al., 199 1; 

Southam and Garthwaite, 199 1). This may be largely mediated 
by glutamate and/or aspartate release and NMDA receptor ac- 
tivation, since most of the potassium-evoked response could be 
inhibited by AP5 (Raiteri et al., 1991). Intracisternal injection 
of AP5 prevents the harmaline-induced increase in cerebellar 
cGMP levels seen in vivo (Wood et al., 1982). Furthermore, we 
have found that locally applied AP5 can also block the increase 
in extracellular cGMP seen following climbing fiber activation. 
Purkinje cells are the major targets of climbing fibers; however, 
they lack NMDA receptors (Farrant and Cull-Candy, 199 l), 
and activation of these cells by the climbing fibers appears to 
be mediated through AMPA receptors. Climbing fiber collat- 
erals activate the deep cerebellar nuclei via both AMPA and 
NMDA receptors (Llinas and Muhlethaler, 1988; Van der Want 
et al., 1989; Audinat et al., 1992). The deep cerebellar nuclei, 
in turn, give rise to mossy fibers that can act on granule cells 
via both NMDA and AMPA receptors (Garthwaite and Brod- 
belt, 1989). Furthermore, parallel fibers appear to activate Pur- 
kinje cells via AMPA receptors, but can activate inhibitory in- 
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Figure 5. The harmaline-stimulated increase in extracellular cGMP 
was attenuated by local application of the excitatory amino acid antag- 
onists 1 mM APS (F = 62.5; p < 0.01) and 100 PM CNQX (F = 27.14; 
p < 0.01) via the microdialysis probe. 

terneurons, such as basket cells, via both AMPA and NMDA 
receptors (Hussain et al., 1991). Thus, the increase in cGMP 
seen following harmaline, or the local infusion of NMDA or 
AMPA, could be due to activation of granule cells or basket 
cells, both of which contain NO synthase. 

The harmaline-induced increase in cerebellar cGMP levels 
was also antagonized by direct intracerebellar injection of CNQX 
(Rao et al., 1990). CNQX also greatly attenuated the increase 
in extracellular cGMP observed following harmaline. CNQX 
might inhibit the harmaline-induced elevation in cGMP through 
actions at both NMDA (Birch et al., 1988) and AMPA receptors. 
We have found that AMPA can produce a massive, CNQX- 
sensitive, APS-insensitive increase in extracellular cGMP levels 
in the presence of TTX. This indicates that AMPA receptor 
activation can result in NO formation, in the absence of NMDA 
receptor activation. 

Metabotropic glutamate receptor stimulation can also pro- 
duce an NO-dependent increase in cGMP levels in cerebellar 
slices from adult rats (Okada, 1992). This appears to be due to 
NO synthase activation following the release of Ca2+ from in- 
tracellular stores (Okada, 1992). We have found that local ap- 
plication of the metabotropic agonist t-ACPD can induce an 
increase in extracellular cGMP levels when both action poten- 
tials and NMDA receptors are blocked. This suggests a direct 
action of t-ACPD on NO synthase-containing cells. The granule 
cells are likely targets, since they contain NO synthase and pos- 
sess metabotropic glutamate receptors (Nicoletti et al., 1986; 
Fagni et al., 1991; East and Garthwaite, 1992). 

The local application of NMDA, AMPA, or t-ACPD pro- 
duced an increase in extracellular cGMP, even in the presence 
of TTX. This suggests that activation of NO synthase in granule 
and/or basket cells can occur in the absence of cell firing. How- 
ever, TTX did attenuate the increase in cGMP seen following 
local NMDA application. This probably reflects the activation 

Figure 6. A, The local application of the excitatory amino acid agonist 
NMDA (1 mM) in the dialysate produced a large increase in extracellular 
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cGMP. This was somewhat attenuated by the inclusion of 1 MM TTX 
(F = 17.84; p < 0.01) and reduced and delayed by inclusion of 1 mM 
AP5 (F = 30.57; p < 0.01) in the dialysate. B, The local application of 
the excitatory amino acid agonist AMPA (100 PM) via the microdialysis 
probe dramatically increased extracellular cGMP levels in the presence 
of 1 PM TTX. This was unaffected by 1 mM APS, but markedly atten- 
uated by 100 PM CNQX (F = 6.27; p < 0.05). C, The local application 
of the metabotropic receptor agonist t-ACPD (100 PM) via the micro- 
dialysis probe increased the extracellular level of cGMP in the presence 
of TTX. This was unaffected by local pretreatment with 1 mM AP5. 
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Figure 7. A diagram illustrating the proposed sites of action of the various drugs affecting the extracellular levels of cGMP in the cerebellar cortex. 
Harmaline-induced activation of the inferior olive activates mossy fibers arising in the deep cerebellar nuclei, resulting in glutamate release onto 
granule cells. This can activate NO synthase in these neurons via NMDA, AMPA, or metabotropic (MT) receptors. NO produced in granule cells 
or in basket cells following their activation by parallel fibers (not shown) can diffuse into Purkinjc cells to activate soluble guanylyl cyclase. This 
results in an elevation of cGMP levels. and an efflux of cGMP. The released cGMP may then be accumulated in adjacent glial elements via a 
probenicid-sensitive carrier. 

