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Abstract

Metabotropic glutamate receptors
(mGluRs) have been implicated in long-term
potentiation and in learning and memory
formation. In this study, we tested the
effects of group I mGluR inhibition on
synaptic plasticity and learning of rats at
different levels of organization (1) in the
hippocampal slice preparation; (2) in freely
moving animals implanted with chronic
hippocampal electrodes; and (3) in different
spatial learning paradigms. To allow a direct
comparison of the effects obtained the same
doses were used in all paradigms.
Bath-application of the selective group I
mGluR antagonist (S)4-carboxyphenylglycine
(4-CPG) impaired a decremental long-term
potentiation (LTP) induced by a weak
tetanization paradigm, but failed to affect a
robust LTP generated by strong tetanization.
In contrast, 4-CPG impaired a robust LTP in
freely moving animals if applied 30 min
before tetanization. The same dose of 4-CPG
only impeded spatial learning mildly in the
eight-arm radial maze and had no effect on
a simple configuration of the Y-maze spatial
alternation task. In the more difficult
configuration of this task, however, 4-CPG
caused complete amnesia. The lack of
state-dependent 4-CPG actions and the

absence of any 4-CPG effects in the
open-field test classify the obtained
retention deficit as a selective impairment of
memory storage. Our results indicate a
specific role of group I mGluRs in certain
types of synaptic plasticity and of spatial
learning.

The discovery of metabotropic glutamate re-
ceptors (mGluRs) ∼10 years ago, allowed more
thorough insights in the functional cross talk be-
tween ionotropic and metabotropic glutamate ac-
tions. Since then, much effort has been centered
on the cloning and characterization of the different
subtypes and splice variants of mGluRs and the
elucidation of their physiological function in mul-
tifarious regions of the brain. To date, eight sub-
types of mGluRs have been cloned and divided into
three groups according to their sequence homol-
ogy, pharmacological characterization, and cou-
pling to second messenger pathways. Activation of
group I mGluRs (mGluR1, 5) gives rise to the hy-
drolysis of phosphatidylinositol 4,5-bisphosphate
into inositol 1,4,5-trisphosphate (IP3) and diacyl-
glycerol, which are required for intracellular Ca2+

release and activation of protein kinase C (PKC),
respectively (Nakanishi 1994). In contrast, mGluRs
of group II (mGluR2, 3) and group III (mGluR4, 6,
7, 8) are negatively coupled to adenylyl cyclase
(Conn and Pin 1997).

Although many studies support a role of
mGluRs in synaptic plasticity and memory forma-
tion (for review, see Nakanishi 1994; Riedel et al.
1996; Conn and Pin 1997), the involvement of dif-5Corresponding author.
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ferent mGluR groups and subtypes in particular
physiological circuits and functions such as hippo-
campal synaptic plasticity and learning is still a mat-
ter of controversial debate. For instance, some
authors described an inhibition of hippocampal
long-term potentiation (LTP) by the class I/II
specific antagonist S-a-methyl-4-carboxyphenylgly-
cine (MCPG) (Bashir et al. 1993; Bortolotto et al.
1994; Brown et al. 1994; Richter-Levin et al. 1994;
Little et al. 1995; Riedel et al. 1995a), whereas in
other studies the MCPG actions could not be con-
firmed (Chinestra et al. 1993; Izumi and Zorumski
1994; Manzoni et al. 1994; Selig et al. 1995; Tho-
mas and O’Dell 1995; Martin and Morris 1997). A
clue to resolve the controversy was presented by
Bortolotto et al. (1994) who postulated that activa-
tion of mGluRs before LTP sets an input-specific
molecular switch that then negates the necessity of
further mGluR-activation during LTP-induction, as-
signed subsequently as “molecular switch” hypoth-
esis. Other groups, however, failed to find experi-
mental evidence for the existence of this molecular
switch (Selig et al. 1995; Thomas and O’Dell 1995;
Martin and Morris 1997). Studies using mGluR 1
knockout mice confounded the issue further. Al-
though Aiba et al. (1994) found a significantly
lower magnitude of LTP in the CA1 area of the
hippocampus, Conquet et al. (1994) did not ob-
serve a change of CA1 and dentate LTP in these
mutants.

With regard to the function of mGluRs in learn-
ing, in most studies, either MCPG or the mGluR
group I/II agonist 1-aminocyclopentane-1,3-dicar-
boxylic acid (ACPD) were used. Whereas MCPG
was reported to have detrimental effects on learn-
ing in the water maze (WAM) (Richter-Levin et al.
1994; Bordi et al. 1996) and in passive avoidance
learning (Bianchin et al. 1994; Hölscher 1994; Rick-
ard and Ng 1995), the results with ACPD are wide-
ranging, encompassing reports of an improvement
of olfactory memory (Kaba et al. 1994) and reten-
tion in passive avoidance (Hölscher 1994), missing
effects on passive avoidance (Bianchin et al. 1994),
as well as an impairment of learning in the WAM
(Pettit et al. 1994) and in the radial maze (RAM)
(Hölscher et al. 1997). Therefore, these studies to-
gether implicated mGluRs in certain types of learn-
ing, depending on experimental procedure, sub-
stances, doses, and times of injection. The lack of
subtype-specific agonists and antagonists, how-
ever, hampered a detailed investigation of the dis-
tinct roles of mGluR subtypes in synaptic plasticity
and learning.

To characterize the role of group I mGluRs in
synaptic plasticity and learning in a contiguous,
comparable way at different degrees of cellular
organization we employed the specific group
I mGluR antagonist (S)4-carboxyphenylglycine (4-
CPG) (Davies et al. 1995; Sekiyama et al. 1996) to
examine the functional consequences of group I
mGluR inhibition, at three physiological levels (1)
in the hippocampal slice preparation; (2) in freely
moving animals implanted with chronic hippocam-
pal electrodes, and (3) in two spatial learning para-
digms. Our findings lead us to conclude, that the
functional impact of group I mGluRs in hippocam-
pal synaptic plasticity is contingent on distinct cir-
cumstances, such as the type and the strength of
the stimulus applied and the particular properties
of the spatial learning paradigm employed. There-
fore, group I mGluRs may be involved in the fine
tuning of hippocampal synaptic plasticity and
learning.

