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Selective agonists of metabotropic glutamate receptors elicit significant
EEG effects when infused in the nucleus accumbens of rats
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Abstract

The effect of intra-accumbens infusion of selective group | ((S)-3,5-dihydroxyphenylglycine, DHPG), group Il ((253S4S)-
CCG/(251S,2'S)-2-(carboxycyclopropylglycine, L-CCG-1) and group Il ((L-(+)-2-amino-4-phosphonobutyric acid, L-AP4)
metabotropic glutamate (MmGlu) receptor agonists was studied in male Wistar rats. A computerised €l ectroencephal ographic (EEG) power
spectral analysis was performed. While DHPG (400 nmoles) induced EEG and behavioural limbic seizures, L-CCG-1 (400 nmoles) and
L-AP4 (800 nmoles) induced a ‘ depressant’ EEG with an increase in relative power in the slow-frequency bands and a decrease in relative
power in the high-frequency bands) and behavioura effects. These results show for the first time that the stimulation of groups I, 11 and
Il mGlu receptors located in the nucleus accumbens significantly influences the EEG tracing in rats. © 1999 Elsevier Science B.V. All

rights reserved.
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1. Introduction

The nucleus accumbens, which is considered a func-
tional interface between the limbic and motor systems
(Mogenson et al., 1980), receives glutamatergic afferents
from limbic structures such as the amygdala and the
hippocampus, as well as from the prefrontal cortex (Chris-
tie et al., 1987; Meredith et al., 1993). While in the past,
research on glutamatergic pathways focused on ionotropic
receptors, the role of metabotropic glutamate (mGlu) re-
ceptors is now under intensive investigation. On the basis
of their amino acid sequence homology, effector systems
and pharmacological profile, mGlu receptors have been
classified in three groups (for review, see Pin and Du-
vaisin, 1995): group | (which stimulates phosphoinositide
hydrolysis), group Il and group 11 (which inhibit adenylyl
cyclase).

The expression of mGlu receptors in the nucleus ac-
cumbens has been revealed by immunohistochemical
(Baude et al., 1993; Shigemoto et al., 1993) and in situ
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hybridization studies (Ohishi et al., 1993; Testa et al.,
1994). In in vivo experiments, the infusion of the mGlu
receptor agonist, 1S3R-ACPD ((1S3R)-1-aminocyclo-
pentane-1,3-dicarboxylic acid), in the rat nucleus accum-
bens increases dopamine release (Onho and Watanabe,
1995) and induces dopamine-dependent locomotor activa-
tion (Attarian and Amalric, 1997; Kim and Vezina, 1997).
The notion that mGlu receptors play a functiona role in
limbic structures is also supported by the finding that some
mGlu receptor agonists induce limbic seizures after intrac-
erebroventricular (i.c.v.) administration in mice (Tizzano et
al., 1995a,b), while amygdala kindling alters the expres-
sion of hippocampal mGlu receptors (Akbar et al., 1996)
and induces changes in mGlu receptor-mediated responses
in amygdala slices (Holmes et al., 1996; Neugebauer et al.,
1997).

Since ligands with a high selectivity for the distinct
mGlu receptor groups have been developed only recently,
the specific role played by groups I, Il and Ill mGlu
receptors in the nucleus accumbens is not as yet fully
understood. In vivo investigations are likely to provide
insight into the ultimate function of mGlu receptors in the
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nucleus accumbens as an integrated network. The elec-
troencephal ographic (EEG) recording is a suitable model
to study the effect of centraly acting drugs, because
‘depressant’ and ‘activating' effects are generaly distin-
guishable in laboratory animals (Ongini and Capordli,
1987; Popoli et al., 1995, 1996a,b, 1997). The fact that the
nucleus accumbens projects to several subcortical struc-
tures, such as mesencephalic, pedunculopontine and thala-
mic areas (Pennartz et al., 1994), which are involved in the
modulation of EEG activity (Rainnie et a., 1994; Steriade
et a., 1993) further supports the suitability of such an
experimental approach.

