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A novel metabotropic glutamate receptor agonist: marked
depression of monosynaptic excitation in the newborn rat
isolated spinal cord
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1 Neuropharmacological actions of a novel metabotropic glutamate receptor agonist, (2S,1'R,2'R,3'R)-
2-(2,3-dicarboxycyclopropyl)glycine (DCG-IV), were examined in the isolated spinal cord of the
newborn rat, and compared with those of the established agonists of (2S,1'S,2'S)-2-(carboxycyclo-
propyl)glycine (L-CCG-I) or (IS,3R)-l-aminocyclopentane-1,3-dicarboxylic acid ((lS,3R)-ACPD).
2 At concentrations higher than 10 JM, DCG-IV caused a depolarization which was completely
blocked by selective N-methyl-D-aspartate (NMDA) antagonists. The depolarization was pharma-
cologically quite different from that caused by L-CCG-I and (lS,3R)-ACPD.
3 DCG-IV reduced the monosynaptic excitation of motoneurones rather than polysynaptic discharges
in the nanomolar range without causing postsynaptic depolarization of motoneurones. DCG-IV was
more effective than L-CCG-I, (lS,3R)-ACPD or L-2-amino-4-phosphonobutanoic acid (L-AP4) in reduc-
ing the monosynaptic excitation of motoneurones.
4 DCG-IV (30 nM-I JAM) did not depress the depolarization induced by known excitatory amino acids
in the newborn rat motoneurones, but depressed the baseline fluctuation of the potential derived from
ventral roots. Therefore, DCG-IV seems to reduce preferentially transmitter release from primary
afferent nerve terminals.
5 Depression of monosynaptic excitation caused by DCG-IV was not affected by any known phar-
macological agents, including 2-amino-3-phosphonopropanoic acid (AP3), diazepam, 2-hydroxysaclofen,
picrotoxin and strychnine.
6 DCG-IV has the potential of providing further useful information on the physiological function of
metabotropic glutamate receptors.
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Introduction

A metabotropic glutamate receptor, that is linked to the
stimulation of phosphoinositide hydrolysis or the reduction
of adenylcyclase activity, has recently been described
(Sladeczek et al., 1985; Nicoletti et al., 1986; Sugiyama et al.,
1987; 1989; Palmer et al., 1989; Tanabe et al., 1992;
Nakanishi, 1992). This glutamate receptor subtype in the
mammalian central nervous system is activated by some
kinds of glutamate analogues such as quisqualate, ibotenate,
I-aminocyclopentane-1,3-dicarboxylic acid (ACPD) and the
(2S,l'S,2'S)-isomer (L-CCG-I, previously reported as (2S,3S,-
4S)-CCG) of 2-(carboxycyclopropyl)glycine (CCG) (Mon-
aghan et al., 1989; Sugiyama et al., 1989; Schoepp et al.,
1990; Nakagawa et al., 1990; Ishida et al., 1990b; Shinozaki
& Ishida, 1992; Porter et al., 1992). (1S,3R)-ACPD and
L-CCG-I appeared to be selective agonists for this receptor
(Irving et al., 1990; Shinozaki et al., 1989b; Ishida et al.,
1990b) and others are non-selective agonists. The physio-
logical effects of activation of metabotropic glutamate recep-
tors have been examined in a number of brain regions
(Schoepp et al., 1990; Desai & Conn, 1991; Miller, 1991;
Boss et al., 1992). However, much less is known of the
pharmacology of metabotropic glutamate receptors than is
the case for ionotropic glutamate receptors which are
characterized by their unique sensitivity to low concentra-
tions of N-methyl-D-aspartic acid (NMDA), kainic acid and
(RS)-2-amino-3-(3-hydroxy-5-methylisoxazol-4-yl)propanoic
acid (AMPA) (Monaghan et al., 1989; Simon, 1992;
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Krogsgaard-Larsen & Hansen, 1992). A major contributory
factor has been lack of potent and selective agonists and
antagonists of this class of L-glutamate receptors.
CCG is a conformationally restricted glutamate analogue

(Shinozaki et al., 1989b; Shinozaki & Ishida, 1991), and
L-CCG-I is almost equal to (lS,3R)-ACPD and more potent
than L-glutamate on a molar basis in causing a temperature-
dependent depolarization of the newborn rat spinal moto-
neurone (Ishida et al., 1990b). The depolarizing responses to
L-CCG-I and (IS,3R)-ACPD were neither depressed by
selective NMDA antagonists nor by a non-NMDA blocker,
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), demonstrat-
ing a clear preference for non-NMDA, non-kainate and non-
AMPA receptors (Shinozaki et al., 1989b). L-CCG-I
stimulates phosphoinositide hydrolysis in a concentration-
dependent manner in rat hippocampal synaptoneurosomes
(Nakagawa et al., 1990), and it induces chloride-mediated
oscillatory responses in Xenopus oocytes injected with rat
brain mRNA in a manner quite similar to quisqualate or
trans-ACPD (Ishida et al., 1990b). Thus, L-CCG-I proved to
be a potent agonist for metabotropic glutamate receptors.
Recently, L-CCG-I was demonstrated to be a potent agonist
for cloned 'mGluR2' glutamate receptors which are neg-
atively coupled to adenylcyclase, although it stimulated
cloned 'mGluRl' and 'mGluR4' glutamate receptors as well
(Hayashi et al., 1992).

