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SUMMARY

We have studied the expression of metabotropic glutamate
receptor (mGluR) mRNA by Northern blot analysis with a specific
cDNA probe (the pmGRl probe). In 1-day-old rats, the steady
state levels of mRNA were higher in the hypothalamus and
olfactory bulb, with intermediate levels in the cerebellum and low
levels in the hippocampus and cerebral cortex. In the olfactory
bulb, hypothalamus, and cerebral cortex, the expression of
mGluR mRNA remained constant at 8 and 30 days of postnatal
life. In contrast, in the cerebellum and hippocampus, mRNA
levels increased progressively with age. There was no correlation
between levels of mGluR mRNA and stimulation of polyphos-
phoinositide hydrolysis by 1 -aminocyclopentane-1S,3R-dicar-
boxylic acid (trans-AGPD), which was much greater in brain

slices from 8-day-old rats and was nearly absent in the adult
cerebellum and olfactory bulb, where we have found the highest
levels of mRNA. In addition, mGluR mRNA was detectable in
cultured cerebellar granule cells but not in cultured neurons from
cerebral hemispheres or in cultured astrocytes, which responded
to trans-AGPD with an increased formation of [3H]inositol mon-
ophosphate. The discrepancies between levels of mGIuR mRNA
detected with the pmGRl probe and trans-AGPD-stimulated
polyphosphoinositide hydrolysis suggest either that difterent
subtypes of mGluRs exist or that mRNA levels are not critical
for the dynamic changes in the activity of mGIuRs during devel-
opment.

Specific glutamate receptors coupled to PPI (mGluR) have

been described in cultured neurons and astrocytes (1-3), brain

slices (4), and Xenopus oocytes injected with rat brain mRNA

(5). In most of the systems, these receptors are activated by L-

glutamate, quisqualate, ibotenate, and ACPD, but not by a-

amino-3-hydroxy-5- methylisoxazolepropionate, kainate, or N-

methyl-D-aspartate (for review, see Ref. 6). ACPD has been

described as the most selective agonist of mGluRs, with no

apparent activity on glutamate receptors associated with ion

channels (“ionotropic receptors”) (7). L-2-Amino-3-phosphon-

opropionic acid, L-2-amino-4-phosphonobutanoic acid, and L-

serine-O-phosphate act as mGluR antagonists in brain slices,

but they are less effective in cultured neurons (1, 4, 8, 9). In

Xenopus oocytes and in cultured neurons (but not in cultured

astrocytes), stimulation of PPI hydrolysis by mGluR agonists

is attenuated by PTX (5, 10-12), suggesting that a PTX-

sensitive G protein couples mGluRs with phospholipase C. The

identity of this specific G protein is obscure at present.

Measurement of agonist-stimulated [‘H]inositol phosphate

formation has revealed that mGluRs undergo plastic modifi-
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cation during development, as well as in adult life. In particular,

stimulation of PPI hydrolysis by excitatory amino acids is high

during the early stages of neuronal maturation and declines

progressively with age (4, 13-15). In kitten striate cortex,

stimulation of [3H}inositol phosphate formation by ibotenic

acid is greater between the 3rd and the 5th week of postnatal

life, a time that corresponds to the “critical period” for synaptic

modification (16). This suggests that functional expression of

mGluRs is in relation to the activity-dependent modifications

of synaptic efficacy. In adult rats, excitatory amino acid-stim-

ulated PPI hydrolysis is enhanced in response to deafferenta-

tion (17), during electrical kindling of the hippocampus or

amygdala (18, 19), after induction of long term potentiation

(20), and in tissue prepared from animals trained in the radial

maze (21). Attempts have been made to establish which com-

ponent of the receptor complex (recognition site, G protein, or

phospholipase C) is responsible for the functional changes of

mGluRs during development or in adult life. In general, changes

in [‘H]glutamate binding do not correlate with changes in

agonist-stimulated [‘Hjinositol phosphate formation (17, 20).

