British Journal of Pharmacology (2003) 139, 1523-1531

© 2003 Nature Publishing Group Al rights reserved 0007-1188/03 $25.00 @

www.nature.com/bjp

Phenylglycine derivatives as antagonists of group III metabotropic
glutamate receptors expressed on neonatal rat primary afferent
terminals

'Jacqueline C. Miller, "Patrick A. Howson, 'Stuart J. Conway, 'Richard V. Williams,
’Barry P. Clark & *'David E. Jane

"Department of Pharmacology, School of Medical Sciences, Bristol BS§ 1TD and 2Eli Lilly and Co., Erl Wood Manor,
Windlesham, Surrey GU20 6PH

Keywords:

Abbreviations:

1 Three novel phenylglycine analogues; (RS)-a-methyl-3-chloro-4-phosphonophenylglycine
(UBP1110), (RS)-a-methyl-3-methoxy-4-phosphonophenylglycine (UBP1111) and (RS)-o-methyl-3-
methyl-4-phosphonophenylglycine (UBP1112) antagonised the depression of the fast component of
the dorsal root-evoked ventral root potential induced by (S)-AP4 with apparent Kp values of:
7.4+42.3,5440.6 and 5.14+0.3 um (all n=3), respectively.

2 A Schild analysis of the antagonism of (S)-AP4 induced depression of synaptic transmission by
UBP1112 revealed a pA, value of 5.3 and a slope of 0.81+0.26 (n=9).

3 None of the phenylglycines tested were potent antagonists of responses mediated by group II mGlu
receptors (apparent K, values >480 uM). UBP1112 when tested at a concentration of 1 mm had little
or no activity on (5)-3,5-DHPG-, NMDA-, AMPA- or kainate-induced responses on motoneurones.
4 UBPI1110, UBPI111 and UBP1112 are at least 100-fold selective for group III over group I and II
mGlu receptors expressed in the spinal cord making them the most potent, selective, antagonists yet
tested at (S)-AP4 sensitive receptors in the spinal cord.
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(18,35)-ACPD, (1S5,35)-1-aminocyclopentane-1,3-dicarboxylic acid; ACPT-I, (1S,3R,4S5)-1-aminocyclopentane-
1,2,4-tricarboxylic acid; (S)-AP4, (S)-2-amino-4-phosphonobutanoic acid; (2R,4R)-APDC, (2R,4R)-4-aminopyr-
rolidine-2,4-dicarboxylic acid; CPPG, (RS)-a-cyclopropyl-4-phosphonophenylglycine; (S)-3,5-DHPG, (S)-3,5-
dihydroxyphenylglycine; fDR-VRP, fast component of the dorsal root-evoked ventral root potential;
HomoAMPA, (S)-2-amino-4-(3-hydroxy-5-methylisoxazol-4-yl)butyric acid; LY341495, (25,1’S,2’S)-2-(2-car-
boxycyclopropyl)-2-(9 H-xanthen-9-yl)glycine; MCPG, (S)-a-methyl-4-carboxyphenylglycine; MPPG, (RS)-a-

methyl-4-phosphonophenylglycine;

(RS)-o-methyl-3-methoxy-4-phosphonophenylglycine;
(RS)-a-cyclopropyl-3-methoxy-4-phosphonophenylglycine;

glycine; UBPI1113,
methyl-4-phosphonophenylglycine

UBP1110, (RS)-z-methyl-3-chloro-4-phosphonophenylglycine;

UBPI1111,
UBP1112, (RS)-a-methyl-3-methyl-4-phosphonophenyl-
UBPI1130, (RS)-a-methyl-2-

Introduction

Glutamate is the major excitatory neurotransmitter in the
mammalian central nervous system (CNS). The actions of
glutamate are mediated by two main groups of receptors,
ionotropic glutamate (iGlu) receptors are responsible for
mediating fast excitatory transmission, while metabotropic
glutamate (mGlu) receptors are thought to play a modulatory
role in synaptic transmission (for reviews, see Cartmell &
Schoepp, 2000; Schoepp, 2001).