It is known that (IS,3R)-ACPD depresses monosynaptic
excitation of motoneurones in the newborn rat spinal cord
(Sunter et al., 1991). L-CCG-I also depresses it markedly
rather than polysynaptic discharges in the low micromolar
range (Ishida et al., 1990a; Shinozaki & Ishida, 1992; 1993).
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These effects have been considered to be due to their
presynaptic actions. In addition to L-CCG-I, we recently
found that another L-CCG-I analogue, (2S,1 'R,2'R,3'R)-2-
(2,3-dicarboxycyclopropyl)glycine (DCG-IV), depressed mono-
synaptic excitation at lower concentrations than those
required by L-CCG-I (Ohfune et al., 1993; Shinozaki &
Ishida, 1993). DCG-IV possesses the glutamate skeleton of
both L-CCG-I and the (2S,1 'R,2'S)-isomer (L-CCG-IV) of
CCG (Figure 1). L-CCG-IV is a potent agonist for NMDA
receptors (Shinozaki et al., 1989a,b; Kawai et al., 1992) and
is about 300 times more potent than NMDA in increasing
the intracellular Ca2+ concentration in rat cultured hip-
pocampal neurones (Kudo et al., 1991; Shinozaki et al.,
1992), while L-CCG-IV is several times more potent than
NMDA in causing a depolarization of spinal motoneurones
of newborn rats. The structural similarity of DCG-IV to
both L-CCG-I and L-CCG-IV might lead to the assumption
that DCG-IV would show similar pharmacological properties
to them, that is, DCG-IV would be expected to activate both
NMDA receptors and metabotropic glutamate receptors
simultaneously. In fact, DCG-IV reduced forskolin-induced
adenosine 3':5'-cyclic monophosphate (cyclic AMP) forma-
tion in the rat hippocampal neurones about 10-15 times
more effectively than (lS,3R)-ACPD, but did not stimulate
phosphoinositide hydrolysis (Maruyama et al., unpublished
observation). DCG-IV definitely caused an NMDA-like
depolarization but was much less active than NMDA or
L-CCG-IV, and its pharmacological actions are not always
similar to those of L-CCG-I or (lS,3R)-ACPD. Therefore,
DCG-IV would be expected to be a metabotropic glutamate
receptor agonist of the other type. In the present paper we
describe neuropharmacological actions of DCG-IV in the
isolated spinal cord of the newborn rat and compare them
with those of L-CCG-I or (lS,3R)-ACPD.

Methods

The methods used for the electrophysiological experiments in
the newborn rat isolated spinal cord were essentially similar
to those described previously (Shinozaki et al., 1989b). The
spinal cords of 1-7 day-old Wistar rats were used for the
experiments. Under ether anaesthesia, the spinal cord below
the thoracic region was isolated, hemisected sagitally and
placed in a 0.15 ml bath perfused at a fixed flow rate of
5-6 ml min-' with artificial cerebrospinal fluid (ACSF) (in
mM: NaCl 138.6, KCI 3.4, CaCl2 1.3, MgCl2 1.2, NaHCO3
21.0, NaH2PO4 0.58, glucose 10.0, pH 7.4) which was

CCG 3'
CH2

COOH
HOOC-CH -CH-CH

2' 1' 2 \NH2

oxygenated with a gas mixture of 95% 02 and 5% Co2. In
some experiments, isolated spinal cords were used without
hemisection in order to record the contralateral ventral root
potential. Tetrodotoxin (TTX, 0.5 jM) was sometimes added
to ACSF in order to block spontaneous depolarization and
indirect drug effects, and in some cases Mg2"-free solution
was used to test the depolarizing activity of glutamate
analogues including NMDA-type agonists. The potential
changes generated in the motoneurones were recorded extra-
cellularly from the L4 or L5 ventral root with a suction
electrode, and in some experiments the evoked reflex res-
ponses were recorded from the L4 or L5 ventral roots with
suction electrodes when the ipsi- or contralateral root of the
corresponding segment was stimulated with a suction elec-
trode. Dorsal root potential (DRP) was recorded from a
dorsal root (L4 or L5) adjacent to the stimulated root. All
test compounds were applied to the preparation either by
perfusion or by the brief-pulse injection into the perfusion
system at a constant duration. The temperature of the perfus-
ing fluid was kept at 27 ± 0.2°C.

Drugs

The following compounds were used: acetylsalicylate (Sigma),
(IS,3R)- l-aminocyclopentane-1 ,3-dicarboxylic acid ((1S,3R)-
ACPD, Tocris), (RS)-2-amino-3-(3-hydroxy-5-methylisoxa-
zol-4-yl)propanoic acid (AMPA, Tocris), L-2-amino-4-phos-
phonobutanoic acid (L-AP4, Tocris), DL-2-amino-3-phos-
phonopropanoic acid (AP3, Tocris), baclofen (Sigma), bi-
cuculline (Sigma), (RS)-3-(2-carboxypiperazin-4-yl)propyl-l-
phosphonic acid (CPP, Tocris), (2S,l'S,2'S)-2-(carboxycyclo-
propyl)glycine (L-CCG-I), (2S,l'R,2'S)-2-(carboxycycloprop-
yl)glycine (L-CCG-IV), (RS)-4-carboxy-3-hydroxyphenylgly-
cine (4C3H-PG, Tocris), 6-cyano-7-nitroquinoxaline-2, 3-
dione (CNQX, Tocris), chlorzoxazone (Sigma), diazepam
(Horizon inj, Yamanouchi), (2S,1 'R,2'R,3'R)-2-(2,3-dicarb-
oxycyclopropyl)glycine (DCG-IV), furosemide (Sigma), 2-
hydroxysaclofen (Tocris), matrine (a gift from Dr M. Terada,
Hamamatsu Univ. Shizuoka, Japan), N-methyl-D-aspartic
acid (NMDA, Sigma), picrotoxin (Tokyo Kasei), piperazine
hydrochloride (Sigma), pertussis toxin (List Biol. Lab.),
sodium L-glutamate mono (Wako), strychnine hemisulphate
(Sigma), tetrodotoxin (TTX, Seikagakukogyo) and theanine
(a gift from Dr M. Nakagawa, National Research Institute
of Tea, Shizuoka, Japan). The carbon numbers of CCG
derivatives previously reported were renumbered according to
the IUPAC nomenclature in the present paper.

