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Physiological functions of glutamic acid, the major neurotransmitter in
the central nervous system, are mediated by the two receptor families: iono-
tropic glutamate receptors (iGluRs), and metabotropic glutamate receptors
(mGluRs). Eight mGluR subtypes (mGluR1-mGluR8), together with splice
variants, have been identified and classified into three groups. One of the
features of mGluRs is their profile of functional expression throughout post-
natal development. Several lines of evidence suggest age-dependent differ-
ences in the pattern or amount of mGluR-mediated phosphatidylinositol (PI)
turnover as well as in the expression of mGluRs. The aim of the present study
was to investigate how the different effects of mGluR agonists on cAMP ac-
cumulation change during rat postnatal life.

We have found that the stimulatory effect of glutamate and/or 1S,3R-ACPD
on cAMP accumulation predominates in young animals and decreases in the
adults. We have also shown that the enhancement of the effect of noradrena-
line on cAMP accumulation by 1S,3R-ACPD in rats is an age-dependent
phenomenon which reaches its maximum in 14–30-day-old rats and gradu-
ally decreases during their maturation. On the basis of our studies, we con-
clude that the activation of mGluRs resulting in cAMP accumulation de-
pends on the age of an animal.
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cumulation

��������	 
 ��� �� ���	�	�	� �� ������������

������ ������� �� ��������

������ ���	
�� �� ���	�������

���� �� ����������� ����  !� "#$"#%

���& �!�'%���

� correspondence



INTRODUCTION

The action of glutamate, a principal excitatory
neurotransmitter in mammalian brain, is mediated
by not only ionotropic but also metabotropic gluta-
mate receptors (mGluRs). The mGluRs are coupled,
via G proteins, to effector systems which produce
such actions as inhibition of adenylyl cyclase (AC),
activation of phospholipase C (PLC) and regulation
of ion channel currents [2, 8, 11]. Eight mGlu re-
ceptors (mGluR1-mGluR8) have been identified
and classified into three groups according to their
sequence homology, signal transduction mecha-
nism and agonist selectivity [18]. Receptors of
group I mGluRs are coupled to the phosphatidyli-
nositol (PI)/Ca�& signal transduction pathway. How-
ever, their activation may result in not only PI pro-
duction [10, 15], but also in enhancement of cAMP
formation [12, 19]. Group II and III mGlu recep-
tors, which are coupled to AC through the G� pro-
tein, are known to cause suppression of the fors-
kolin-stimulated cAMP formation [13]. However,
several data indicate that some mGluRs that are
coupled in an inhibitory manner to the AC signal
transduction pathway may also play a role in cAMP
elevation [22]. Thus, regardless of affiliation, each
known mGlu receptor subtype may be engaged in
the regulation of cAMP level.

One of the most outstanding features of mGluRs
is their profile of functional expression throughout
postnatal development. Several lines of evidence
suggest age-dependent differences in the pattern or
amount of mGluR-mediated PI turnover, as well as
in the expression of mGluRs [3, 6, 7]. It has also
been shown that glutamate-induced phosphoryla-
tion systems differ during development [1]. In the
present study, we tried to determine how the differ-
ent effects of mGluR agonists on cAMP accumula-
tion changed throughout rat postnatal life.

MATERIALS and METHODS

Cerebral cortices obtained from male Wistar rats
of different ages (7-day-old, 14-day-old, 60-day-old
and 480-day-old) were cross-chopped into 350 �m
slices using the McIlwain tissue chopper. The chop-
ped tissue was suspended in an oxygenated Krebs
medium (118 mM NaCl, 5 mM KCl, 1.3 mM
CaCl�, 1.2 mM MgSO!, 1.2 mM KH�PO!, 25 mM
NaHCO�, 11 mM glucose, pH 7.4). Formation of
[�H]-cAMP in [�H]-adenine-prelabelled slices was

assayed as described previously [16]. Briefly, after
15-min equilibration at 37°C in a gassed (O�/CO�,
95:5) Krebs medium, pH 7.4, the slices were fur-
ther incubated with [�H]-adenine (25 �Ci/20 ml)
for 45 min. After washing with the Krebs buffer,
the gravity-packed slices (50 �l) were pipetted into
plastic tubes containing that buffer and were incu-
bated for 10 min.