To date, molecular cloning studies have identified eight
mGlu receptor subtypes (Conn & Pin, 1997; Schoepp et al.,
1999) which are subdivided into three groups according to
their sequence homology, pharmacology and signal transduc-
tion mechanism.

Group I mGlu receptors (mGlul and mGlu5) are selectively
activated by (S)-3,5-dihydroxyphenylglycine ((S)-3,5-DHPG)
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resulting in an increase in phosphoinositide hydrolysis
and a rise in intracellular calcium levels. Group II mGlu
receptors (mGlu2 and mGlu3) are selectively activated
by (2R,4R)-4-aminopyrrolidine-2,4-dicarboxylate ((2R,4R)-
APDC) and (18,35)-1-aminocyclopentane-1,3-dicarboxylate
((1S,35)-ACPD). Group III mGlu receptors (mGlu4, 6-8) are
selectively activated by (S)-2-amino-4-phosphonobutanoate
((S)-AP4). Group II and III mGlu receptors are negatively
coupled to adenylyl cyclase, which causes a decrease in
cAMP levels (Conn & Pin, 1997; Schoepp et al., 1999). In
the neonatal rat spinal cord preparation, it has been
shown that activation of either group II or III mGlu receptors
reduces the fast component of the dorsal root-evoked
ventral root potential (fDR-VRP) likely via attenuation
of glutamate release (Watkins & Collingridge, 1994).
This autoreceptor function of presynaptically located
group II or III mGlu receptors has also been reported
in other areas of the CNS (Cartmell & Schoepp, 2000;
Schoepp, 2001).
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To date, very few potent selective group III mGlu receptor
antagonists have been identified (for a review, see Schoepp
et al., 1999). The therapeutic potential of group III mGlu
receptor agonists has received some interest as such com-
pounds have been identified as inhibitors of sound-induced
seizures (Chapman et al., 1999; Moldrich et al., 2001).
Additionally, selective activation of group III mGlu receptors
has been shown to be neuroprotective (Gasparini et al., 1999;
Mills et al., 2002). Group III mGlu receptors are also believed
to play a role in the serotonin model of schizophrenia
(Aghajanian & Marek, 2000). The therapeutic potential of
group III mGlu receptor antagonists is not yet clear, but
despite this they will be useful pharmacological tools for
identifying the physiological roles of group I1I mGlu receptors.

We have previously synthesised a range of phenylglycine
analogues among which (RS)-z-methyl-4-phosphonophenyl-
glycine (MPPG) and (RS)-a-cyclopropyl-4-phosphonophenyl-
glycine (CPPG) were 12- and 30-fold selective, respectively, as
antagonists of group III over group II mGlu receptors
expressed on primary afferent terminals in the neonatal rat
spinal cord (Jane et al., 1995; 1996). These phenylglycines were
obtained as a result of modification of the first compound
reported to antagonise group III mGlu receptor agonist-
induced  responses,  (S)-a-methyl-4-carboxyphenylglycine
(MCPG, Pook et al., 1993; Kemp et al., 1994). The main
aim of the present study was to examine five new phenylglycine
derivatives based on the structures of MCPG, MPPG and
CPPG, as antagonists of group III mGlu receptors expressed
on primary afferent terminals. To assess selectivity, the most
potent of the group III mGlu receptor antagonists were then
tested on group II mGlu receptors present on primary afferent
terminals and group I mGlu and iGlu receptor subtypes
expressed on motoneurones.

As a result of this structure—activity study, a profile of the
important structural features required for phenylglycines to
interact selectively at native group III mGlu receptors was
produced.