HOOC 3' DCG
N%ICH
CH\ COOH
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L-CCG -IVL-4ULA-1 DCG-IV - - -

Figure I Plane chemical structure of 2-(carboxycyclopropyl)glycine (CCG) and 2-(2,3-dicarboxycylcopropyl)glycine (DCG), and
stereochemical display of (2S,1'S,2'S)-2-(carboxycyclopropyl)glycine (L-CCG-I), (2S,1'R,2'R,3'R)-2-(2,3-dicarboxycyclopropyl)-
glycine (DCG-IV) and (2S,l'R,2'S)-2-(carboxycyclopropyl)glycine (L-CCG-IV). The carbons 1', 2' and 3', previously numbered as
3, 4 and 6, respectively, were renumbered according to the IUPAC nomenclature.
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Results

Depolarization of motoneurones induced by DCG-IV

The potential changes generated in spinal motoneurones of
newborn rats were recorded extracellularly from the L4 or L5
ventral root of the hemisected spinal cord. When L-CCG-I,
(IS,3R)-ACPD and DCG-IV were added to the TTX
(0.5 gM) containing and Mg2'-free bathing solution for a

period of 30 s, they caused a depolarization of spinal
motoneurones in a concentration-dependent manner. Their
threshold concentrations for depolarization were less than
10 M. L-CCG-I and (1S,3R)-ACPD showed slightly slower
responses (the prolonged time course of action) than those to
L-glutamate. The depolarizing activity of DCG-IV was about
20 times higher than that of L-glutamate on a molar basis,
but lower than that ofNMDA or L-CCG-IV. Figure 2 shows
the depolarizing responses to L-glutamate, NMDA, AMPA,
DCG-IV, L-CCG-I and (IS,3R)-ACPD in the presence and
absence of (RS)-3-(2-carboxypiperazin-4-yl)propyl-1-phospho-
nic acid (CPP) and CNQX. The depolarization induced by
L-CCG-I or (IS,3R)-ACPD was only slightly reduced by
CPP, and the pharmacological properties of the depolariza-
tion seemed quite similar (Shinozaki et al., 1989b; Ishida et
al., 1990b). On the other hand, the depolarizaiton induced by
DCG-IV (20 JM) was completely blocked by CPP (10-
50 JAM), suggesting that DCG-IV activated NMDA receptors,
as might be anticipated from the structural similarity between
DCG-IV and L-CCG-IV (a potent NMDA agonist). It seems

likely that the glutamate folded skeleton in the molecule of
DCG-IV, which is quite similar to that of L-CCG-IV, con-

tributes directly to the activation of NMDA receptors.
When the potential changes were recorded from the L4 or

L5 dorsal root with a suction electrode, L-CCG-I, (1S,3R)-
ACPD and DCG-IV caused depolarizations that were

markedly smaller than those of ventral roots. Their threshold
concentrations for depolarization were about 10 iM (TTX
0.5 JiM containing, Mg2"-free solution), demonstrating no

significant difference in their threshold concentrations be-
tween the potentials from ventral and dorsal roots. The
depolarization induced by DCG-IV completely disappeared
in the presence of CPP (50 JM), but others were not reduced
even in the combined treatment with CPP (50 JM) and
CNQX (50IM).

Control
I0.5 mV

5 min

CPP

50

CPP

CNQX
50

~~A AA

500 10 2 20 40 40 FM

Figure 2 Sample records of the depolarizing responses to (2S,1'R,-
2'R,3'R)-2-(2,3-dicarboxycyclopropyl)glycine (DCG-IV), (2S, l'S,2'S)-
2-(carbodycyclopropyl)glycine (L-CCG-I), (1S,3R)-l-aminocyclopen-
tane-1,3-dicarboxylic acid ((lS,3R)-ACPD) and representative excita-
tory amino acids in the newborn rat spinal motoneurone. Test
samples were added to the tetrodotoxin (0.5 JM) containing and
Mg2+-free solution at triangles for a period of 30 s in the absence
(control) and presence of (RS)-3-(2-carboxypiperazin-4-yl)propyl-l-
phosphonic acid (CPP) and/or 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX). Numbers show the concentration (juM) of the test samples.
Glu: L-glutamate, NMDA: N-methyl-D-aspartate, AMPA: (RS)-2-
amino-3-(3-hydroxy-5-methylisoxazol-4-yl)propanoic acid.