of presynaptic NO synthase in granule and/or basket cell nerve 
terminals following action potential invasion. 

Normal human CSF has been reported to contain 2 nM cGMP 
(Trabucchi et al., 1977). In the present study, the basal extra- 
cellular cGMP level in the cerebellar cortex was estimated to 
be about 7 nM. This would correspond to about l-5% of the 
tissue concentration of cGMP in the adult rat cerebellar cortex 
(Lorden et al., 1985; De Vente and Steinbusch, 1992). The 
extracellular cGMP concentration was raised immediately fol- 
lowing harmaline treatment to about 35 nM. In the presence of 
probenecid, the extracellular levels increased 30-fold, to over 
200 nM in response to harmaline. This suggests that released 
cGMP is normally actively removed from the extracellular space 
into a probenecid-sensitive compartment. Indeed, the highest 
levels of a high-affinity cyclic nucleotide uptake system, which 
can accumulate CAMP or cGMP, occur in the cerebellum (John- 
ston and Balcar, 1973). 

sensitive, large anion carrier, which may correspond to a mul- 
tidrug resistance transporter. We have found that probenecid 
or bromosulfophthalein augment the increase in extracellular 
cGMP produced by harmaline. Probenecid also increases the 
extracellular levels of the acid metabolites of monoamine neu- 
rotransmitters in microdialysis experiments (Miyamoto et al., 
199 1). This suggests that the mechanism mediating the extru- 
sion of cGMP and other organic anions from neurons differs 
from the probenecid-sensitive system mediating their removal 
from the extracellular space. It is possible that cGMP released 
from neurons is taken up into adjacent glial elements via a 
probenecid-sensitive carrier. Such a process might account for 
the immunohistochemical data indicating that, although guan- 
ylyl cyclase appears to be largely neuronal (Biggio et al., 1978; 
Ariano et al., 1982; Nakane et al., 1983; Matsuoka et al., 1992), 
cGMP accumulation occurs in cerebellar glial cells (De Vente 
and Steinbusch, 1992; Southam et al., 1992). 

The efflux of CAMP from the CSF appears to be mediated The functional significance of CAMP efllux in the brain has 
via a probenecid-sensitive organic anion carrier (see Cramer, recently been discussed (Rosenberg, 1992). The efflux of cyclic 
1977). Henderson and Tsuji (1987) have demonstrated that nucleotides may simply be a means of regulating the intracellular 
CAMP efflux from some cells occurs via a bromosulfophthalein- levels of these molecules. Indeed, the increased cGMP produc- 
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tion seen in pancreatic acinar cells following muscarinic or pep- 
tide stimulation is followed by a large increase in cGMP secre- 
tion. This appears to be responsible for restoring tissue cGMP 
levels to their basal state (Kapoor and Krishna, 1977). A similar 
phenomenon may occur in other tissues (O’Dea et al., 1978; 
Tjornhammar et al., 1983; Schini et al., 1988, 1989; Burton et 
al., 1990; Billiar et al., 1992; Heuze-Joubert et al., 1992). How- 
ever, extracellular actions of cGMP are also a possibility. In 
Dictyostelium discoideum CAMP acts as a chemoattractant via 
an action on cell surface receptors (Janssens and Van Haastert, 
1987). Recent evidence indicates that receptors for CAMP on 
mammalian myocytes may be involved in the regulation of 
cardiac sodium channels through a G-protein-dependent mech- 
anism (Sorbera and Morad, 1991). There are reports that ex- 
tracellular application of cGMP can affect the electrical prop- 
erties of various neurons (Phillis et al., 1974; Stone et al., 1975) 
including Purkinje cells (Hoffer et al., 197 1; Siggins et al., 1976). 
Thus, the release of cGMP may indicate a role for this cyclic 
nucleotide in intercellular communication in the cerebellar cor- 
tex. 
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