The five new phenylglycine derivatives were (RS)-o-
methyl-3-chloro-4-phosphonophenylglycine (UBP1110), (RS)-
a-methyl-3-methoxy-4-phosphonophenylglycine  (UBP1111),
(RS)-a-methyl-3-methyl-4-phosphonophenylglycine (UBP1112),
(RS)-o-methyl-2-methyl-4-phosphonophenylglycine (UBP1130)
and (RS)-a-cyclopropyl-3-methoxy-4-phosphonophenylglycine
(UBP1113) (Figure 1).

Preliminary reports of this work have been published (Miller
et al., 2000; Conway et al., 2001).

Methods

All experiments were performed on isolated hemisected spinal
cords of 1-4-day-old Wistar rats of either sex according to
published methods (Evans et al., 1982; Howson & Jane, 2003).
Briefly, recordings were made from ventral roots after
electrical stimulation of the corresponding dorsal root (30V
(16 x threshold), 2pulsesmin™', 0.2ms pulse width). This
supramaximal stimulation procedure ensures the recruitment
of large diameter fibres in the lumbar dorsal roots and gives
consistent reflex responses from the ventral roots in healthy
preparations (Bagust, 1993). The standard superfusion med-
ium contained: (mM) NaCl, 118; NaHCO;, 25; KCl, 3; CaCl,,
2.5; p-glucose, 12; gassed with 5% CO,/95% O,. To isolate the

CHj3 CHs3
H,N CO,H HoN CO,H H,N COH
CO.H PO3H, POsH,
MCPG MPPG CPPG
CHs CHs
H,N < - COzH HoN~) - COH  HN CO,H
CHy
R OMe
POgH, PO4H, POgH,
R=Cl, UBP1110 UBP1130 UBP1113
R= OCH,, UBP1111
R=CH;, UBP1112

Figure 1 Structures of MCPG, MPPG and CPPG and five new
analogues: UBP1110, UBP1111, UBP1112, UBP1130 and UBP1113.

fast, non-N-methyl-pD-aspartate (non-NMDA) component of
the fDR-VRP, potentials were recorded in the presence of
2mM MgSO, and 50 um (R)-2-amino-5-phosphonopentanoate
((R)-AP5). Medium with and without drug additions was
superfused over the cord at a rate of Imlmin~'. After
obtaining a control fDR-VRP, the standard solution was
changed to an identical one containing the agonist for 5min.
Averages of the peak amplitudes of two consecutive responses
in the absence of the agonist and when the minimum response
size was achieved after agonist application were used to
calculate the percent depression of the fDR-VRP. Data for
analysis both in control conditions and in the presence of
agonists and antagonists were taken at a time when the fDR-
VRP amplitude was at a steady state. Concentrations of
agonist were applied that produced depressions of the fDR-
VRP ranging from 5 to 80% of the control. The novel
phenylglycines were tested for their ability to antagonise either
group III ((S)-AP4) or group II ((15,35)-ACPD or (2R,4R)-
APDC) mGlu receptor agonist-induced depressions of the
fDR-VRP. UBP1112 (30 um) was also applied for Smin to the
spinal cord in the absence of MgSO,/(R)-AP5 and any effect
on either the fast or slow component of the fDR-VRP noted.

In cases where antagonist potency on group III mGlu
receptors was low, a single concentration of antagonist was
applied and observed for its ability to antagonise a single
agonist-induced response on the fDR-VRP (experiments were
performed on three independent preparations and results were
expressed as a percentage antagonism). The agonist-induced
depression of the fDR-VRP was again measured after a 30 min
washout period to assess recovery from antagonism.

Where little or no antagonist action of a compound was
observed when tested at a high concentration (50—100 um)
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against group III mGlu receptor agonist-induced responses, no
further characterisation of the antagonist action on group II
mGlu receptors was carried out. If, however, after an initial
screen, an antagonist appeared to be a potent antagonist at
group III mGlu receptors concentration—response curves to
(S)-AP4 and either (15,35)-ACPD or (2R.4R)-APDC (to
assess selectivity) were constructed in the absence and presence
of the novel antagonist and an apparent Ky value obtained.
Concentration—response curves to (S)-AP4 were constructed
in the absence and presence of different concentrations of
UBP1112 and Schild’s plots constructed.