However, binding sites are limited by the lack of specific

radioactive ligands for mGluRs.
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Recently, two independent groups have cloned and charac-

terized the cDNA for a mGluR. Oocytes transfected with the

derived mRNA respond to the application of mGluR agonists

(such as quisqualate or trans-ACPD) with an increased for-

mation of inositol-1,4,5-trisphosphate and activation of Ca2�-

dependent C1 current. Both effects are largely reduced after

treatment of oocytes with PTX (22, 23). The cDNA encodes a

protein of 1199 amino acids, containing a seven-transmem-
brane region motif flanked by large amino- and carboxyl-

terminal domains. This protein is much larger than and has no

apparent homology with any other member of the family of G

protein-linked receptors for neurotransmitters (22, 23).

The availability of the cDNA allows determination of the

levels of mGluR by hydribization techniques. We have studied

the developmental profile of mGluR mRNA in relation to the

functional activity of mGluRs in various brain regions.

Materials and Methods

Measurement of PPI hydrolysis in brain slices. PPI hydrolysis

was determined by measuring the accumulation of [�H]InsP in the
presence of 10 mM Li�, according to the method described by Berridge

et al. (24), as slightly modified (1). In brief, slices from hippocampus,
olfactory bulb, cerebellum, hypothalamus, or cerebral cortex were pre-

labeled with myo-[2-3Hjinositol and then stimulated with trans-ACPD

in the presence of 10 mM Lit The reaction was terminated by addition

ofchloroform/methanol (1:2). After further addition ofchloroform and

water, phases were separated and the [‘HJInsP present in the aqueous

phase was isolated by anion exchange chromatography (24).

Preparation of cell cultures. Primary cultures of cerebellar neu-

rons were prepared from 8-day-old rats as described previously ( 1 ). In

their final stage of maturation, these cultures contain >90% granule
cells, with 4-6% -y-aminobutyric acid-ergic neurons and a small amount

of glial and endothelial cells (1). Primary cultures of neurons were
obtained from cerebral hemispheres of rat embryos (embryonic day 16-

18), as described by Borg et al. (25). Primary cultures of astrocytes

were obtained from cerebral hemispheres of newborn rats, as described

by Avola et al. (26).
Measurement of PPI hydrolysis in cell cultures. PPI hydrolysis

was measured in cultured neurons and astrocytes as described previ-

ously (1). In brief, cultures were prelabeled with 3 pCi of myo-[2-’HJ-

inositol for 16-18 hr and then stimulated with trans-ACPD in the

presence of 10 m�i Li�. [3HJInsP formation was determined as described

above.
RNA isolation, electrophoresis, and hybridization. Total RNA

was extracted from brain tissue or cultured cells, as described by

Chomczynski and Sacchi (27). Total cellular RNA (20 or 30 pg/sample)
was electrophoresed through 1.1% agarose-2.2 M formaldehyde gels,
stained with ethidium bromide, photographed under UV light, and then

blotted onto nitrocellulose (Hybond-C Extra; Amersham). Prehybridi-
zation (4-6 hr) and hybridization (18-24 hr) were carried out at 42’ in
a mixture containing 50% formamide, 5x SSC (0.15 M NaCl, 0.015 M

sodium citrate), 5x Denhardt’s solution, 20 mM sodium phosphate
buffer (pH 6.5), and 100 pg/mI denaturated, sheared, salmon sperm
DNA. In the case of hybridization, the mixture was supplemented with

10% dextran sulfate and labeled denaturated probe. Full-length pmGRl

probe (23) was linearized with EcoRI; full-length /3-actin cDNA probe
(28) was linearized with BamHI. Both plasmids were 32P-labeled by
the random-primed DNA-labeling method developed by Feinberg and
Vogelstein (29). Nitrocellulose membranes were washed three times (5

mm each) with a mixture containing 2x SSC and 0.1% sodium dodecyl
sulfate, at room temperature, and then three times (30 mm each wash)
with a mixture of 0.lx SSC and 0.1% sodium dodecyl sulfate, at 52”;

finally, they were exposed to X-ray film at -70”, using intensifying
screens. The density of the hybridization signal was determined by

scanning the autoradiogram with a LKB UltroScan XL laser densitom-

eter.