The aim of the present paper was to study the EEG
effects induced by intra-accumbens (i.a.) injection of selec-
tive group | ((S)-3,5-dihydroxyphenylglycine, DHPG,
Schoepp et a., 1994), group 1l ((253S4S)-CCG/
(2S,15,2'S)-2-(carboxycyclopropyl)glycine), L-CCG-I,
Pin and Duvoisin, 1995) and group Il ((L-(+ )-2-amino-
4-phosphonobutyric acid, L-AP4, Pin and Duvoisin, 1995)
mGlu receptor agonists in rats.

2. Materials and Methods
2.1. Animals

Adult male Wistar rats (250—280 g) were used. The
animals were kept under standardised temperature, humid-
ity and lighting conditions, with free access to water and
food. Animal care and use followed the directives of the
Council of the European Communities (1986).

2.2. Surgery

Under Equitesin anaesthesia (3 ml /kg), animals were
placed in a Kopf stereotaxic apparatus and stainless steel
guide cannulae (22 G, Plastics ONE) were bilaterally
inserted 3 mm above the upper boundary of the nucleus
accumbens (A= +24, L= +3.3; V= —45 mm from
bregma, sagittal suture and dura, respectively, according to
the Atlas by Pellegrino et a., 1979). Guide cannulae were
fixed with dental acrylic to the skull surface. Stainless steel
stylets were inserted into the cannulae to prevent occlu-
sion. Screw cortical electrodes were implanted at the level
of the frontal cortex and fixed with dental acrylic to the
skull surface. A recovery period of 5-6 days was allowed
before testing. Correct cannula placement was ascertained
by postmortem histological investigation. Only data from
animals showing the appropriate injection sites on both
sides were included in the analysis.

2.3. Experimental procedure
Rats were randomly assigned to the following treat-

ments: vehicle (distilled water or phosphate-buffered
saline), DHPG (200 and 400 nmoles), L-CCG-1 (200 and

400 nmoles), L-AP4 (400 and 800 nmoles). Each group,
except for the DHPG 400-nmole group (in which only four
rats were included owing to the appearance of long-lasting
seizures), was composed of six animals. Injection needles
(28 G) extending 3 mm below the guide were inserted into
the cannulae and drugs were bilaterally infused into the
nucleus accumbens at a rate of 0.2 wl/min by means of a
microdrive pump (injection volume: 1 wl). Half of the total
dose was infused in each side. At the end of drug infusion,
each anima was put in a cylindrical Plexiglas container
and connected to an Ote (model 10b) polygraph. The EEG
was then continuously recorded over 60 min. The methods
used for EEG recording and analysis have been described
elsewhere (Popoli et a., 1997). Briefly, sequential power
spectra of 20-s EEG epochs (1 epoch every min) were
analysed by fast Fourier transformation with a frequency
resolution of 0.35 Hz (software by Enrico Staderini, Italy).
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Fig. 1. EEG effects (relative power distribution) induced by intra-accu-
mbens infusion of the selective group | mGlu receptor agonist DHPG in
rats. Bars represent the means+ S.E.M. from four (DHPG 400) or six
(vehicle and DHPG 200) experiments. Doses are expressed as nmoles.
Half of the total dose was infused in each side. = P < 0.05 vs. vehicle
(distilled water), according to one-way ANOVA followed by Dunnett’'s
test.
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Fig. 2. EEG effects (relative power distribution) induced by intra-accu-
mbens infusion of the selective group Il mGlu receptor agonist L-CCG-|
in rats. Bars represent the means+ S.E.M. from six experiments. Doses
are expressed as nmoles. Half of the total dose was infused in each side.
* P < 0.05 vs. vehicle (ditilled water), according to one-way ANOVA
followed by Dunnett’s test.

All the power spectra relevant to an EEG tracing were
recorded on a optical disk (940 MB, RPS) and then
analysed to calculate the relative power in each frequency
band. The following bands were considered (Kropf and
Kuschinsky, 1993; Popoli et al., 1997): 1.2—4 Hz (3),
4.35-7 Hz (0), 7.35-9.5 Hz (a;), 9.85-12.5 Hz («a,),
12.85-16 Hz (,), 16.35-30 Hz (B,).

Gross behaviour was continuously observed during EEG
recording.

One-way anaysis of variance (ANOVA) followed by
Dunnett’s test were used for the statistical analysis of the
results.