Further experiments were carried out to determine any
antagonist effects of the most potent and selective group III
mGlu receptor antagonists, UBP1110 and UBP1112 on group
I mGlu receptors or iGlu receptor subtypes expressed on
motoneurones. These experiments were conducted in standard
medium (excluding Mg>*/(R)-AP5) that contained tetrodo-
toxin (TTX; 10um for 2min, then 0.1 um continuously).
NMDA, kainate, (S)-2-amino-3-(3-hydroxy-5-methylisoxazol-
4-yl)propionic acid (AMPA) and the selective group I mGlu
receptor agonist (S)-3,5-DHPG were applied for Imin at
concentrations that produced equi-effective depolarisations.
The peak amplitude of agonist-induced depolarisation of
motoneurones was measured from d.c. shifts in ventral root
polarity after agonist application. Either 1 mm UBP1110 or
UBP1112 was then applied (15min preincubation) and the
ability of the antagonist to reduce the peak amplitude of the
agonist-induced responses measured. The antagonist was then
washed out for 30min and the agonists reapplied to assess
recovery from antagonism.

Materials

UBP1110, UBP1111, UBP1112, UBP1130 and UBP1113 were
synthesised in our laboratories using a previously published
protocol (Conway et al., 2001). NMDA, AMPA, kainate, (5)-
AP4, (15,35)-ACPD, (2R, 4R)-APDC, (95)-3,5-DHPG, (R)-
AP5 and TTX were obtained from Tocris Cookson Ltd,
Avonmouth, Bristol, U.K. All other chemicals were of
analytical grade or above.

Novel phenylglycines were made as 100 mm stock solutions
dissolved in one equivalent of 100mm aqueous sodium
hydroxide. Stock solutions were then stored at —20°C.

Data analysis

Concentration—response curves were analysed by iterative
nonlinear regression (GraphPAD Prism). Apparent Ky values
for antagonists were obtained using the Gaddum-—Schild
equation, Kp=[Antagonist]/DR-1, where for this study the
dose ratio (DR) is defined as the ECs, in the presence of the
antagonist divided by the ECs, in the absence of the
antagonist. The Kp values obtained are from at least three
independent experiments and are given as meansz+s.e.m.
Where Schild’s plots were constructed, pA, values were
obtained. Paired, two-tailed, Student’s r-tests were used to
assess significance of data.

Results

Four of the antagonists tested UBP1110 (20 um), UBP1111
(10 um), UBP1112 (15 um) and UBP1130 (200 um) antagonised

(S)-AP4-induced depressions of the fast component of excita-
tion of neonatal rat motoneurones without affecting the
fDR-VRP in the absence of the agonist (for a typical trace
and a time course of the antagonist effect of UBP1111, see
Figures 2b and 3b). In contrast, UBP1113 showed no
antagonism of (S)-AP4-induced depressions at a concentration
of 50 um. UBP1112 (30 um) was also observed to have no effect
on either the fast or slow components of the fDR-VRP when
applied alone in the absence of MgSO,/(R)-APS5 containing
medium.

The concentration—response curves obtained in the
absence and presence of the antagonists showed that
UBP1110, UBP1111 and UBP1112 were almost equipotent
antagonists against (S)-AP4-induced depressions of the
fDR-VRP. These three antagonists produced parallel,
rightward shifts of the concentration—response curve to
(S)-AP4 that, upon analysis, gave apparent Kp values of
74423 (n=6), 54406 (n=3) and 5.1+03 (n=3)um,
respectively (Figure 4a—c, number of independent determina-
tions in parentheses). Schild’s analysis of the antagonist effect
of UBP1112 on (S)-AP4-induced depression of the fDR-VRP
revealed a pA, value of 5.3 and a slope of 0.81+0.26 (n=9)
(see Figure 4e).