One of the pronounced features of the depolarization
induced by the prolonged application of L-CCG-I and
(lS,3R)-ACPD was a desensitization-like phenomenon, which
was not observed in the case of DCG-IV. When L-CCG-I or
(IS,3R)-ACPD was added to the bathing fluid (TTX 0.5 ILM
containing, Mg2"-free) for 2 min in various concentrations,
the depolarization induced by L-CCG-I or (IS,3R)-ACPD
was not maintained but decreased during its application in a
concentration-dependent manner (Figure 3a). On the other
hand, DCG-IV and representative ionotropic glutamate
receptor agonists, such as kainic acid, NMDA and AMPA,
induced slight desensitization only when amplitudes of
depolarizing responses were significantly large, in contrast to
L-CCG-I and (lS,3R)-ACPD (data were not shown). The
desensitization-like phenomenon observed here was also
demonstrated when L-CCG-I and (IS,3R)-ACPD were
repeatedly or alternately applied at short intervals. This
desensitization-like action crossed between L-CCG-I and
(lS,3R)-ACPD (Figure 3b). These time-dependent actions
were not observed with repetitive application of NMDA,
kainate and AMPA.

It has been reported that DL-2-amino-3-phosphonopro-
panoic acid (AP3), L-2-amino-4-phosphonobutanoic acid (L-
AP4) and (S)-4-carboxy-3-hydroxyphenyl-glycine ((S)-4C3H-
PG) inhibit depolarizing responses to trans- or (1S,3R)-
ACPD in various preparations (Schoepp et al., 1990; Irving
et al., 1990; Jones et al., 1992). AP3 and L-AP4 induced
slight depolarization of the newborn rat spinal motoneurone
at a concentration greater than 0.3 mM, but neither AP3 nor
L-AP4 reduced depolarizing responses to L-glutamate (I mM,
lOs application), L-CCG-I (0.1 mM, 10 s), quisqualate (2 t5M,
10 s), (lS,3R)-ACPD (0.1 mM, 10 s) and DCG-IV (50ZlM,
10 s) even at higher concentrations than the threshold for
depolarization of motoneurones. 4C3H-PG reduced the am-
plitude of depolarizing responses to L-CCG-I (40 JAM, 30 s)
and (IS,3R)-ACPD (40 JAM, 30 s) to about half at a high
concentration (300 ,UM) without causing depolarization of
motoneurones in the TTX-containing solution.

Suppression offluctuation of ventral root potentials
When the spinal preparation was perfused with the TTX-free
ACSF, the base line of the potential derived from the L4 or
L5 ventral root fluctuated in a range of about 0.5 mV, prob-
ably due to spontaneous discharges of motoneurones through
the release of neurotransmitters. Low concentrations of L-
CCG-I (0.1-1 tiM, 10min application) or DCG-IV (30-
100 nM, 10 min application) almost completely reduced the
baseline fluctuation without causing detectable depolarization
of spinal motoneurones (Figure 4a), demonstrating the block
of transmitter release from primary afferent nerve terminals.
The recovery from the action of L-CCG-I was relatively rapid

Wash
a

I 0.5 mV

10 20 30 50 min

b

I 0.5 mV
E A I, AL A A

100 100 200 100 100 100 100 5 min

Figure 3 The desensitization-like responses revealed by (2S,1'S,2'S)-
2-(carboxycyclopropyl)glycine (L-CCG-I) and (1S,3R)-l-aminocyclo-
pentane-1,3-dicarboxylic acid ((lS,3R)-ACPD) in the newborn rat
motoneurone. Test samples were added to the tetrodotoxin (0.5 JM)-
containing and Mg2"-free solution for a period indicated by arrows.
Numbers show the concentration (JAM) of the sample. (a) Depolariz-
ing responses to L-CCG-I (2 min application, at intervals of 30 min);
(b) 10 s application. (A) L-CCG-I; (A) (lS,3R)-ACPD.
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Figure 4 (a) Sample records of spinal reflexes evoked by electrical stimulation of L5 dorsal root of the isolated spinal cord of
newborn rats (7-day-old). The potential changes were recorded from ipsilateral L5 ventral root. (2S, 1 'R,2'R,3'R)-2-(2,3-
dicarboxycyclopropyl)glycine (DCG-IV) was added to the perfusing fluid at a concentration of 30 (upper trace), 100 (middle trace)
and 300 nm (lower trace) for a period indicated by horizontal bars. The fluctuation of the base line reduced in a dose-dependent
manner. In these traces, the monosynaptic component of spinal reflexes were not shown because of the frequency response of the
pen-writer (see b). The larger deflections represent polysynaptic discharges. (b) Time courses of dose-dependent reduction of the
monosynaptic component of spinal reflexes in the presence of DCG-IV. Data were obtained from the same preparation as that in
(a). DCG-IV 30 (0), 100 (A) and 300 (@)nM.

after washing the preparation (within about 5 min), but that
of DCG-IV was slightly slower than that of L-CCG-I.
(IS,3R)-ACPD (0.3-1 JM) did not reduce the fluctuation of
the base line at concentrations less than the threshold con-
centration for depolarization of motoneurones, but rather
slightly increased it.

Depression of spinal reflexes
The spinal reflex was repetitively evoked at intervals of 90 s
by electrical stimulation of the L4 or L5 dorsal root of the
newborn rat. Single shocks were delivered to dorsal root
through stimulating electrodes. The potential changes (DR-
VRP) were recorded from the ipsilateral ventral roots of the
corresponding segment. The DR-VRP was reversibly de-
pressed by DCG-IV at markedly low concentrations in a
similar manner to L-CCG-I, and in particular, the DR-VRP
monosynaptic component was preferentially decreased by
DCG-IV at the nanomolar range, which was much lower
than the threshold concentration (about 10 JiM in case of
TTX-free ACSF) for depolarization of motoneurones with-
out reducing polysynaptic discharges (Figure 4b). In the
presence of 0.1-0.3I1M DCG-IV (10min application), the
DR-VRP monosynaptic component almost disappeared with
no associated depolarization of the postsynaptic membrane
of motoneurones, but polysynaptic discharges were hardly
affected. However, polysynaptic components of the DR-VRP
were gradually decreased as the concentration was increased
and at 5 JAM (10 min application), DCG-IV completely
reduced the polysynaptic component of the DR-VRP.