2.4. Drugs
All compounds were obtained from Tocris Cookson

(Bristol, UK). DHPG and L-CCG-l were dissolved in
distilled water. L-AP4 was dissolved in phosphate-buffered

saline. Each solution was freshly prepared immediately
before infusion.

3. Results
3.1. Effects of the group | mGlu receptor agonist DHPG

Nine to twenty minutes (mean 14 + 3) after the i.a
injection of 400 nmoles DHPG, the EEG tracing showed a
predominant rhythm of about 7 Hz, as revealed by the
spectral analysis that showed a significant peak (> 50% of
total power) within the 6 band (Fig. 1). A reduction of
power was observed in the remaining bands, except for o,
(which includes most of the 7—8 Hz range). Behaviourally,
these EEG effects were paralleled by the appearance of
limbic seizures very similar to those reported by Tizzano
et a. (1995ab) in mice (clonic forelimb contractions,
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Fig. 3. EEG effects (relative power distribution) induced by intra-accu-
mbens infusion of the selective group 11l mGlu receptor agonist L-AP4 in
rats. Bars represent the means+ S.E.M. from six experiments. Doses are
expressed as nmoles. Half of the total dose was infused in each side.
* P < 0.05 vs. vehicle (phosphate buffered saline), according to one-way

ANOVA followed by Dunnett’s test.



186 P. Popoli et al. / European Journal of Pharmacology 367 (1999) 183-188

praying stance, loss of balance). Both the EEG and be-
havioura effects lasted 2.5—-3 h. In the observation period
that followed the animals seemed to recover completely,
but for ethical reasons only four rats, instead of the six
originaly planned, were treated with this dose of DHPG.

No remarkable EEG or behavioural effects were ob-
served after the injection of DHPG 200 nmoles.

3.2. Effects of the group Il mGlu receptor agonist L-CCG-I

The i.a. injection of 400 nmoles L-CCG-l induced the
appearance of slow waves in the EEG tracing. As shown in
Fig. 2, the spectral analysis revealed a significantly in-
creased power in the slowest band (3) and a significantly
reduced power in higher frequency bands. Behaviouraly,
spontaneous motor activity was nearly abolished, while
sporadic episodes of stereotyped grooming and chewing
were observed.

The lower dose of L-CCG-I did not induce noticeable
EEG or behavioura effects.

3.3. Effects of the group 1l mGlu receptor agonist L-AP4

After the injection of L-AP4 800 nmoles, slow waves
appeared in the EEG tracing. This feature was sporadically
replaced by brief episodes of EEG activation characterised
by the appearance of low-voltage, high-frequency waves.
Fig. 3 shows that power significantly increased in band
and significantly decreased in band B,. The animals
spontaneous motility was reduced with interposed episodes
of grooming and behavioural arousal.

At the dose of 400 nmoles L-AP4, there were only brief
periods of EEG arousal (occurrence of low-voltage, high-
frequency waves), with no significant changes in the spec-
tral analysis. The animals showed episodes of grooming,
chewing, yawning, head-weaving, tremors and ear twitch-

ing.

4, Discussion

The present results show for the first time that the i.a
injection of selective group I, 1l and Il mGlu receptor
agonists induces significant EEG effects in rats. The selec-
tive group | mGlu receptor agonist DHPG induced be-
havioural limbic seizures paralleled by a dramatic increase
in EEG power in the 6 band. Pure 6 rhythm is typically
recorded from limbic structures (Alonso and Llinas, 1989),
and in the frontal cortex of the rat this frequency band only
accounts for approximately 25% of the total power. The
observation that DHPG markedly increases the percentage
of power lying in the 6 band, together with the appearance
of limbic seizures, indicates that group | mGlu receptor
stimulation in the nucleus accumbens strongly activates
limbic structures. The finding that DHPG had convulsant

effects agrees with the recent report by Ghauri et al.
(1996), who showed that intracerebroventricular (i.c.v.)
DHPG dose dependently induced seizuresin DBA /2 mice.
The proconvulsant action of group | mGlu receptorsis aso
supported by the finding that the selective antagonist (S)-
4-carboxyphenylglycine, (S)-4CPG, inhibits both audio-
genic and chemically induced seizures in mice (Daby and
Thomsen, 1996).