1 mM UBPI111

a
—————1
| | |
C R C R C R
N : 3 M (2R,4R)-APDC Application (5 min)

4my

50 msec

10 uM UBP1111

bk e b

N : | uM (S5)-AP4 Application (5 min)

Figure 2 (a) Typical trace showing that (2R,4R)-APDC (3 um)
depressed the fDR-VRP by 58 and 22% in the absence and presence,
respectively, of 1 mm UBPL1111. (b) Typical trace showing that (S)-
AP4 (1 um) depressed the fDR-VRP by 52 and 32% in the absence
and presence, respectively, of 10 um UBPI1111. The experiments
were performed in Mg®*/(R)-AP5-containing medium. Control
depressions of the fDR-VRP were achieved prior to application of
antagonist, which was then superfused over the preparation for
15 min before the application of the same concentration of agonist.
The reversal of the depressant effects of the agonists can clearly be
seen for the antagonist. Recovery of the original response was
achieved after a 30 min washout of the antagonist. C, control; R,
recovery. Note that the fDR-VRP did not change in amplitude in
the presence of UBP1111. Similar results were obtained for all of the
novel antagonists.

British Journal of Pharmacology vol 139 (8)
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Figure 3 Time course analysis showing the recovery of the fDR-
VRP with time. (a) 3 um (2R, 4R)-APDC produced approximately a
50% reduction in the fDR-VRP. This depression was attenuated in
the presence of 1 mm UBP1111. Recovery of the original response
occurred within 30 min of washout of UBPI111. (b) 3 um (S)-AP4
produced approximately a 50% reduction in the fDR-VRP. This
was attenuated in the presence of 10 um UBP1111. Recovery of the
original response occurred within 30 min of washout of UBP1111.
Similar results were obtained for all of the novel antagonists.

In contrast to the compounds described above, UBP1130
did not prove to be a potent group III mGlu receptor
antagonist. UBP1130 (200 um) also produced a parallel
rightward shift in the concentration—response curve to (S)-
AP4 allowing an apparent Kp value of 179+48 um (n=3,
Figure 4d) to be calculated. Due to the low antagonist potency
of UBP1130 against group III mGlu receptors, the activity of
this compound at group II mGlu receptors was not examined.

The three most potent group III mGlu receptor antagonists,
UBPI1110, UBP1111 and UBPI1112, were also examined for
antagonist effects at group II mGlu receptors (for a typical
trace and a time course of the antagonist effect of UBP1111 on
(2R,4R)-APDC-induced depression of the fDR-VRP, see
Figures 2a and 3a). In the case of UBP1110 (1 mwm),
concentration—response curves to (15,3S)-ACPD were shifted
to the right in a parallel fashion allowing an apparent Kp, of
7374121 um (n =3, Figure 5a) to be calculated. Due to the low
potency of UBPI1111 at group II mGlu receptors, a percent
antagonism of (2R,4R)-APDC-induced depression of the fDR-
VRP was calculated rather than a Kp. Using this method, it

was shown that at 1mm UBPI111 produced a 51.3+0.5%
antagonism (n=3) of the depression of the fDR-VRP
produced by 3um (2R,4R)-APDC. In the presence of 1 mm
UBP1112, the concentration—response curve to (2R,4R)-
APDC underwent a parallel, rightward shift allowing an
apparent Kp of 488 +90 um (n =4, Figure 5b) to be calculated.

Thus, UBP1110, UBP1111 and UBP1112 are 100-, ~185-
and 96-fold selective, respectively, for group III over group II
mGlu receptors expressed on primary afferent terminals (see
Table 1).

The 3-methoxy analogue of CPPG, UBP1113 (50 um) did
not produce a rightward shift in the (S)-AP4 concentration—
response curve and was therefore not examined further. A
summary of the activity of the novel phenylglycine analogues
and the reference compound MPPG on group II and III mGlu
receptors is given in Table 1.