Materials and Methods

ANIMALS

For all experiments, male Wistar rats of the
outbred strain MOL: WIST (SHOE) 7–8 weeks old
were used. The animals were housed under stan-
dard laboratory conditions with light on between
6 a.m. and 6 p.m. and with free access to food and
water.

ELECTROPHYSIOLOGICAL RECORDINGS IN VITRO

SLICE PREPARATION

Seven- to eight-week-old animals were decapi-
tated, the brain dissected in cold oxygenated physi-
ological solution (ACSF: 124 mM NaCl, 4.9 mM KCl,
1.3 mM MgSO4, 2.5 mM CaCl2, 1.2 mM KH2PO4,
25.6 mM NaHCO3, and 10 mM D-glucose, saturated
with 95% O2, 5% CO2 at pH 7.4) and the hippo-
campus cut into 400-µm-thick slices using a tissue
chopper. Thereafter, the slices were immediately
transferred to a submerged-type slice chamber and
permanently perfused with 32°C ACSF.

RECORDING

After an incubation of at least 1 hr duration, a
lacquer-coated stainless-steel stimulating electrode
and a glass recording electrode (filled with ACSF,
1-4 MV) were placed into the stratum radiatum of
the CA1-region to record excitatory postsynaptic
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field potentials (fEPSPs). The initial slope of the
fEPSP served as a measure of this potential. After
constructing input/output curves, the stimulation
strength was adjusted to 35% of the maximum and
kept constant at this level throughout the experi-
ment. During baseline recording, four single stim-
uli (0.1 msec pulse width; 10 sec interval) were
averaged every 5 min. Once a stable baseline had
been established, LTP was induced by one of the
following tetanization paradigm.

1. Strong tetanization—Ten bursts of four stimuli
at 100 Hz, separated by 200 msec (0.2 msec
pulse width) = theta-burst stimulation (TBS); in-
duced a robust potentiation of fEPSP of at least
4 hr duration in control experiments. Immedi-
ately after tetanus recordings were taken at the
min 1, 4, 7, and 10, and then every 10 min for
at least 240 min.

2. Weak tetanization—Single train of 400 msec du-
ration at 100 Hz and 0.2-msec pulse width.
These weak tetanization protocols triggered a
potentiation that returned to baseline levels
within 3 hr. Subsequent to tetanization, record-
ings were collected at the 1st and 5th min and
then every 5 min over a period of at least 120
min.

DRUGS

(S)4-carboxyphenylglycine (4-CPG) (Tocris,
Northpoint, UK) was dissolved in ACSF and ap-
plied via the perfusion line 10 min before and up to
5 min after tetanization. All solutions were adjusted
to a pH of 7.2.

ELECTROPHYSIOLOGICAL RECORDINGS IN VIVO

SURGICAL PREPARATION

Seven- to 8-week-old animals were prepared
under Nembutal anesthesia (40 mg/kg, i.p.) as
described previously (Manahan-Vaughan 1997).
Briefly, a monopolar recording electrode [coordi-
nates anteroposterior (AP) −2.8, lateral (L) 1.8 from
bregma] and a bipolar stimulation electrode (coor-
dinates AP −3.1, L 3.1), both made from lacquer-
coated stainless steel wire, were implanted stereo-
taxically into the stratum radiatum of the CA1 re-
gion and into the Schaffer collaterals, respectively,
in the right hemisphere. The electrodes were ad-
justed such that the initial slope of the fEPSP was
maximal. For drug application, a cannula was
chronically implanted in the right lateral ventricle

[AP −0.8, L 1.6 from bregma; coordinates accord-
ing to Paxinos and Watson (1998)]. All animals
were allowed at least 8–10 days to recover from
surgery, during which period they had free access
to food and water.

RECORDING

Throughout each experiment, the animals
could move freely in purpose-designed experimen-
tal boxes (40 × 40 × 40 cm). The electrodes were
connected by a flexible cable to a differential am-
plifier (Inhvers+, Science Products, Germany). The
recorded responses were filtered by band-pass fil-
ters at 0.1 Hz and 5 kHz, transformed via an A/D
interface (CED 1401, Cambridge Electronic De-
sign, UK) and stored online on PC. By means of
input/output curves, the maximum fEPSP (at 0.1
msec pulse width) was determined and a stimulus
intensity that evoked 40% of this maximum was
used as standard for all recordings except LTP in-
duction by high-frequency stimulation. Robust LTP
was generated by 10 bursts of 10 pulses, at 100 Hz
(interburst interval 10 sec, 0.1 msec duration each
stimulus). The high-frequency tetanus was deliv-
ered at a stimulus intensity that evoked 20% of the
maximum and resulted in a potentiation that re-
mained stable for at least 24 hr. For each time point
during the experiment, five responses evoked ev-
ery 10 sec, were averaged. During baseline, record-
ings were collected every 10 min. After tetaniza-
tion, recordings were taken at t = 5, 10, and 15 min
and then every 15 min up to 4 hr.

DRUGS

For drug or vehicle application, the injection
cannula was inserted before the baseline measure-
ments were taken and left in place for the duration
of the experiment to circumvent artefacts attribut-
able to the handling of the cannula. All drugs were
first dissolved in 5 µl of NaOH (1 mM), further
diluted with 0.9% saline, adjusted to a neutral pH
with 1 mM HCl and finally made up to a volume of
100 µl with 0.9% saline. 4-CPG (29 µg) was injected
in a 5-µl volume over a 5-min period via a Hamilton
syringe 30 min before tetanization. According to
previous investigations (Manahan-Vaughan et al.
1998), which employed a radioactive-labeled
NMDA antagonist, this type and schedule of drug
application results in a primarily hippocampal lo-
calization of the drug around the time of tetaniza-
tion.
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BEHAVIORAL EXPERIMENTS

For drug application, animals were chronically
implanted with a microcannula into the right lat-
eral ventricle under nembutal anesthesia as de-
scribed above and allowed to recover for at least 1
week.