The i.a. administration of the selective group 1l mGlu
receptor agonist L-CCG-l1 (400 nmoles) induced be-
havioural depression. The appearance of slow waves in the
EEG tracing and the significant modification of the rela
tive frequency distribution (i.e., increased power in the &
band and reduced power in the B band) are aso considered
to reflect ‘depressant’ effects (Popoli et a., 1996ab).
These findings are apparently at odds with the report by
Tizzano et al. (1995b), who showed that intrathalamic
L-CCG-| induced limbic seizures similar to those elicited
by 1S3R-ACPD in mice. However, these convulsant ef-
fects of L-CCG-lI were observed only at doses (micro-
moles) much higher than those used in the present investi-
gation. Conversely, when administered i.c.v. at doses of
400-500 nmoles, L-CCG-1 antagonizes both audiogenic
and ACPD-induced seizures in mice (Tizzano et al., 1995b;
Daby and Thomsen, 1996). Moreover, our finding of
depressant effects elicited by i.a. injection of a selective
group I mGlu receptor agonist is in full agreement with
recent in vitro studies showing that L-CCG-l depresses
synaptic transmission in amygdala neurons (Holmes et al.,
1996; Neugebauer et a., 1997) and inhibits excitatory
synaptic responses in nucleus accumbens slices (Manzoni
et a., 1997).

The observation that the stimulation of group Il mGlu
receptors elicited opposite effects with respect to group |
mGlu receptor stimulation may account for the conflicting
results obtained with the nonselective groups 1-1I mGlu
receptor agonist 1S3R-ACPD. Although convulsant ef-
fects have been reported after central (Tizzano et al.,
1995a,b) or peripheral (McDonald et al., 1993) administra-
tion of 1S3R-ACPD in mice, the drug shows significant
protective effects against both sound-induced seizures in
DBA /2 mice and B carboline-induced convulsions in
non-epileptic mice (Dalby and Thomsen, 1996). In rats,
1S3R-ACPD has been reported either to possess catalep-
togenic effects after i.c.v. administration (Kronthaler and
Schmidt, 1996) or to stimulate locomotor activity after i.a.
injection (Attarian and Amalric, 1997; Kim and Vezina,
1997).

At the dose of 800 nmoles, the selective group 1l mGlu
receptor agonist L-AP4 induced ‘depressant’ EEG and
behavioural effects. This finding agrees with previous
reports showing that L-AP4 depresses synaptic transmis-
sion in both control and kindled amygdala neurons (Neu-
gebauer et a., 1997) as well as in nucleus accumbens
dices (Manzoni et a., 1997). The observation that—with
respect to L-CCG-l—higher doses of L-AP4 were needed



P. Popoli et al. / European Journal of Pharmacology 367 (1999) 183-188 187

to induce EEG depression is also consistent with the rank
order of agonist potency reported in the above studies. In
in vivo investigations, centrally administered L-AP4 has
been reported to protect mice against DHPG-induced
seizures (Tizzano et d., 1995b) and to inhibit epileptogen-
esis in amygdala-kindled rats (Abdul-Ghani et al., 1997). It
should aso be noted, however, that the occurrence of
convulsant effects has been reported after i.c.v. injection of
group Il mGlu receptor agonists both in norma and
epilepsy-prone rats (Ghauri et al., 1996). Our finding of
some subconvulsant effects (tremors, ear twitchings) after
the injection of 400 nmoles L-AP4 further complicates the
understanding of the role of group Il1 mGlu receptors in
epileptogenesis. In order to clarify the function of these
receptors, further studies should be aimed at evaluating the
effect of different doses of selective ligands in different
brain aress.

In conclusion, pronounced EEG effects occurred after
i.a. injection of selective mGlu receptor agonists. While
group | mGlu receptor stimulation induced EEG and be-
havioural seizures, depressant EEG and behavioural effects
were observed after the stimulation of group Il, and—at
certain doses—of group 111 mGlu receptors. These results
provide in vivo evidence of the functional importance of
mGlu receptors located in the nucleus accumbens.

Acknowledgements

The valuable contribution of Mr. Stefano Fidanza and
Mr. Adriano Urcioli (animal care) and Mrs. Vincenza
Lepore (secretarial assistance) is gratefully acknowledged.