Materials. myo-[2-’H)Inositol (specific activity, 15.6 Ci/mmol) and
[a-2Pldeoxycytidine 5’ triphosphate (specific activity, 3000 Ci/mmol)

were purchased from NEN-DuPont (Florence, Italy). Quisqualate and

trans-ACPD were purchased from Tocris Neuramin (Essex, UK). The

pmGRl cDNA probe, constructed by Dr. Masayuki Masu, was a gen-

erous gift of Prof. Shigetada Nakanishi (Institute for Immunology,
Kyoto University, Japan).

Results and Discussion

RNA blot analysis in all the brain regions revealed two

transcripts, with stronger hybridization at 7-7.4 kilobases and

a weaker signal at about 4.4 kilobases, in agreement with
previous results (22, 23) (see Fig. 1). The larger mRNA seems

to encode the mGluR protein (22). In 1-day-old rats, the expres-

sion of mGluR mRNA was greater in the olfactory bulb, with

intermediate levels in the hypothalamus and cerebellum and

low levels in the cerebral cortex and hippocampus (Figs. 1-3).

In the olfactory bulb, hypothalamus, and cerebral cortex, the

steady state level of mGluR mRNA remained constant at 8 and
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Fig. 1. Northern blot analysis of mGluR mRNA. Each lane was loaaeo
with 20 pg of total RNA. CB, cerebellum; HIPP, hippocampus; HYP,
hypothalamus; PD, postnatal days. For cerebellum and hippocampus at
8 postnatal days and hippocampus at 30 and 1 postnatal days, each of
the two lanes was loaded with RNA samples from individual animals.
The same blot was rehybndized with a /3-actin cDNA probe. The ethidium
bromide-stained gel shows that equal amounts of rRNA (28 S and 18 S)
were loaded in each lane. RNA size was estimated by the position of
rRNAs comigrating in the same lane, as well as by RNA markers loaded
in a different lane. RNA markers (0.36-9.49 kilobases) were purchased
from Promega (Madison, WI).
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Fig. 2. Northem blot analysis of mGluR and /3-actin mRNAs in cerebral
cortex and cerebellum from rats at different days of postnatal life (PD).

Each lane was loaded with 20 pg of total RNA. Each lane was loaded
with RNA samples from individual animals.
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Fig. 3. Expression of mGluR mRNA at different
days after birth. Results are expressed as per-
centage of values obtained in the adult cerebel-
lum and represent the means ± standard errors
of three determinations obtained from three dif-
ferent RNA preparations. Each preparation was
derived from a single animal or a pool of brain
regions to reach a sufficient amount of tissue.
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30 days of postnatal life. In contrast, the expression of mGluR

mRNA increased with age in the cerebellum and hippocampus.

The rise was linear in the cerebellum, which expressed the

highest levels of mGluR mRNA at 30 days after birth (Figs. 1-

3). Levels of mRNA for the cytoskeletal protein f3-actin exhib-

ited a different developmental pattern, decreasing progressively

with age in all the brain regions (Figs. 1 and 2). Hence, it is

unlikely that the age-dependent increase in mGluR mRNA

levels in cerebellum and hippocampus is due to regional or

developmental differences in the relative amount of polyaden-

ylated and nonpolyadenyalated RNA.

As opposed to the levels of mGluR mRNA, the functional

expression of mGluRs was much greater at 8 days of postnatal

life, as reflected by a greater ability of maximal concentrations

of trans-ACPD (100 pM) to stimulate E:tHJInsp formation in

brain slices (Fig. 4). Stimulation of PPI hydrolysis by trans-

ACPD was greater in the hippocampus and hypothalamus and

substantially smaller in the cerebellum and olfactory bulb. At

30 days after birth, trans-ACPD stimulated PPI hydrolysis

only in the hippocampus and cerebral cortex, whereas it was

virtually inactive in the hypothalamus, olfactory bulb, and

cerebellum (Fig. 4).