OPEN-FIELD TEST

The open-field arena consisted of a 1 × 1-m
quadratic, gray plastic box, divided into 16 equally
sized squares and confined by walls 40-cm high.
The arena was indirectly lit with four 60 W bulbs.
The open-field test was conducted on 2 successive
days between 9 a.m. and 1 p.m. At the beginning of
the 10-min session, the rat was placed in the center
of the open field. Ambulation was recorded and
analyzed by means of a computer-aided video
analysis system. The following parameters were de-
termined—number of crossings, path length, num-
ber of rearings, number of grooming bouts, and
number of fecal boli. All behavioral measures were
counted per min and calculated for the 10-min ob-
servation period. Drugs were injected intracere-
broventricularly (ICV) at a total volume of 5 µl and
a flow rate of 1 µl/min in 5 min, 30 min before the
open-field session on the first day. Control rats re-
ceived 5 µl of 0.9% saline.

EIGHT-ARM RAM

The apparatus was constructed of gray vinyl-
chloride plates and had eight equally spaced arms
(14 × 40 cm) projecting outward from a central
octagonal area (37 cm across). The side walls of the
arms were made of transparent Plexiglas. A semi-
circular food cup, 3 cm in diameter and 1-cm deep,
was located at the outer end of the arms. At the
inner end of the arms, and directly above the food
cup, infrared photocell sensors were positioned
that were connected to a computer-controlled
analysis system allowing an automatic evaluation of
the learning session. The whole apparatus was el-
evated 90 cm from the floor in a soundproof cham-
ber, lit with two 40 W bulbs. Surrounding the maze
were several distal cues (e.g., bottles, posters, and
lamps) that remained in a constant location from
trial to trial.

Three days before starting the experiment, rats
were subjected to a food deprivation regimen that
reduced their body weight to ∼85% of their initial
weight. On the first day, animals received two ha-
bituation trials at an interval of 5 min. During these

trials, all eight arms were baited with a single stan-
dard micro food pellet (45 mg). Habituation ses-
sion lasted until all pellets were found. On the sec-
ond day, only three arms were baited and animals
were trained two times a day for 8 days with the
second trial starting 5 min after completion of the
first one. The baited and nonbaited arms remained
constant throughout training. The experiment
started by placing a rat on the central platform.
Entry into an unbaited arm was scored a reference
memory (RM) error, arm reentries were scored as
working memory (WM) errors. Data were averaged
across blocks of two sessions. The maze was
cleaned after each test to prevent animals from
following scent trails.

Y-MAZE SPATIAL ALTERNATION TASK

The Y-maze spatial alternation task represents
a variant of the common hippocampus-dependent
Y-maze procedure (Matthies 1978; Grecksch and
Matthies 1980; Wetzel et al. 1980) in which the
spatial component was strengthened by forcing
the animal to acquire an alternation between two
arms of the maze in complete darkness. For the
procedure, a computer-controlled Y-maze consist-
ing of three equal arms (30 × 15 × 15 cm) with a
stainless-steel grid floor was used as described ear-
lier (Riedel et al. 1994b). After a 5-min habituation
period in the Y-maze, the rats had to learn a foot
shock-motivated right–left spatial alternation. At
the beginning of the 40-trial training session, a foot
shock (0.7–1.3 mA, depending on individual sensi-
tivity) was given in the start arm and the animal
had to escape into the right alley (correct run, no
foot shock in this arm), whereas entry into the left
alley (error) was punished by further foot shock. In
the next trial, the former goal arm served as start
arm and the animal had to run into the left alley to
avoid punishment. In the third trial, the animal had
to run into the right alley, and so on. Therefore, no
handling between the trials was necessary. The in-
tertrial interval was 1 min. After the twentieth trial,
the rat was removed from the goal arm and was
replaced by hand into the formerly wrong alley,
now serving as start arm for the next series of trials.
This design was used to avoid the animals learning
the spatial alternation reaction simply by avoiding
one particular arm of the Y-maze (Riedel et al.
1994b). Twenty-four hours after the training ses-
sion, retention of the Y-maze spatial alternation
task (SAT) was tested using the same behavioral
procedure as during training.
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These experiments were conducted with six
groups of rats that received all injections ICV at a
volume of 5 µl and a flow rate of 1 µl/min, 30 min
before the training session. Group 1 (n = 21) was
treated with 29 µg of the group I mGluR antagonist
(S)4-carboxyphenylglycine (4-CPG) (Tocris), group
2 (n = 20) served as control and was injected with
5 µl 0.9% of NaCl; group 3 received the same
amount of 4-CPG, but before both the training and
the retention session, to test for state-dependent
effects of 4-CPG (4-CPG/sd group; n = 20). Group
4 was the control group for state-dependent effects
receiving 5 µl of 0.9% NaCl before training and
retention session (n = 13). Group 5 (n = 15) and
group 6 (n = 19) were treated as groups 1 and 2,
but the test was modified by omitting the transfer
of the animals to a new arm after 20 runs.

The following parameters were evaluated—
number of errors, percent savings (number of
training errors − number of retention errors/num-
ber of training errors), number of intertrial cross-
ings, and mean foot-shock intensity.

DATA ANALYSIS

For statistical analysis, the Kruskal-Wallis H-test
and the Mann-Whitney U-test were used to assess
between-group differences whereas the Wilcoxon
matched pairs signed rank test served to evaluate
within-group differences. Statistical differences
against zero were tested with the Wilcoxon me-
dian signed rank test.