In order to test antagonistic actions of DCG-IV against
various excitatory amino acids, AMPA (2 JM), NMDA
(10iJM), kainic acid (3JAM), (1S,3R)-ACPD (40JM) and L-
CCG-I (40 JM) were added to the TTX-containing and
Mg2+-free ACSF. DCG-IV (30 nM- 1 JAM) did not reduce the
depolarization of motoneurones thus induced, suggesting that
DCG-IV does not affect depolarizing responses to excitatory
amino acids including agonists for metabotropic glutamate
receptors. The DR-VRP monosynaptic component is effec-
tively reduced by non-NMDA antagonists, but not by
selective NMDA blockers (Jahr & Yoshioka, 1986). As men-
tioned above, DCG-IV depressed the DR-VRP monosynaptic
component at markedly low concentrations which did not
cause depolarization of motoneurones. Even in a high con-
centration (50 JM), CPP did not reduce the DR-VRP
monosynaptic component. On the other hand, DCG-IV
depressed the DR-VRP monosynaptic component in the
presence of high concentrations of CPP, suggesting that the
inhibitory action of DCG-IV on spinal reflexes was neither
the result of activation of NMDA receptors nor antagonism
against neurotransmitters on postsynaptic membranes. It is
likely that DCG-IV stimulates presynaptic events to depress
the monosynaptic excitation of motoneurones.
L-AP4 has been regarded as one of representative agonists

for an ionotropic glutamate receptor (Koerner & Cotman,
1981; Yamamoto et al., 1983; Monaghan et al., 1989), and
L-AP4 is known to suppress the DR-VRP monosynaptic
component in the spinal cords of both cats (Davies & Wat-
kins, 1982) and immature rats (Evans et al., 1982) at
relatively low concentrations. Current information on

I A. . AiI.I
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presynaptic L-AP4 receptors is also consistent with a second
messenger mechanism in which L-AP4 blocks activation of
voltage-sensitive Ca2" channels (Koerner & Johnson, 1992).
Furthermore, L-AP4 is a potent agonist for the cloned
'mGluR4' glutamate receptor expressed in Chinese hamster
ovary cells, which is negatively coupled with adenyl cyclase
(Nakanishi, 1992). So, the inhibitory actions of DCG-IV on
the DR-VRP were compared with those of L-AP4, L-CCG-I
and (1S,3R)-ACPD (Figure 5). L-AP4 (0.3-100tiM, 10min
application) depressed the fluctuation of the base line and the
DR-VRP monosynaptic component without causing post-
synaptic depolarization of the motoneurone as well as
L-CCG-I or DCG-IV, but the actions were slightly less
intense than those of L-CCG-I, and markedly less than those
of DCG-IV on a molar basis. The threshold concentration of
L-AP4 for suppression of the DR-VRP monosynaptic compo-
nent was about 0.3 AM, which was similar to that of L-CCG-I
but considerably higher than that of DCG-IV, but at concen-
trations of 30-100I1M, both monosynaptic excitation and
polysynaptic discharges still remained in lessened amplitudes,
suggesting the difference in action between DCG-IV and
L-AP4. The threshold concentrations of DCG-IV, L-CCG-I
and L-AP4 for decreasing polysynaptic discharges were about
0.3, 1 and 1 iM, respectively. (IS,3R)-ACPD (1-10 AM,

Omin application) depressed both mono- and polysynaptic
components of the DR-VRP almost in parallel, with
depolarization of motoneurones. Thus, the action of DCG-
IV is similar to that of L-CCG-I in that they depress
preferentially the monosynaptic component of the DR-VRP
at lower concentrations, although there is a large variation of
their effective concentration-range.

Effect of some pharmacological agents

For the pharmacological characterization of DCG-IV, the
influence of picrotoxin (20 JAM), bicuculline (3 JAM), 2-hy-
droxysaclofen (100 JM), strychnine (1 JAM), diazepam (10-
100 JAM), AP3 (100-300 JM), 4C3H-PG (10-300 lIM), theanine
(1 mM) (Shinozaki & Ishida, 1978), acetylsalicylate (100 JAM),
piperazine (100 JAM), furosemide (100 JAM), chlorzoxazone
(100 I1M) and matrin (O.5 mM) (Ishida & Shinozaki, 1984)
were examined on the reduction of the DR-VRP monosynap-
tic component caused by DCG-IV. At concentrations greater
than 30 JiM, 4C3H-PG itself depressed both mono- and
polysynaptic components of spinal reflexes (see Jones et al.,
1992); therefore, the action was examined at a concentration
of 10lM. Any tested compounds in the present experiments
(10 min application) had no influence on the action of DCG-
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Figure 5 Sample records of spinal reflexes repetitively evoked at intervals of 90 s by electrical stimulation of the Ls dorsal root of
the isolated spinal cord of newborn rats (1-day-old). The potential changes were recorded from the ipsilateral Ls ventral root.
Upper chart: records on an X-Y recorder; Lower chart: records on a pen-writer. Upward fluctuation represents amplitudes of
polysynaptic discharges. The following compounds were added to the perfusing fluid (tetrodotoxin-free, Mg"2 (1.2 mM) containing)
for a period indicated by horizontal lines: (a) (2S,1'R,2'R,3'R)-2-(2,3-dicarboxycyclopropyl)glycine (DCG-IV); (b) (2S,I'S,2'S)-2-
(carboxycyclopropyl)glycine (L-CCG-I); (c) L-2-amino-4-phosphonobutanoic acid (L-AP4); (d) (lS,3R)-l-aminocyclopentane-1,3-
dicarboxylic acid ((lS,3R)-ACPD).
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IV. CNQX itself (0.3-10I1M) reduced effectively the DR-
VRP monosynaptic component, so the action of CNQX was
not examined. In some experiments where the preparation
was treated with pertussis toxin (3 JAM) for 3 h, the DR-VRP
monosynaptic component disappeared but the polysynaptic
discharges still remained; therefore, it was impossible to
examine the effect of DCG-IV on the DR-VRP monosynap-
tic component. However, in such cases, L-CCG-I (100 gM,
10 s application) still caused a depolarization, suggesting that
the toxin failed to enter into the nerve cell.
DCG-IV and L-CCG-I have a common glutamate skeleton