It was necessary to establish the selectivity of the most
potent and selective group III mGlu receptor antagonists with
respect to iGlu and mGlul and mGlu$ receptors expressed on
spinal motoneurones. Using spinal cords perfused with TTX,
depolarisations of motoneurones were produced by applica-
tion of equieffective concentrations of (S)-3,5-DHPG (acti-
vates both mGlul and mGlu5), NMDA, AMPA and kainate.
When the agonists were reapplied in the presence of 1 mm
UBP1110, the responses to NMDA, AMPA and kainate were
unaffected at 10846, 100+ 6 and 1034-2% of control values
(Figure 6a, n=3). UBP1110 at a concentration of 1 mm did
produce a slight reduction in the amplitude of the (S)-3,5-
DHPG-induced depolarisation of 14+1% of control
(P=0.003, paired #-test, n=3). Similar results were obtained
when 1 mMm UBP1112 was used as the antagonist instead of
UBP1110. In the presence of 1 mmM UBP1112, the responses,
expressed as a % of the control, were: AMPA: 73+4%;
NMDA: 122+15%; kainate: 112+14% and (S)-3,5-DHPG:
86+8% (all =3, Figure 6b). Upon analysis, only the
reduction in the AMPA amplitude was significant (P =0.008,
paired -test). Neither UBP1110 nor UBP1112 had depolaris-
ing or depressant effects when applied alone.

Discussion

We have previously reported that a series of a-substituted 4-
phosphonophenylglycine and a-substituted (S)-AP4 analogues
are selective antagonists of group III mGlu receptors expressed
in the spinal cord (Jane et al., 1994; 1995; 1996; Thomas et al.,
1996). Of the compounds reported so far, the most potent
group III mGlu receptor antagonists were MPPG and CPPG;
however, these compounds were only 10- and 30-fold selective,
respectively, for group III over group II mGlu receptors. As
part of a project aimed at the design of more selective group I11
mGlu receptor antagonists, we have synthesised a range of
MPPG and CPPG derivatives with substituents on the phenyl
ring (for structures, see Figure 1). The novel antagonists were
tested on the neonatal rat spinal cord where a range of mGlu
and iGlu receptor subtypes are expressed (Watkins & Evans,
1981; Tolle et al., 1993; Schoepp et al., 1999; Miller et al., 2001;
Stegenga & Kalb, 2001). Three of the novel MPPG derivatives
tested in this study, UBP1110, UBP1111 and UBP1112, have
been found to be slightly more potent than the parent
compound and approximately 100-fold selective for group
III over group II mGlu receptors expressed in the spinal cord.

British Journal of Pharmacology vol 139 (8)
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Figure 4 Concentration—respone curves for the depression of the fDR-VRP in neonatal rat motoneurones by (S)-AP4 and the
antagonism of the (S)-AP4 depression by (a) 20 um UBP1110 (n=3), (b) 10 um UBP1111 (n=6), (c) 15uM UBP1112 (n=3) and (d)
200 um UBP1130 (n=3). Each point represents the mean depression+s.e.m. from at least three independent preparations. (e)
Schild’s analysis of the antagonism of (S)-AP4-induced responses by UBP1112.

In addition, UBP1110 and UBP1112 displayed weak or no
significant activity at group I mGlu receptors or iGlu
receptors expressed in the spinal cord. In agreement with
the antagonist action observed in this study, UBP1111 has
also been shown to antagonise mGlu8 receptors in the
lateral perforant path synapse of the rat hippocampus (Ayman
et al., 2001).