References

Abdul-Ghani, A.S., Attwell, P.J.E., Kent, N.S., Bradford, H.F., Croucher,
M.J., Jane, D.E., 1997. Anti-epileptogenic and anticonvulsant activity
of L-2-amino-4-phosphonobutyrate, a presynaptic glutamate receptor
agonist. Brain Res. 755, 202—-212.

Akbar, M.T., Rattray, M., Powell, JF., Meldrum, B.S,, 1996. Altered
expression of group | metabotropic glutamate receptors in the hip-
pocampus of amygdala-kindled rats. Mol. Brain Res. 43, 105-116.

Alonso, A., Llinas, R.R., 1989. Subthreshold Na*-dependent theta-like
rhythmicity in stellate cells of enthorinal cortex layer 11. Nature 342,
175-177.

Attarian, A., Amdric, M., 1997. Microinfusion of the metabotropic
glutamate receptor agonist 1S3R-1-aminocyclopentane-1,3-dicarbo-
xylic acid into the nucleus accumbens induces dopamine-dependent
locomotor activation in the rat. Eur. J. Neurosci. 9, 809-816.

Baude, A., Nusser, Z., Roberts, J.D., Mulvihill, H., Mclhinney, JR.A.,
Somogyi, P., 1993. The metabotropic glutamate receptor (mGIuR1
alpha) is concentrated at perisynaptic membrane of neuronal subpopu-
lation as detected by immunogold reaction. Neuron 11, 771-787.

Christie, M.J., Summers, R.J., Stephenson, JA., Cook, C.J., Beart, P.M.,
1987. Excitatory amino acid projections to the nucleus accumbens
septi in the rat: a retrograde transport study utilizing o[>H]aspartate
and [*H]GABA. Neuroscience 22, 425-439.

Dalby, N.O., Thomsen, C., 1996. Modulation of seizure activity in mice
by metabotropic glutamate receptor ligands. JPET 276, 516-522.

Ghauri, M., Chapman, A.G., Meldrum, B.S,, 1996. Convulsant and

anticonvulsant actions of agonists and antagonists of group Il
mGIluRs. NeuroReport 7, 1469-1474.

Holmes, K.H., Keele, N.B., Shinnick-Gallagher, P., 1996. Loss of
mGIuR-mediated hyperpolarizations and increase in mGluR depolar-
izations in basolateral amygdala neurons in kindling-induced epilepsy.
J. Neurophysiol. 76, 2808—2812.

Kim, JH., Vezina, P., 1997. Activation of metabotropic glutamate recep-
tors in the rat nucleus accumbens increases locomotor activity in a
dopamine-dependent manner. JPET 283, 962—968.

Kronthaler, U.O., Schmidt, W.J., 1996. 1S3R-ACPD has cataleptogenic
effects and reverses MK-801- and less pronounced b,L-amphetamine-
induced locomation. Eur. J. Pharmacol. 316, 129-136.

Kropf, W., Kuschinsky, K., 1993. Effects of stimulation of dopamine D,
receptors on the cortica EEG in rats: different influences by a
blockade of D, receptors and by an activation of putative dopamine
autoreceptors. Neuropharmacology 32, 493-500.

Manzoni, O., Michel, JM., Bockaert, J., 1997. Metabotropic glutamate
receptors in the rat nucleus accumbens. Eur. J. Neurosci. 9, 1514—
1523.

McDonald, JW., Fix, A.S., Tizzano, J.P., Schoepp, D.D., 1993. Seizures
and brain injury in neonatal rats induced by 1S3R-ACPD, a
metabotropic glutamate receptor agonist. J. Neurosci. 13, 4445-4455.

Meredith, G.E., Pennartz, C.M.A., Groenewegen, H.J., 1993. The cellular
framework for chemical signaling in the nucleus accumbens. Prog.
Brain Res. 99, 3-24.

Mogenson, G.J,, Jones, D.L., Yim, C.Y., 1980. From motivation to
action: functional interface between the limbic system and the motor
system. Prog. Neurobiol. 14, 69-97.

Neugebauer, W., Keele, N.B., Shinnick-Gallagher, P., 1997. Epileptogen-
esis in vivo enhances the sensitivity of inhibitory presynaptic
metabotropic glutamate receptors in basolateral amygdala neurons in
vitro. J. Neurosci. 17, 983-995.