which takes an extended form that is supposed to activate
metabotropic glutamate receptors (Ishida et al., 1990b). If
DCG-IV and L-CCG-I act on a common receptor, the action
of DCG-IV might be expected to be attenuated or modified
by L-CCG-I, although their effective concentration-range was
different in depressing the monosynaptic component of spinal
reflexes. In the presence of DCG-IV (0.3 gM), the DR-VRP
monosynaptic component almost disappeared, and L-CCG-I
(0.3 JLM) reduced its amplitude to about 60% of the control.
When both L-CCG-I (0.3 JAM) and DCG-IV (0.1IjM) were
added to the ACSF, the DR-VRP monosynaptic component
disappeared entirely, suggesting that L-CCG-I did not
antagonize against DCG-IV on the monosynaptic excitation.
Furthermore, during combined treatment with a relatively
low concentration of L-CCG-I (0.3 JAM) and DCG-IV
(0.03 gM), the DR-VRP monosynaptic component was
reduced in an almost additive manner.

Comparison with baclofen

The above experiments show that the action of DCG-IV is
not mediated by GABAergic systems, because picrotoxin,
bicuculline and 2-hydroxysaclofen did not affect the action of
DCG-IV. However, it is of great interest to compare the
neuropharmacological actions of baclofen and DCG-IV,
because both DCG-IV and baclofen reduce forskolin-induced
cyclic AMP formation in nerve cells (Hill, 1985; Karbon &
Enna, 1985), and baclofen is so far the most potent amino
acid in depressing spinal reflexes of the newborn rat spinal
preparation (Akagi & Yanagisawa, 1987). The L4 or L5
ventral root potential alternatively evoked by electrical
stimulation of the ipsi- and contralateral dorsal root fibre of
the corresponding segment (ipsi- and contralateral DR-VRP),
and the dorsal root potential (DR-DRP) derived from the
dorsal root adjacent to the stimulated root were recorded in
the absence and presence of DCG-IV, baclofen and L-AP4.
DCG-IV was more potent than baclofen in reducing the
monosynaptic component of the ipsilateral DR-VRP (Figure
6a). On the other hand, DCG-IV was less active than bac-
lofen in reducing the DR-DRP, although there was no
difference in the effective concentration-range of baclofen
between the monosynaptic component of the ipsilateral
DR-VRP and the DR-DRP (Figure 6b). When the potential
was recorded from the contralateral ventral root of the same
segment as that of the stimulated dorsal root, fast and slow
components of reflexes were observed. The slow component
(contralateral slow DR-VRP) had a time-to-peak of 2-5 s
and lasted 20-30 s. Baclofen depressed the contralateral slow
DR-VRP at much lower concentrations than those required
for depression of the monosynaptic component of the
ipsilateral DR-VRP (Figure 7). Similar results were obtained
by Akagi & Yanagisawa (1987). DCG-IV also reduced the
contralateral slow DR-VRP at slightly higher concentrations
than those required for the reduction of the monosynaptic
component of the ipsilateral DR-VRP. These results suggest
that the distribution of GABAB receptors in the newborn rat
spinal cord is different from that of the DCG-IV-sensitive
receptors. L-AP4 also blocks the contralateral slow DR-VRP
more effectively than DCG-IV. The action of (IS,3R)-ACPD
and L-CCG-I was slightly less potent than that of DCG-IV.
When the ED50 value for decreasing the ipsilateral

DR-VRP monosynaptic component was compared between
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Figure 6 (a) The potential changes generated in the mononeurones
were recorded extracellularly from the L4 ventral root with a suction
electrode, and an ipsilateral dorsal root was electrically stimulated
(10 V, 300 1ts duration, 90 s interval) with a suction electrode. Dose-
response curves for (2S,1'R,2'R,3'R)-2-(2,3-dicarboxycyclopropyl)-
glycine (DCG-IV) (0); baclofen (A); (2S,l'S,2'S)-2-(carboxy-
cyclopropyl)glycine (L-CCG-I) (L); L-2-amino-4-phosphonobutanoic
acid (L-AP4) (0) and (lS,3R)-l-aminocyclopentane-1,3-dicarboxylic
acid ((lS,3R)-ACPD) (V) on the reduction of the monosynaptic
component of spinal reflexes of the newborn rat (3 or 4-day-old).
Percentage inhibition of amplitudes of monosynaptic components of
spinal reflexes was plotted against the concentrations. Vertical bars
represent s.e.mean (n at least 4). *Concentrations which caused
depolarization of motoneurones. (b) Dose-response curves for bac-
lofen (A), L-CGG-I (U), DCG-IV (L), L-AP4 (0) and (1S,3R)-
ACPD (V) on the reduction of dorsal root potentials (DR-DRP).
Vertical bars represent s.e.mean (n at least 4). The potential changes
(DR-DRP) generated in the L4 dorsal root were recorded extracel-
lularly with a suction electrode when the ipsilateral L5 dorsal root or
an adjacent segment was electrically stimulated (10 V, 300 fts dura-
tion, 90 s interval) with a suction electrode. (i) control, (ii) DCG-IV
(1 JAM), (iii) baclofen (1 JM). *Concentrations which caused depolar-
ization of dorsal roots.