Results

LTP IN VITRO

In the first set of experiments, we investigated
whether inhibition of group I mGluRs by 4-CPG
has functional consequences on a robust potentia-
tion generated by strong tetanic stimulation. As de-
picted in Figure 1B, none of the three 4-CPG con-
centrations applied (50, 100, 150 µM) resulted in
discernible changes of a robust LTP, that is, neither
the induction of potentiation (4-CPG 50 µM:
219.1 ± 14.8, n = 4; 4-CPG 100 µM: 249.3 ± 24.1,
n = 4; 4-CPG 150 µM: 202.1 ± 15.1, n = 4; control:
218.4 ± 13.3, n = 8) nor its maintenance were af-
fected (at 240 min: 4-CPG 50 µM: 171.5 ± 11.7;
4-CPG 100 µM: 163.3 ± 21.4; 4-CPG 150 µM:
158.6 ± 7.6; control: 156.5 ± 13.7). Therefore, we
examined the effects of 4-CPG on an LTP induced

by weak tetanic stimulation that can be suggested
to be more susceptible to a diminution of the

Figure 1: Under in vitro conditions, the mGluR group
I antagonist 4-CPG impairs LTP induced by weak teta-
nization (WT) but not by strong tetanization (ST). (A)
Scheme of the placement of recording electrodes in the
CA1 region. (B) 4-CPG applied in increasing concentra-
tions does not impair a potentiation induced by a strong
tetanization paradigm (ST; 10 bursts of four stimuli at
100 Hz, separated by 200 msec) but was effective (C) if
a weak tetanization protocol (WT; 100 Hz, 400-msec
duration) was used to generate LTP. Analog traces depict
typical responses taken immediately before tetanization
(broken line) and 60 min thereafter (solid line). Arrows
indicate the time of tetanization and horizontal bars in-
dicate the bath application of 4-CPG.
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[Ca2+]i elevation during tetanization. Such a reduc-
tion of the tetanic [Ca2+]i rise was reported re-
cently after the inhibition of group I mGluRs re-
sulting in the blockade of Ca2+ release from IP3-
sensitive intracellular Ca2+ stores (Wilsch et al.
1998). Whereas application of 4-CPG (50 µM) 10
min before a weak tetanization of 400 msec at 100
Hz did not affect the initial potentiation (4-CPG
group: 204.6 ± 9.9, n = 9; control: 210.5 ± 7.4,
n = 9), it resulted in a significant impairment of
LTP maintenance, that is, the recordings of the
4-CPG group returned to baseline already after 30
min (Fig. 1C). The controls, in contrast, still
showed a significant potentiation after 120 min
(116.2 ± 3.1; 4-CPG 96.1 ± 5.3). The differences
between the two groups were statistically signifi-
cant beginning 35 min post-tetanus (P< 0.05).

LTP IN VIVO

The deterioration of a weak CA1 LTP in vitro
after mGluR group I inhibition prompted us to ex-
amine the effects of 4-CPG in the intact hippocam-
pus of freely moving animals. Surprisingly, ICV in-
jection of 29 µg of 4-CPG (30 mM) a dose that is in
about the same range as the concentration used in
vitro, impaired a robust LTP in vivo (Fig. 2B). As
found with the weak tetanization in the in-vitro
experiments, application of 4-CPG resulted in dec-
remental potentiation, which declined to baseline
values 105 min after tetanization (P < 0.01). In con-
trast, control rats displayed a robust potentiation
for at least 240 min (at 240 min: fEPSP 140.0 ± 7.0,
n = 5).

OPEN-FIELD TEST

Because of the detrimental effects of 4-CPG on
hippocampal LTP in vitro and in vivo, it was tempt-
ing to speculate whether application of 4-CPG
might affect spatial learning. To exclude that the
results of the learning studies are confounded with
general effects of 4-CPG on behavior, we first
tested the exploratory behavior in an open field 30
min after application of the same 4-CPG concen-
tration as used in the LTP studies in vivo. Because
the repetition of the open-field test allows the
evaluation of short- and long-term habituation, the
procedure was conducted twice with an intertest
interval of 1 day.

The analysis of all parameters obtained in the
open-field test did not reveal any behavioral abnor-

malities of the 4-CPG-treated animals. This is evi-
denced by the nearly identical total number of
crossings of the 4-CPG group and the control
group on day 1 (Fig. 3A). and supported further by
lack of any difference in the total number of rear-
ings and grooming bouts (Fig. 3C,E) as well as in
the path length and the number of fecal boli (data
not shown). Furthermore, 4-CPG application on
the first day did not affect exploratory behavior 24
hr later, as clearly indicated by missing inter-group
differences in the number of crossings, rearings,
and grooming bouts (right bars in Fig. 3A,C,E). A
more detailed analysis of the behavioral measures
over time (Fig. 3B,D,F) confirmed these conclu-

Figure 2: 4-CPG Applied ICV to freely moving animals
impaired effectively an LTP induced by a strong tetani-
zation paradigm (ST; 10 bursts of 10 pulses, 100 Hz,
interburst interval 10 sec, 0.1-msec duration each stimu-
lus). (A) Schematic diagram of electrode placement for
the recording from the CA1 area of the right hemisphere.
(B) Time course of the potentiation of the fEPSP slope.
Analog traces represent typical recordings from a
4-CPG-treated animal (right) and a control animal (left),
taken 5 min (solid line) and 240 min (broken line) after
tetanization. The arrow indicates the time of tetaniza-
tion.
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sions with the exception that a statistically signifi-
cant between-group difference was detected in the
rearing behavior during the seventh minute of day
1 (4-CPG: 0.11 ± 0.11, n = 9; control: 0.78 ± 0.28,
n = 9, P < 0.05). In addition, the between-day com-
parison displayed a clear trend of a reduction in the
number of crossings and grooming bouts from day
1 to day 2, which was supported by a significant
decline of the number of crossings of 4-CPG-
treated animals (51.4 ± 8.0 vs. 36.2 ± 6.8, P < 0.05;
controls: 48.9 ± 7.0 vs. 38.0 ± 9.2, NS) and by a
significant reduction in the number of grooming
bouts of controls (35.7 ± 3.8 vs. 23.1 ± 3.9,
P < 0.05; 4-CPG group: 32.8 ± 5.9 vs. 24.3 ± 5.4
NS).