Ohishi, H., Shigemoto, R., Nakanishi, S., Mizumo, N., 1993. Distribution
of the mRNA for a metabotropic glutamate receptor, mGIuR2, in the
central nervous system of the rat. Neuroscience 53, 1009-1018.

Ongini, E., Capordi, M.G., 1987. Differential effects of dopamine D-1
and D-2 receptor agonists on EEG activity and behaviour in the
rabbit. Neuropharmacology 26, 355—360.

Onho, M., Watanabe, S., 1995. Persistent increase in dopamine release
following activation of metabotropic receptors in the rat nucleus
accumbens. Neurosci. Lett. 200, 113-116.

Pellegrino, L.J., Pelegrino, A.S., Cushmann, A.J, 1979. A Stereotaxic
Atlas of the Rat Brain. Plenum, New York.

Pennartz, C.M.A., Groenewegen, H.J., Lopes Da Silva, F.H., 1994. The
nucleus accumbens as a functionally distinct neuronal ensembles: an
integration of behavioural, electrophysiological and anatomical data.
Prog. Neurobiol. 42, 719-761.

Pin, J-P., Duvaisin, R., 1995. The metabotropic glutamate receptors:
structure and functions. Neuropharmacology 34, 1-26.

Popoli, P., Reggio, R., Pézzola, A., Scotti de Carolis, A., 1995. The
stimulation of cholecystokinin receptors in the rostral nucleus accum-
bens significantly antagonizes the EEG and behavioural effects in-
duced by phencyclidine in rats. Psychopharmacology 120, 156—161.

Popoli, P., Pezzola, A., Reggio, R., Scotti de Carolis, A., 1996a. Evi-
dence for the occurrence of depressant EEG effects after stimulation
of dopamine D5 receptors: a computerised study in rabbits. Life Sci.
59, 1755-1761.

Popoli, P., Ferrg, S., Pézzola, A., Reggio, R., Scotti de Carolis, A., Fuxe,
K., 1996b. Stimulation of adenosine A1l receptors prevents the EEG
arousal due to dopamine D1 receptor activation in rabbits. Eur. J.
Pharmacol. 305, 123-126.

Popoli, P., Reggio, R., Pezzola, A., 1997. Adenosine A1 and A2 receptor
agonists significantly prevent the electroencephalographic effects in-
duced by MK-801 in rats. Eur. J. Pharmacol. 333, 143—146.

Rainnie, D.G., Grunze, H.C.R., McCarley, RW., Greene, RW., 1994.
Adenosine inhibition of mesopontine cholinergic neurons: implica
tions for EEG arousal. Science 263, 689—692.



188 P. Popoli et al. / European Journal of Pharmacology 367 (1999) 183-188

Schoepp, D.D., Goldsworthy, J., Johnson, B.G., Salhoff, C.R., Baker,
R.S., 1994. 3,5-Dihydroxyphenylglycine is a highly selective agonist
for phosphoinositide-linked metabotropic glutamate receptors in the
rat hippocampus. J. Neurochem. 63, 769—772.

Shigemoto, R., Nomura, S., Ohishi, H., Sugihara, H., Nakanishi, S,
Mizumo, N., 1993. Immunohistochemical localization of a
metabotropic glutamate receptor, mGIuR5, in the rat brain. Neurosci.
Lett. 163, 53-57.

Steriade, M., McCormick, D.A., Sginowsky, T.J., 1993. Thalamocortical
oscillations in the sleeping and aroused brain. Science 262, 679—-682.

Testa, C.M., Standaert, D.G., Young, A.B., Penney, JB. J., 1994.
Metabotropic glutamate receptor mMRNA expression in the basal gan-
glia of the rat. J. Neurosci. 14, 3005—-3018.

Tizzano, J.P., Griffey, K.I., Schoepp, D.D., 1995a. Induction or protec-
tion of limbic seizures in mice by mGIuR subtype selective agonists.
Neuropharmacology 34, 1063—1067.

Tizzano, J.P., Griffey, K.I., Schoep, D.D., 1995h. Receptor subtypes
linked to metabotropic glutamate receptor agonist-mediated limbic
seizures in mice. N.Y. Acad. Sci. 765, 230—235.