1- and 7-day-old rats, the value increased to about three
times with the lapse of days after birth in the case of DCG-
IV, L-CCG-I, (lS,3R)-ACPD and L-AP4, suggesting that
receptors sensitive to these amino acids decrease in number
or activity immediately after birth by developmental regula-
tion. However, it was not until the rat was at least 7 days old
that the sensitivity to baclofen was changed markedly.

Discussion

The interactions of glutamate with its various receptor sub-
types are not well understood with respect to their preference
for particular conformers of the neurotransmitter molecules.
(IS,3R)-ACPD and L-CCG-I, which have been established as
potent agonists for metabotropic glutamate receptors (Naka-
gawa et al., 1990; Ishida et al., 1990b; Shinozaki & Ishida,
1991; Hayashi et al., 1992;Krogsgaard-Larsen & Hansen,
1992; Schoepp et al., 1992), possess a glutamate skeleton in
their molecules which takes an extended form. Although the
active form of other agonists for metabotropic glutamate
receptors is not always known, it seems reasonable to assume
that one of the possible conformations for activating
metabotropic glutamate receptors is an extended form (Ishida
et al., 1990b). Both L-CCG-I and (lS,3R)-ACPD stimulate
phosphoinositide hydrolysis, and L-CCG-I reduces the aden-

mvlo-,
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Figure 7 Reduction of the evoked reflex responses derived from L5
ventral roots, which were induced by an electrical stimulation (10 V,
300 ps duration, 180s intervals) of the contralateral L5 dorsal root
(contralateral slow DR-VRP) of the newborn rat (3 or 4-day-old).
Left: Dose-response curves for baclofen (A), L-2-amino-4-phospho-
nobutanoic acid (L-AP4) (0) and (2S,l'R,2'R,3'R)-2-(2,3-dicarboxy-
cyclopropyl)glycine (DCG-IV) (0). Percentage inhibition of am-

plitudes of the contralateral slow DR-VRP was plotted against the
concentrations. (i) Control, contralateral slow DR-VRP; (ii) DCG-IV
(0.3 JiM); (iii) baclofen (0.1ItM).

ylcyclase activity one order of magnitude more effectively
than (lS,3R)-ACPD (Hayashi et al., 1992). DCG-IV pos-

sesses the L-glutamate skeleton of an extended form which is
quite similar to that of L-CCG-I, and DCG-IV does not

stimulate phosphoinositide formation unlike L-CCG-I, but
decreases forskolin-induced cyclic AMP formation as well as

L-CCG-I (Maruyama et al., unpublished observation). There-
fore, DCG-IV is expected to be an agonist for metabotropic
glutamate receptors, although there are some differences in
the neuropharmacological actions of L-CCG-I and DCG-IV.
The pharmacological profile of the recently cloned 'mGluR2'
glutamate receptors which is negatively coupled to adenyl
cyclase would be expected to be different from that of the
metabotropic glutamate receptor coupled to phospholipase
C. In the present study, DCG-IV did not cause any

depolarization of motoneurones except for that mediated by
NMDA receptors, while L-CCG-I and (lS,3R)-ACPD caused
a depolarization that was to some extent decreased by
4C3H-PG; but both reduced preferentially the monosynaptic
excitation of motoneurones at much lower concentrations
than the threshold concentration for depolarization. The
quisqualate-induced depolarization also consisted of various
components including a metabotropic one, which was quite
resistant to CPP and CNQX (Shinozaki et al., 1989b). Quis-
qualate stimulated the cloned 'mGluR2' glutamate receptor
expressed in Chinese hamster ovary cells less effectively than
trans-ACPD (Nakanishi, 1992). Therefore, it seems probable
that the depolarization caused by activating metabotropic
glutamate receptors is a consequence of the stimulation of
phosphoinositide hydrolysis in newborn rat spinal
motoneurones.
At present, there are a few glutamate-related compounds

such as DCG-IV that depress the monosynaptic excitation in
the nanomolar range which is much lower than the threshold
concentration for depolarization of motoneurones without
affecting depolarizing responses to excitatory amino acids.
Glutamic acid analogues which have been investigated in
neural systems share with their parent compound two centres
of negatively charged substituents and one with a positive
charge. These structural features are believed to be essential
for interaction of glutamic acid as an agonist with its neuro-

transmitter receptors. The structural homology of DCG-IV
and L-CCG-I with glutamic acid is particularly close, and
DCG-IV differs only by replacement of the hydrogen atom
with a carboxylic group moiety on the C3 position of
CCG, i.e. DCG-IV is one of the structural isomers of
3'-carboxylated CCG (see Figure 1). Attachment of the
(3'R)-methoxymethyl and benzyloxymethyl group to the C3