Afterwards the slices were pre-incubated for
5 min with antagonists added in 10 �l of the me-
dium. Then, agonists were added in 10 �l of the
medium to give a total volume of 500 �l. The incu-
bation was terminated after 10 min with 550 �l of
a cool 10% trichloroacetic acid, and the slices were
homogenized and centrifuged (10,000 × g, 10 min).
[�H]-cAMP was extracted from the supernatant by
a sequential Dowex-alumina chromatography ac-
cording to Salomon et al. [20]. Prior to extraction,
the samples were spiked with [�!C]-cAMP to allow
for a percentage recovery correction. Accumulation
of cAMP during a 10-min stimulation period was
assessed as a percentage of conversion of [�H]-ad-
enine into [�H]-cAMP.

[�H]-adenine and [�!C]-cAMP were purchased
from NEN Life Science Products (Boston, USA),
noradrenaline, adenosine deaminase and forskolin
were purchased from Sigma-Aldrich Co. (St. Louis,
USA), while 1S,3R-ACPD was provided by Tocris
Cookson Ltd. (Bristol, UK).

RESULTS

The basal level of cAMP accumulation in 7-day-
-old rats amounted to 0.11% of conversion. The
similar values were obtained in the case of 14-day-
-old, 60-day-old and 480-day-old rats, and amounted
to 0.12, 0.14 and 0.06% of conversion, respec-
tively. Glutamate (2.5 mM) caused approximately
3-fold enhancement of basal cAMP accumulation
in 7-day-old, 14-day-old, 60-day-old as well as in
480-day-old rats, which amounted to 0.29, 0.32,
0.38 and 0.18% of conversion, respectively. For-
skolin (30 �M) increased the basal cAMP accu-
mulation in all studied groups, which amounted
to 0.89, 1.9, 3.11 and 0.78% of conversion in
7-day-old, 14-day-old, 60-day-old and 480-day-old
rats, respectively. Glutamate (2.5 mM) increased
the forskolin (30 �M)-stimulated cAMP accumula-
tion in 7-day-old rats (approximately 150% en-
hancement of the action of forskolin). In 14-day-
-old rats Glu (2.5 mM) inhibited the effect of
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forskolin (approximately 40% reduction of the ac-
tion of forskolin). The inhibitory effect of glutama-
te on forskolin-stimulated cAMP accumulation was
maintained in adult (60-day-old and 480-day-old)
rats (Fig. 1).

Adenosine deaminase (0.5 U) was without ef-
fect on basal as well as on forskolin (30 �M)-
and/or 1S,3R-ACPD (100 �M)-stimulated cAMP
accumulation. However, in the presence of adeno-
sine deaminase (0.5 U), the enhancement of for-
skolin-stimulated cAMP accumulation, mediated
by 1S,3R-ACPD (100 �M) and glutamate (results
not shown) in 7-day-old rats was abolished (Fig. 2).

1S,3R-ACPD (100 �M) enhanced the basal level
in 7-day-old, 14-day-old, 60-day-old as well as in
480-day-old rats, which amounted to 0.31, 0.22,
0.67 and 0.27% of conversion, respectively. Nor-
adrenaline (100 �M) also increased the basal cAMP
accumulation in all studied groups, which amounted
to 0.23, 0.27, 1.1 and 0.58% of conversion in
7-day-old, 14-day-old, 60-day-old and 480-day-old
rats, respectively. 1S,3R-ACPD (100 �M) enhan-
ced the noradrenaline (100 �M)-stimulated cAMP
accumulation in all studied groups. The effect was
at maximum in 14-day-old rats (approximately 6-fold
enhancement of the action of noradrenaline), and

decreased gradually during development to reach
a 2-fold increase in 480-day-old rats (Fig. 3).