RAM

The overall learning performance in the eight-
arm RAM was not affected significantly by 4-CPG
application as indicated by a similar reduction in
the total number of errors, the running time, and
the time spent in alleys in both groups (Fig.
4B,E,F). Therefore, 4-CPG-treated animals de-
creased their total errors from 6.6 ± 0.7 on day 1 to
4.1 ± 0.5 on day 8 (n = 12), controls from 5.4 ± 0.9
to 3.0 ± 0.6 (n = 12). Similarly, the 4-CPG group
reduced the running time from 246.3 ± 54.9 on the
first day to 38.2 ± 4.4 on day 8; controls from
184.4 ± 24.9 to 27.7 ± 2.0, the respective alley
times were reduced from 216.5 ± 51.9 to

Figure 3: The application of 4-CPG
had no influence on behavior in the
open field. Bars depict the mean number
of crossings (A), grooming bouts (C), and
rearings (E ), as calculated for each day of
testing. In the graphs (B, D, and F, re-
spectively) at the 1-min time courses of
the same parameters are given. The only
between-group difference that was sta-
tistically significant was in the rearing
behavior of the 4-CPG group and con-
trols at the seventh minute of day 1
(P < 0.05).
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27.5 ± 3.9 and from 159.8 ± 24.1 to 19.2 ± 1.3. If,
however, the performance in WM and RM was
compared between groups, the number of RM er-
rors on day 1 and day 8 were higher in 4-CPG
animals than in controls (day 1, 3.6 ± 0.2 vs. 2.8
± 0.1, P < 0.01; day 8, 2.8 ± 0.3 vs. 1.9 ± 0.3,
P < 0.05).

Y-MAZE SPATIAL ALTERATION TASK

To verify the effects of an inhibition of group I
mGluRs in another spatial learning paradigm, the
efficacy of 4-CPG was examined in two configura-
tions of the Y-maze spatial alteration task (SAT). In
the first configuration, which was described previ-
ously (Riedel et al. 1994b), the animals are trans-
ferred after half of the trials (20 runs) to another
alley that enhances the difficulty of the task
(dSAT). In the second configuration, this transfer
was omitted resulting in a task that could be ac-
quired more easily (eSAT). In dSAT 4-CPG given

ICV 30 min before training did not affect acquisi-
tion on day 1 (percent errors: 4-CPG 34.8 ± 1.6,
n = 21; NaCl 36.7 ± 2.2, n = 20) (Fig. 5A) but sig-
nificantly impaired retention on the following day
(percent errors: 4-CPG 33.7 ± 2.6, NaCl 27.9 ± 1.9)
resulting in percent savings of the 4-CPG group
that were not significantly different from zero (4-
CPG 3.1 ± 7.6, NaCl 24.1 ± 6.6) (Fig. 5B; P < 0.05).
To exclude that the observed amnesia following
4-CPG application was a state-dependent effect, in
subsequent experiments the drug was given
twice—before the training and the retention ses-
sion. As depicted in Figure 5, C and D, the results
of these experiments resembled the previous ones.
Whereas no differences were discernible on day 1
(percent errors: 4-CPG 33.5 ± 2.4, n = 20; NaCl
33.3 ± 2.0, n = 13), on day 2 the retention of the
4-CPG group was deteriorated (percent errors:
4-CPG 32.1 ± 2.3, NaCl 28.3 ± 1.7) as clearly evi-
denced by the lack of significant savings of the
4-CPG group (4-CPG 4.1 ± 7.6%, NaCl 15.0 ± 3.4%;
P < 0.05).

Figure 4: 4-CPG only mildly affected
spatial learning in the eight-arm RAM.
The means of two sessions per day are
given. The only difference that was de-
tected concerns the number of reference
memory (RM) errors, which was higher
on day 1 and day 8 in 4-CPG animals
than in controls (C) (P < 0.05). In the
schematic of the eight-arm RAM shown
in A the dotted lines indicate the triple-
beam infrared detector. (BA) Baited arm;
(FC) food cup; (IPS) infrared photosen-
sors; (WM) working memory.
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In the next set of experiments, 4-CPG was ap-
plied in eSAT, the more easy configuration of SAT.
As expected, the number of errors committed was
lower and the percent savings were higher than in
dSAT. During acquisition both groups attained an
error level beneath 30% (4-CPG 28.8 ± 2.8%,
n = 15; NaCl 26.3 ± 2.1%, n = 19; Fig. 5E). Surpris-
ingly, not only the control but also the 4-CPG

group displayed a further decline of errors in the
retention test (4-CPG 13.2 ± 3.0%, P < 0.05; NaCl
15.1 ± 2.3%; P < 0.05) resulting in significant per-
cent savings of both groups (4-CPG 54.3 ± 10.8,
P < 0.05; NaCl 42.5 ± 7.8; P < 0.05) (Fig. 5F). As a
consequence of the simple task configuration, not
only the eSAT control group but also the 4-CPG-
treated animals attained a level of percent savings
that was higher than the values attained by
the control group in the dSAT configuration
(P < 0.01). Therefore, in the eSAT, 4-CPG failed to
impair spatial learning.