As expected, trans-ACPD and quisqualate stimulated [3H]-

InsP formation in cultured cerebellar granule cells, in cultured
neurons from cerebral hemispheres, and in cultured astrocytes

(Table 1). However, mGluR mRNA was expressed only by

cultured cerebellar granule cells (Table 1), whereas no hybrid-

ization signal was found in RNA extracted from cultured neu-

rons from cerebral hemispheres or from cultured astrocytes

(Table 1; Fig. 5).
Taken collectively, these results indicate an absolute lack of

correlation between the steady state levels of mGluR mRNA

and the ability of trans-ACPD to stimulate PPI hydrolysis

during postnatal development. The activity of mGluRs was

homogeneously down-regulated in adult life, whereas the

expression of mRNA was constant or even increased (as in the

cerebellum and hippocampus). mGluR mRNA levels were sub-

stantially lower in the hippocampus, the only region that re-

1 day

2200 � 8 days

� 30 days

2000

1800

800

Fig. 4. Stimulation of [3H]lnsP formation elicited by trans-ACPD (1 00 pM)

in slices prepared from olfactory bulb (OB), cerebellum (Cer), cerebral
cortex (Ctx), hippocampus (Hipp), and hypothalamus (Hypoth) of rats at
different days of postnatal life. In slices from 1 - or 8-day-old rats, basal
values of[3H]lnsP ranged from 2,400 to 3,600 dpm/mg of protein. Values
remained constant (olfactory bulb, cerebellum, and hypothalamus) or
decreased by 40-60% (cortex and hippocampus) in slices from 30-day-
old rats. Results are expressed as percentage of stimulation above basal
values and represent the means of six to nine determinations from two
or three individual experiments performed in triplicate. Standard deviation
was <1 0% of the mean value in all determinations.

tamed a robust response to trans-ACPD in adulthood. In con-

trast, mRNA levels were high in the adult olfactory bulb and

cerebellum, which did not respond to trans-ACPD. We have

used trans-ACPD because it is the most selective agonist of

mGluRs. Although other agonists (such as ibotenate and quis-

qualate) may exhibit a different developmental profile in stim-

ulating PPI hydrolysis, they are also more effective during the

first 15 days of postnatal life than in adulthood (15). However,

the use of different agonists could have changed the regional

pattern of stimulation of [3H]InsP formation. Accordingly, as
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TABLE 1

Steady state levels of mGIuR mRNA and excitatory amino acid-
stimulated [3H]lnsP formation in cultured neurons and astrocytes
All cultures were used at 7-9 days in vitro. Quisqualate and trans-ACPD were
added at concentrations of 100 pM. values are means ± standard errors of three
determinations. mGluR mANA levels are expressed as percentages of values
detected in the cerebellum of 8-day-old rats (from which cultured cerebellar neurons
were prepared).

Cerebellar
grande cefis

Hemispheric
neurons

A tr
� ocytes

[3HJlnsP formation
(dpm/mg of pro-
tein) x iO�

Basal 12 ± 0.7 13 ± 0.6 5.8 ± 0.7
trans-ACPD 19 ± 0.3 18 ± 0.2 9.7 ± 0.5
Quisqualate 30 ± 0.8 24 ± 1 .5 15 ± 0.3

mGluR mRNA (% of 35 ± 5 MY ND
cerebellum)

a ND, not detectable.

Lu

ASTROGLIA �
0

DIV 9 14 21 0
F �1I#{149} 11- �

mGIuR

�- actin

28S

lBS

Fig. 5. Upper, Northem blot analysis of mGluR and /3-actin mRNA in
cultured astrocytes (ASTROGLIA) at different days in vitro (Dlv). Each
lane was loaded with 30 pg of total RNA. In the last lane, an equal
amount of total RNA from 1-day-old rat cerebral cortex (CORTEX 1 PD)
was also analyzed, as positive control. Lower, the ethidium bromide-
stained gel shows that equal amounts of rRNA (28 S and 18 S) were
loaded in each lane. In astroglia (9, 14, and 21 days in vitro), each of the
two lanes was loaded with RNA samples from individual culture dishes.

opposed to our findings with trans-ACPD, quisqualate and

glutamate activate mGluRs in adult rat cerebellum (30),

whereas ibotenate is more effective in the olfactory bulb than

in the hippocampus (31). For this reason, we restrict the dis-
cussion of the data to the specific subtype (or conformational

state) of mGluR activated by trans-ACPD.