Adenosine deaminase (0.5 U) remained without
effect on basal as well as on noradrenaline (100 �M)-
-stimulated cAMP accumulation in adult (60-day-
-old) rats. However, both the effect of 1S,3R-ACPD
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on cAMP accumulation and the 1S,3R-ACPD-me-
diated enhancement of noradrenaline-stimulated
cAMP accumulation were abolished in the presen-
ce of adenosine deaminase (0.5 U) (Fig. 4).

on cAMP accumulation and the 1S,3R-ACPD-me-
diated enhancement of noradrenaline-stimulated
cAMP accumulation were abolished in the presen-
ce of adenosine deaminase (0.5 U) (Fig. 4).

DISCUSSION

In the present study, we have found that the ef-
fect of glutamate and/or 1S,3R-ACPD (a highly se-
lective agonist of mGluRs, without influence on
iGluR) on mGluR activation is regulated in differ-
ent way in the course of animal development. Glu-
tamate attenuates the forskolin-stimulated cAMP
formation in slices from adult rat cortex, but en-
hances the forskolin-stimulated cAMP formation in
neonatal rat cortex. A similar effect is observed in
the case of 1S,3R-ACPD. These two diverse effects
are probably due to the difference in mGluR ex-
pression profile between neonatal and adult ani-
mals. It is known that the expression of mRNA of
mGluR1, mGluR2 and mGluR4 is low at birth and
increases throughout the postnatal period, while
mGluR3 and mGluR5 are highly expressed at birth,
but that expression decreases during maturation
[7]. Therefore, we suggest that the inhibitory ef-
fects of glutamate, observed in slices from adult rat

cortices, are mediated by one of the mGluR sub-
types (perhaps mGluR2), which is negatively linked
to AC and is preferentially expressed in adults [5, 7].
On the other hand, the stimulatory effects of gluta-
mate and/or 1S,3R-ACPD in neonatal rats seem to
be produced by the activation of mGluR5, which is
known to produce an increase in cAMP formation
[12] and is more strongly expressed in rat cortex
than mGluR1 in both neonatal and adult rats [6,
14]. The stimulatory effect may also stem from the
activation of mGluR3, highly expressed in neonatal
rats, since it was shown by Winder and Conn that
the mGluR-mediated potentiation of cAMP respon-
ses was partly mediated by group II mGluRs [26].
Moreover, several data indicate that the stimulatory
effect of 1S,3R-ACPD depends on the simultaneous
activation of both group I and II mGluRs, and that
1S,3R-ACPD or a cocktail mixture of agonists of
group I and II mGluRs is much more effective in
elevating cAMP level than any selective agonists
of group I or II mGluRs, used alone [19, 23]. Thus,
it is possible that mGluR5, together with mGluR3,
either being highly expressed in neonatal rat cortex,
play some role in elevating cAMP, while mGluR2
(which is preferentially expressed in adults) is re-
sponsible for the inhibitory effect. It is also possi-
ble that the same mGluR subtype may be coupled
at a specific stage of neuronal maturation to differ-
ent signal transduction pathways, however, the lat-
ter hypothesis remains to be tested.