Discussion

THE EFFECT OF GROUP I mGluR INHIBITION
ON LTP IN VITRO DEPENDS ON THE STRENGTH
OF TETANIZATION

The results of the in-vitro studies indicate that
the role of group I mGluRs in LTP depends on the
strength of the tetanization paradigm employed.
Whereas increasingly higher concentrations of
4-CPG were ineffective in blocking LTP generated
by a strong tetanization, the drug reliably blocked
a potentiation induced by a weak tetanization para-
digm. Our finding that inhibition of group I
mGluRs may impair LTP is consistent with the re-
sults of other laboratories showing that activation
of group I receptors may facilitate the induction of
LTP or even induce a potentiation on their own
(McGuinness et al. 1991; Otani and Ben-Ari 1991;
Ben-Ari et al. 1992; Bortolotto and Collingridge
1992, 1995; Behnisch and Reymann 1993; Mana-
han-Vaughan and Reymann 1995, 1996; O’Leary
and O’Connor 1997). Studies using antagonists of
group I mGluRs, however, have produced conflict-
ing results. Whereas some groups have reported an
impairment of LTP after application of L-2-amino-
3-phosphonopropionate (L-AP3) (Behnisch and
Reymann 1993), or MCPG (Bashir et al. 1993; Bor-
tolotto et al. 1994; Brown et al. 1994; Richter-Levin
et al. 1994; Little et al. 1995) others have failed to
reproduce these effects (Chinestra et al. 1993;
Izumi and Zorumski 1994; Manzoni et al. 1994;
Selig et al. 1995; Thomas and O’Dell 1995). Even
studies employing mGluR 1 and mGluR 5 knock-
out mice could not resolve the controversy. Aiba et
al. (1994) found in mGluR 1 knockouts a signifi-
cantly lower magnitude of LTP in the CA1 area of
the hippocampus, whereas Conquet et al. (1994)
did not observe a change of CA1 and dentate LTP
in these mutants. In contrast, mutant mice defi-

Figure 5: The effect of 4-CPG on learning of the SAT
was contingent on the difficulty of the particular task
configuration. (A–D) Effects of 4-CPG in the more diffi-
cult configuration of SAT (dSAT), including a transfer of
the experimental animals to another alley after half on
the session (20 runs). (A,B) Under these conditions, the
ICV application of 4-CPG before the training session
prevented the decline of errors on day 2 resulting in
percent savings that were not significantly different from
zero. Controls, in contrast, displayed a significant reten-
tion on the second day. (C,D) The impairment of SAT
learning was not state-dependent (sd), as the effects of
4-CPG given before both the training and the retention
session (4-CPG/sd) resembled the findings obtained after
application of the drug before training depicted above.
(E,F) Omission of the transfer (ot) after half of the session
(20 runs) resulted in a configuration of SAT that could be
acquired more easily (eSAT) as indicated by the higher
percent savings as compared with dSAT. This configu-
ration abolished the effect of 4-CPG.
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cient in mGluR5 were impaired in CA1 and dentate
LTP, but showed a normal potentiation in the CA3
region (Lu et al. 1997).

The dependence of the 4-CPG action on the
strength of tetanization, found in our study, might
be related to the action of group I mGluRs on the
intracellular calcium metabolism. As initial confo-
cal Ca2+-measurements support, agonists of group
I mGluRs, such as 3,5-dihydroxyphenylglycine
(DHPG), cause an increase of the intracellular Ca2+

level, most likely by release of Ca2+ from intracel-
lular stores (data not shown). On the other hand,
tetanizations at various strengths may result in a
differential recruitment of two other important
sources of intracellular Ca2+–NMDA receptors and
voltage-gated calcium channels. As a result, the at-
tained intracellular Ca2+ level, which was sug-
gested to determine the properties and the type of
synaptic plasticity (Artola and Singer 1993; Cum-
mings et al. 1996; Tsumoto and Yasuda 1996; Hän-
sel et al. 1997), might vary as a function of tetani-
zation strength. Therefore, it is conceivable that
Ca2+ might be limited under some conditions
whereas it is available in excess under others. Con-
sequently, the block of Ca2+ release by group I
mGluRs after 4-CPG application would be expected
to result in an impairment of potentiation if intracel-
lular Ca2+ is meager (e.g., during weak tetanization)
but to have no effect if sufficient Ca2+ is provided by
other sources (e.g., during strong tetanization).

4-CPG IMPAIRS ROBUST LTP IN THE INTACT
HIPPOCAMPUS IN VIVO

In this study, LTP in the CA1 area of the intact
hippocampus, that is, in the freely moving animal,
was consistently impaired by ICV application of
4-CPG given 30 min before tetanization. Interest-
ingly, the same dose of 4-CPG also caused an im-
pairment of robust dentate gyrus LTP (data not
shown). These findings corroborate previous re-
ports on detrimental effects of MCPG on LTP in
vivo. Riedel et al. (1995a) described a complete
block of dentate gyrus LTP under almost the same
experimental conditions as used here, if MCPG was
given before but not after tetanization. Richter-
Levin et al. (1994) pursued the actions of MCPG
given ICV under urethane anesthesia in the dentate
gyrus and found a reduction in fEPSP potentiation,
but not in population-spike potentiation. If MCPG,
however, was directly infused into the recording
region via a push–pull cannula, MCPG also im-
paired population-spike potentiation. Quite similar

to the contradictory findings in vitro, some re-
searchers found neither an effect of MCPG (Bordi
and Ugolini 1995; Martin and Morris 1997) nor of
4-CPG (Bordi and Ugolini 1995) on LTP in vivo.
The reasons for the conflicting results are difficult
to identify. All studies that failed to obtain an effect
of the antagonist on LTP in vivo were performed
under urethane anesthesia. Although urethane an-
esthesia can be suggested to result in multifarious
metabolic changes as compared with the freely
moving state, this may impede but apparently does
not prevent the antagonists’ effects as indicated by
the findings of Richter-Levin et al. (1994). Another
factor that has to be considered is an increase in
the induction threshold of LTP that was reported
to occur under urethane anesthesia (Riedel et al.
1994a). The higher tetanization strength necessary
to induce LTP under anesthesia (as compared with
an LTP generated in freely moving animals) would
be in accordance with our in vitro findings that
LTP induced by strong tetanic stimulation is not
susceptible to the action of MCPG (Wilsch et al.
1998) and 4-CPG (see above). Last but not least, the
strain (and age) of animals may account for the
contradictory results. Comparative studies suggest
that the magnitude of LTP induced by identical
protocols varies across strains (D. Manahan-
Vaughan, unpubl.).