There are different explanations for the discrepancy between
the levels of mGluR mRNA and the functional activity of
mGluRs. Oocytes transfected with mGluR mRNA acquire the

ability to respond to trans-ACPD and other receptor agonists

with an increased formation of inositol-1,4,5-trisphosphate and

activation of Ca2’�-dependent C1 current (22, 23), suggesting

that this specific mGluR mRNA can be potentially translated

into a functionally active receptor. The lack of activity of trans-

ACPD in the adult olfactory bulb, cerebellum, and hypothala-
mus, despite the high levels of mGluR mRNA, may indicate

that mature neurons (and/or astrocytes) do not possess the

appropriate machinery that allows the expression of a func-

tional active receptor.

It is possible that the translation of mGluR mRNA and/or

the post-translational modifications of the precursor protein

are developmentally regulated. Alternatively, different subtypes

of mGluRs may be present in the central nervous system. If so,

the protein encoded by the mRNA we have detected may not

be the one responsible for the developmental changes in trans-

ACPD-stimulated PPI hydrolysis. The existence of additional

mGluR subtypes is consistent with the observation that no

hybridization signal was obtained with the pmGRl probe in

cultured neurons from cerebral hemispheres and cultured as-

trocytes, which responded to trans-ACPD or quisqualate with

increased [3H]InsP formation.

A major difference between oocytes or developing neurons
and adult neurons may reside in the levels of expression of the

protein that couples the receptor to phospholipase C. A role for

a G protein in the signal transduction pathway of mGluRs has

been inferred by the use of PTX, which ADP-ribosylates the a

subunit of a variety of G proteins, including G, and G,, (32, 33).

PTX attenuates the functional expression of mGluRs in oo-
cytes (5), cultured cerebellar granule cells (12), and cultured

striatal neurons (10) but not in cultured hippocampal neurons

(34) or in cultured astrocytes (11). This suggests that the

specific G protein associated with mGluRs may be differentially

regulated in different tissues or cell types. The identification

of the specific G protein is necessary for exploration of the

nature of the changes in the activity of mGluRs during devel-

opment, as well as in adult life.

If stimulation of PPI hydrolysis by trans-ACPD is entirely
mediated by the receptor protein encoded by the pmGRl cDNA,

then the high levels of expression of mRNA in adult brain

regions are apparently paradoxical. It is possible that the re-

ceptor protein translated in adult life serves as a reservoir and

becomes functional under appropriate conditions, such as in

response to lesions (17) or during learning and memory for-

mation (20, 21). Alternatively, it cannot be excluded that the

mGluR has functions other than the stimulation of PPI hy-

drolysis. Interestingly, the amino-terminal domain of mGluR

protein exhibits a structural similarity with the membrane form

of sea urchin guanylate cyclase (22). Coupling of mGluR to

multiple signal transduction pathways would provide a novel

mechanism by which the same receptor protein could serve

different functions in relation to a specific stage of neuronal

maturation.

In conclusion, we have found that the expression of mGluR

mRNA does not correlate with the functional activity of the

mGluR activated by trans-ACPD during postnatal develop-

ment. However, these conclusions are limited by the use of

brain slices or intact tissue in our study. We cannot exclude

the possibility that a better correlation would exist if mGluR

mRNA and agonist-stimulated PPI hydrolysis were examined

at the single-cell level. Autoradiography can be applied to the

study of mGluR for the detection of [3Hjcytidine diphosphate

diacylglycerol, which is synthesized as a result of PPI hydrolysis

(35). Combined autoradiographical and in situ hybridization

studies will better clarify the relation between mGluR mRNA
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and agonist-stimulated PPI hydrolysis during postnatal devel-
opment.
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Note Added in Proof
After this report was submitted, Tanabe et al. (36) reported the isolation of

three cDNA clones (mGluR2, 3 and 4) from a rat brain cDNA library by cross-
hybridization with a cDNA for the metabotropic receptor used in this study

(named mGluRl).
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