Our experiment has also clearly shown that the
mechanism of enhancement of both the basal and
the forskolin-stimulated cAMP formation by 1S,3R-
-ACPD in neonatal rat cortex depends on the pres-
ence of endogenous adenosine, since this response
can be prevented by the presence of adenosine de-
aminase. Our results agree with the findings of
Schoepp and Johnson who reported a similar effect
of 1S,3R-ACPD in neonatal rat hippocampus [21].
A possible mechanism by which adenosine is en-
gaged in mediating the effects of 1S,3R-ACPD can
be suggested on the basis of studies of Casabona et
al. who have found that in adult hippocampus for-
skolin produces time- and concentration-dependent
purine release, and that 1S,3R-ACPD as well as the
mGluR2 agonist DCG-IV reduce the purine release
evoked by various concentrations of forskolin [5].
Our results show that in neonatal rat cortex 1S,3R-
-ACPD does not reduce, but enhances the forsko-
lin-stimulated cAMP formation and we propose that
this phenomenon may be due to a diverse pattern of
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expression of certain mGluR subtypes, especially
mGluR2 (which is almost lacking in the neonatal
cortex) and mGluR5 (which is preferentially ex-
pressed in the same brain region of young animals).
Therefore, it is assumed that in neonatal rats (as di-
stinct from mature ones) 1S,3R-ACPD does not re-
duce purine release, since it is probably mediated
by mGluR2; hence enhancement of the forskolin-
-stimulated cAMP formation by 1S,3R-ACPD can
be observed. Nonetheless, this stimulatory effect
of ACPD depends on endogenous adenosine. This
phenomenon may depend on the ability of �� sub-
units to directly stimulate AC. It has been proposed
that the activation of group II mGluRs, coupled to
G�, may change the stoichiometry of �� subunits in
the membrane, which may directly stimulate AC
activity [24]. Thus, the availability of �� subunits
after activation of G�-coupled receptors (and thus
mGluRs) may modulate the response of G�-coupled
receptors [9]. Indeed, it has been confirmed that the
activation of mGluRs increases cAMP accumulation
by enhancing the A�-mediated effects of adenosi-
ne [25]. A similar effect was observed using some
agonists of other G�-coupled receptors [17, 21, 25].

These data can also help to explain our results
concerning the synergistic interaction of noradrena-
line and 1S,3R-ACPD, since it is probably due to
the potentiation by 1S,3R-ACPD of cAMP respon-
se to the activation of �-adrenergic receptor. Our
results are confirmed by the studies of Winder and
Conn who have found that 1S,3R-ACPD potentia-
tes cAMP response to the �-adrenergic agonist iso-
proterenol in hippocampal slices [25].

Taken together, these data suggest that certain
mGluR subtypes interact synergistically with G�-
-coupled receptors to increase cAMP accumulation.
Activation of these mGluRs in the absence of other
agonists has little effect on cAMP accumulation.
However, agonists of these receptors markedly po-
tentiate cAMP responses to the activation of other
receptors that are directly coupled to AC via G�, in
this case purinergic and adrenergic receptors.

The results of our study show that the enhance-
ment of the effect of noradrenaline on cAMP accu-
mulation by 1S,3R-ACPD in rats is an age-depen-
dent phenomenon which reaches its maximum in
14–30-day-old rats and gradually decreases during
their maturation. This finding indicates that the
stimulatory effect of mGluR activation predomi-
nates in young animals. These data agree with our
earlier observations that the enhancement of for-

skolin-stimulated cAMP formation was a feature
characteristic of neonatal rats. Similar results were
obtained upon investigation of the mGluR-media-
ted cAMP formation in neonatal and adult rat stria-
tum [4].

These findings support the previously obtained
data that mGluR agonists (including 1S,3R-ACPD)
have both inhibitory and stimulatory effects on
cAMP formation. On the basis of our studies, it can
be concluded that the type of response depends not
only on a brain region, but also on the age of an
animal. We have found that the stimulatory effect
of mGluR activation in cerebral cortical slices pre-
dominates in newborn and young animals, and then
gradually decreases during maturation. We propose
that these effects are due to differences in the mGluR
expression profile between neonatal and adult ani-
mals.

The predominance of stimulatory effects in neo-
natal and young animals seems to suggest that the
receptors coupled to these stimulatory effects (pro-
bably mGluR5 and mGluR3) play a key functional
role in the mechanisms underlying neuronal matu-
ration and synaptogenesis. On the other hand, the
role of the receptors coupled to inhibitory effects
that predominate in adults (mGluR2) seems to be
the most important in a mature neuronal circuit.
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