In this study, inhibition of group I mGluRs im-
paired LTP in vitro, which was generated by a
weak but not by a strong tetanization protocol,
whereas under in vivo conditions the expression of
robust LTP was prevented as well. This difference
is likely to be caused by the preserved intrahippo-
campal connectivity in the intact hippocampus re-
sulting in a higher inhibition as compared with the
slice preparation. This higher inhibition leads to
fairly different dendritic conditions. For instance,
active back propagation of somatic spikes into den-
drites (Stuart et al. 1997) occurs less frequently in
vivo and is more regionally confined (Buzsaki et al.
1996). Because the frequency of sodium spikes
governs the dendritic Ca2+ dynamics (Svoboda et
al. 1997), a certain tetanization paradigm is likely
to trigger a smaller increase of the intracellular
Ca2+ concentration in vivo than in vitro. This holds
true in particular for distal dendritic regions. There-
fore, in contrast to the in vitro conditions, in the
intact hippocampus Ca2+ may be a critical resource
even during strong tetanization protocols. Under
these conditions a blockade of Ca2+ release from
intracellular stores by inhibiton of group I mGluRs
may prevent the induction of a robust LTP.
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APPLICATION OF 4-CPG DOES NOT CAUSE GROSS
BEHAVIORAL CHANGES

The evaluation of the different behavioral mea-
sures obtained in the open-field test provides clear
evidence that pretest application of 4-CPG in the
same dose as used in the LTP experiments does not
induce any behavioral alteration. 4-CPG-Treated
animals displayed ambulation, rearing, grooming,
and defecation that did not differ from that of con-
trols. Furthermore, the two groups showed a com-
parable decline of crossings during the 10-min ses-
sion on both days and between day 1 and day 2 as
well as a similar reduction of grooming bouts from
day 1 to day 2, altogether indicative of a normal
habituation to novelty. Therefore, our results
clearly exclude group I mGluRs from being criti-
cally involved in open-field behavior, thereby ex-
tending previous findings that reported only minor
effects of the broad-spectrum mGluR–antagonist
MCPG and the group 1 agonist trans-azetidine-2,4-
dicarboxylic acid (tADA) on behavior in the open
field (Wetzel et al. 1995). Importantly, the present
results of the open field indicate that under the
conditions employed, 4-CPG is devoid of behav-
ioral side effects. The preclusion of such behav-
ioral side effects is of particular relevance because
mutant mice lacking the group I receptor mGluR 1
(Aiba et al. 1994; Conquet et al. 1994) or mGluR 5
(Lu et al. 1997) were reported to suffer from im-
paired motor coordination and decreased sensory
sensitivity.

GROUP I mGluR INHIBITION ONLY MILDLY
AFFECTS SPATIAL LEARNING
IN THE EIGHT-ARM RAM

Learning in the RAM has been shown repeat-
edly to be hippocampus-dependent (Olton et al.
1978; Olton and Papas 1979; Jarrard 1986; Kawabe
et al. 1998). In this study, we found only mild ef-
fects of 4-CPG on spatial learning in the RAM, that
is, both groups acquired the task equally well as
indicated by the decaying error scores and the
clear-cut reduction of the running time and the
time spent in alleys (to ∼15% and 12%, respec-
tively). One of the merits of the RAM consists of
allowing the distinction of both WM and RM com-
ponents. Trial-specific WM allows the animal to
recall arms entered previously on the current trial
and therefore avoid reentries. RM, on the other
hand, refers to stored representations and rules
that are useful for all trials. In our study the number

of total errors and WM errors, committed under
the same dose of 4-CPG as used in LTP in vivo and
in the open field test, did not differ significantly
between groups. Nevertheless, an analysis of the
RM errors revealed significantly higher RM errors
of 4-CPG-treated animals on the first and last day of
training. The worse RM of the 4-CPG group on day
1 could reflect an effect of 4-CPG on acquisition of
the three-baited-arms RAM configuration. On day
1, the task configuration (three baited arms) met
by the animals does not conform to the stored ref-
erence memory of the preceding habituation trials
(eight baited arms, data not shown). Under these
somewhat conflicting conditions, activation of
group I mGluRs might be required to attain the
same performance as controls. The absence of dif-
ferences on the days thereafter is indicative of a
subsidiary function of group I mGluRs during this
phase of spatial learning. Given that also under
these conditions small effects are still present, one
would expect that the effect needs some time (of
accumulation) to become discernible. The appear-
ance of an overt 4-CPG effect on RM errors on day
8 appears to support this postulate. As another pos-
sibility, the repeated exposure to 4-CPG may have
diminished the effect of 4-CPG. This appears to be
unlikely, however, because to our knowledge,
there are no reports so far about a desensitization
of group I receptors following repeated antago-
nists application.

THE EFFECT OF 4-CPG IN THE SAT DEPENDS
ON THE DIFFICULTY OF THE PARADIGM

In our hands, application of the mGluR group
I antagonist does not impair spatial learning in an
easy type of the SAT (eSAT) but was effective in
disrupting SAT learning in the more difficult stan-
dard configuration (dSAT), in which the transfer of
the experimental subject to another alley after half
of the session results in an immediate increase of
the committed errors, which is indicative of a con-
flicting situation. Because the effects of 4-CPG in
the dSAT configuration were not state-dependent,
they may be assigned as a specific impairment of
retention. A decreased SAT performance was re-
ported after the application of the broad-spectrum
mGluR antagonist MCPG (Riedel et al. 1994b). In
the latter study in which the dSAT configuration
was used, application of MCPG 30 min before
training resulted in amnesia that was not state-de-
pendent. The similarity of these MCPG effects and
the 4-CPG actions obtained here indicates that
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MCPG, an inhibitor of group I mGluRs and with a
somewhat lower efficacy of group II mGluRs (Dav-
ies et al. 1995; Sekiyama et al. 1996), impeded spa-
tial learning by antagonizing group I mGluRs.