position of L-CCG-IV (a potent NMDA agonist) converted
the NMDA-like property into the non-NMDA type. (3'R)-
methoxymethyl and benzyloxymethyl CCG derivatives caused
kainate-like depolarization of the dorsal root fibre of new-
born rats, while the (3'S)-CCG derivative demonstrated
similar properties to parent compound, L-CCG-IV (Ishida et
al.,l991). It is of great interest that the NMDA-like
depolarizing activity of DCG-IV is less than that of L-CCG-
IV, and, in addition, that the ability to stimulate phos-
phoinositide hydrolysis is abolished by 3'R-carboxylation. In
passing, a tricarboxylic amino acid, L-4-carboxyglutamic acid
(0.1 mM), reduced the monosynaptic component of ipsilateral
DR-VRP in a similar manner to DCG-IV without reducing
the polysynaptic discharges or causing postsynaptic depolar-
ization, although the threshold concentration was markedly
higher than that of DCG-IV (unpublished observation). This
does not exclude the possibility that three centres of
negatively charged substituents may be effective for activa-
tion of metabotropic glutamate receptors. In any case,
C3-substituted CCG compounds would provide useful in-
formation about the physiological function of excitatory
amino acids.
The structural homology of DCG-IV with L-AP4 is not

particularly close, but DCG-IV certainly stimulates L-AP4
receptors; a pharmacology based on antagonists for the
L-AP4 receptor does not yet exist, and few known structural
analogues of excitatory amino acids mimic the activity and
potency of L-AP4, although recently some conformationally
restricted cyclic analogues of L-AP4 have been synthesized
(Koerner & Johnson, 1992). The L-AP4 receptor, like
metabotropic glutamate receptors, operates via a second
messenger system, but the most likely second messenger for
the ON-bipolar cell L-AP4 receptor is cyclic GMP (Nawy &
Jahr, 1990; Schiells & Falk, 1990). This fact, and the circum-
stance that known L-AP4 receptors and metabotropic
glutamate receptors are pharmacologically and functionally
distinct, justifies placing them in separate subclasses (Koerner
& Johnson, 1992). In the present study, there were differences
in the neuropharmacological actions of DCG-IV and L-AP4.
DCG-IV completely reduced the DR-VRP monosynaptic
component at the nanomolar range, but both monosynaptic
excitation and polysynaptic discharges still occurred but at
lower amplitudes in the presence of higher concentrations of
L-AP4. Furthermore, in the case of the contralateral slow
DR-VRP, L-AP4 attenuated it more effectively than DCG-IV,
contrary to the case of the monosynaptic component of the
ipsilateral DR-VRP, suggesting a difference in the dis-
tribution of their receptors.

It has been suggested that monosynaptic transmission of
motoneurones may be mediated through non-NMDA recep-
tors (Jahr & Yoshioka, 1986). Since DCG-IV did not affect
the depolarizing responses to excitatory agonists for ionotropic
glutamate receptors, the reduction of the DR-VRP mono-
synaptic component caused by DCG-IV would be expected
to be a result of activation of presynaptic events, in addition,
this is not due to activation of presynaptic ionotropic
glutamate receptors, namely AMPA, kainate and NMDA
receptors. Metabotropic glutamate receptors seem to regulate
transmitter release in the hippocampus and other sites (Bas-
kys & Malenka, 1991; Lovinger, 1991; Sunter et al., 1991). In
the present study, it is suggested that DCG-IV and L-CCG-I
act on presynaptic terminals of primary afferent fibres
directly or through activation of interneurones to decrease
transmitter release, although their effective concentrations are
considerably different. In the TTX-free ACSF, the baseline of
the potential derived from the ventral root fluctuated con-
siderably. The baseline fluctuation is due to spontaneous
discharges through the release of neurotransmitters from
nerve terminals. The fact that fluctuation of the baseline was
abolished by L-CCG-I, L-AP4 and DCG-IV, could be
explained by their block of transmitter release. On the other
hand, (lS,3R)-ACPD did not reduce the fluctuation but
rather enlarged it to increase excitability of motoneurones.

I I I
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These results may differentiate their pharmacological proper-
ties to some extent.
The metabotropic glutamate receptors seem to be de-

creased in number or sensitivity due to developmental regula-
tion with the lapse of days after birth (Nicolleti et al.,1986;
Palmer et al., 1990; Baskys & Malenka, 1991); therefore, the
question remains as to whether the actions of DCG-IV and
L-CCG-I are not common to those of the adult rats. How-
ever, when DCG-IV and L-CCG-I were given intraven-
tricularly to the adult rat at a dose of 5-10 nmol or
50-600 nmol, respectively, both compounds caused marked
sedation in rats, although there was a difference in the course
of the development of sedation between L-CCG-I and
DCG-IV. DCG-IV often caused a sedative effect after an
excitatory stage in which the rat sometimes jumped abruptly
or extended the hind limb convulsively. When 100 nmol of

DCG-IV was administered intraventrically to the rat, the rat
died from inhibition of respiration within about 10 min,
while 600 nmol of L-CCG-I caused only marked reduction of
muscle tone in the whole body, and this condition continued
for more than 1 h. These results suggest that DCG-IV and
L-CCG-I are still active even in adult rats, although receptors
for DCG-IV and L-CCG-I may decrease in number or
activity after birth. DCG-IV is expected to provide further
useful information on the physiological function of metabo-
tropic glutamate receptors.
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