THE ROLE OF GROUP I mGluRs
IN SPATIAL LEARNING

Although there are several reports about an
involvement of mGluRs in learning and memory
(for reviews, see Riedel et al. 1996; Conn and Pin
1997), studies approaching the role of mGluRs in
spatial learning are rare and these studies mostly
used mGluR agonists and antagonists that act on
more than one group of mGluR receptors (e.g.,
ACPD and MCPG). For example, Bordi et al. (1996)
and Richter-Levin et al. (1994) reported that WAM
learning was lessened by MCPG and Hölscher et al.
(1997) found only a mild impairment of learning in
the WAM and the RAM after ICV injection of ACPD.
In RAM learning, ACPD increased the number of
WM errors but not the number of RM errors. An-
other mGluR agonist, L(+)-2-amino-4-phosphono-
butyric acid (L-AP4), which acts on mGluRs 4, 6, 7,
and 8 was found to exert detrimental effects on
learning in WAM and RAM although not affecting
open-field behavior (Hölscher et al. 1996). In the
same study, (S)-2-amino-2-methyl-4-phosphonobu-
tanoic acid (MAP4), an antagonist at presynaptic
L-AP4-sensitive receptors, impaired spatial learning
in the same two paradigms. The application of L-
AP4 and MAP4 alone increased both the number of
WM and RM errors. Joint application of the two
drugs prevented the impairment of spatial learn-
ing. Whereas studies elaborating the role of group
I mGluRs in spatial learning are completely lacking,
a few investigations approached their function in
other types of learning. Recently, Nielsen et al.
(1997) reported that intraperitoneal injection of
the group I mGluR antagonist 1-aminoindan-1,5-di-
carboxylic acid (AIDA) blocked hippocampus-de-
pendent contextual fear, but not hippocampus-in-
dependent cue conditioning in rats. This is in con-
trast to Bordi et al. (1996), who obtained no
alteration of context-dependent fear conditioning
after application of the broad-spectrum antagonist
MCPG.

The distinct 4-CPG effect on spatial learning in
this study and the related findings with MCPG and
knockout mice indicate a function of group I
mGluRs in certain types of hippocampus-depen-
dent tasks. Mutant mice that were deficient of the
mGluR 1 gene were impaired moderately in the

hippocampus-dependent nonspatial, context-de-
pendent fear conditioning (Aiba et al. 1994) but
displayed a severe deterioration in the spatial ver-
sion of the Morris WAM (Conquet et al. 1994). In
contrast, they performed like wild-type controls in
the hippocampus-independent cue conditioning.
Mutant mice, deficient for mGluR 5 showed a de-
terioration in two hippocampus-dependent tasks,
the Morris WAM and contextual fear conditioning
(Lu et al. 1997). In earlier investigations, we have
found, that the same dose of MCPG as impaired
dSAT learning (Riedel et al. 1994b) had no effect
on Y-maze brightness discrimination, which is a
non-spatial, but hippocampus-dependent paradigm
(Riedel et al. 1995b).

The differential effects of 4-CPG in the various
types of hippocampus-dependent, spatial learning
highlight the problem that different spatial learning
paradigms do not measure the same things. There-
fore, depending on the structural and procedural
characteristics of the employed experimental para-
digm, the experimental subjects can demonstrate
very different learning performance, which indi-
cates the heterogeneity of the sensorial and behav-
ioral processes underlying the various spatial learn-
ing tasks.

A critical evaluation of SAT and RAM reveals
that the two methods differ considerably with re-
gard to the complexity of the task as well as the
sensory and cognitive mechanisms that can be sug-
gested to be implicated. RAM learning represents a
very complex spatial learning task thought to use
predominantly allocentric extramaze visuospatial
cues (Hodges 1996) for spatial navigation, al-
though other factors such as intramaze cues and
associative mechanisms may contribute to the for-
mation of a spatial map (Brown et al. 1993). In the
eight-arm RAM configuration used in this study, the
animals learn the firm location of a food reward in
a spatial map. In contrast, SAT learning, a type of
egocentric spatial learning, depends on other types
of sensory information. It does not allow the use of
any extramaze visuospatial cues because all walls
of the maze and the cover-lid are made of opaque
plastic and the learning trial is conducted without
any additional illumination. Therefore, the rats
have to rely on olfaction, vibrissae movements, and
the scattered light penetrating through the slits of
the lid to get spatial information. Another differ-
ence to RAM concerns the subject of learning, that
is, what is learned. Whereas RAM learning requires
the formation and storage of a fixed spatial
map, during SAT learning the animals have to
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adopt a particular spatial strategy. Furthermore,
whereas SAT represents a fast (2 days), aversively
motivated task with a rapidly decaying error rate,
the weaker motivational drive of the appetitive mo-
tivation in RAM learning results in long experi-
ments (several days to weeks) with slowly decay-
ing error scores. Therefore, the different means
used by rats in SAT and RAM learning, can be sug-
gested to represent complementary subsets of spa-
tial learning mechanisms.

Bearing these aspects in mind, the disparity of
the 4-CPG effects in SAT and RAM is likely to be
caused by two factors: (1) the type of learning para-
digm employed, which determines the subsets of
sensory and cognitive mechanism involved in the
acquisition of the respective spatial map and navi-
gation strategy; and (2) the level of difficulty of a
given paradigm, as determined by the particular
configuration of this paradigm. The second factor
is reminiscent of the differential involvement of
group I mGluRs in hippocampal LTP in vitro.
Whereas in the LTP studies the strength of tetani-
zation determined whether or not group I mGluRs
have a functional role, in the learning studies, the
difficulty of the task appeared to be one critical
variable. Therefore, activation of group I mGluRs
seems to be of functional importance (1) if crucial
cellular resources are limited, such as Ca2+ in LTP
induction; and (2) under conditions of a conflicting
learning situation or a high task difficulty.
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