Group III mGlu receptors expressed in the neonatal rat
spinal cord

Although (S)-AP4 is selective for group III vs groups I and II,
it is an agonist at all four mGlu receptor subtypes within group
III. The rank order of agonist potency determined on cloned
mGlu receptors is mGlu6 = mGlu8 >mGlu4>mGIlu7 (for a
review, see Schoepp et al., 1999). One of the group III mGlu
receptors thought to be mediating the (S)-AP4-induced
depression of the fDR-VRP in the spinal cord is mGlu8
(Thomas et al., 2001; Howson & Jane, 2003). Evidence for the
contribution of mGlu8 receptors to the depression of the fDR-
VRP comes from the observation that the high-potency
component of the biphasic (S)-3,4-dicarboxyphenylglycine

((S)-3,4-DCPG) concentration—response curve is mGlu§
receptor mediated (Thomas et al, 2001). In addition,
immunohistochemical studies have confirmed the expression
of mGlu8 receptors in lamina IX (contains synapses of
primary afferent terminals with motoneurones) of a lumbar
section of the neonatal rat spinal cord (Miller et al., 2001).
Therefore, the mGlu8 receptor is present in the neonatal rat
spinal cord and mediates a depression of the fDR-VRP.
Depression of the fDR-VRP in the spinal cord may also be
mediated by mGlu7, as immunogold labelling has identified
this receptor on primary afferent terminals in the rat spinal
cord (Ohishi et al., 1995). However, depression of synaptic
transmission via this receptor is unlikely to occur on
application of (S)-AP4 or (S)-3,4-DCPG due to the low
potency of these agonists at the mGlu7 receptor (ECs, value
175439 um (cAMP assay) and K; value 211443 um (for
displacement of [PH]LY341495 ((2S,1’S,2’S)-2-(2-carboxycy-
clopropyl)-2-(9 H-xanthen-9-yl)glycine) binding) for (S)-AP4
on cloned human mGlu7 receptors) (Wright et al., 2000;
Thomas et al., 2001). Indeed, the fDR-VRP can be completely
abolished at low micromolar concentrations of (S)-AP4
(~10um), and therefore mGlu7 receptors would not be

British Journal of Pharmacology vol 139 (8)
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Figure 5 Concentratison—response curves for the depression of the
fDR-VRP in neonatal rat motoneurones by group II mGlu receptor
agonists. (a) (15,35)-ACPD and the antagonism of the (1S.35)-
ACPD-induced depression by 1 mm UBP1110. Each point represents
the mean depression+s.e.m. from three independent preparations.
(b) 2R4R)-APDC and the antagonism of the (2R,4R)-APDC-
induced depression by 1 mm UBPI1112. Each point represents the
mean depression +s.e.m. from four independent preparations.

expected to make a significant contribution to this effect.
However, the mGlu7 receptor may be activated by the higher
concentrations of (S)-AP4 used when constructing concentra-
tion—response curves in the presence of the antagonists used in
this study. The mGlu4 receptor may also mediate (S)-AP4-
induced depression of the fDR-VRP, as the mGlu4 receptor
has been shown to be expressed in the adult rat spinal cord
using immunohistochemical methods (Azkue et al., 2001).
However, pharmacological evidence suggests that this is
unlikely (Schoepp et al., 1999). Indeed, the depression of the
fDR-VRP by the agonist (1S,3R,4S5)-1-aminocyclopentane-
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Figure 6 (a) A trace from a typical experiment showing that 1 mm
UBP1112 showed little or no significant antagonist effects against
NMDA, AMPA, kainate or (S)-3,5-DHPG-induced depolarisations
of neonatal rat motoneurones: a(i) in the absence of antagonist; a(ii)
in the presence of 1 mm UBP1112 (15 min preincubation); a(iii) after
a 30 min washout of UBP1112. (b) A trace from a typical experiment
showing that 1mm UBPI110 showed little or no significant
antagonist effects against NMDA, AMPA, kainate or (S)-3,5-
DHPG-induced depolarisations of neonatal rat motoneurones: b(i)
in the absence of antagonist; b(ii) in the presence of 1 mm UBP1110
(15 min preincubation); b(iii) after a 30 min washout of UBP1110. It
is worth noting that neither UBP1110 nor UBP1112 (1 mm) had
depolarising or depressant effects when applied alone.

1,2,4-tricarboxylic acid (ACPT-I), which is equipotent at
mGlu8 and mGlu4 receptors (De Colle et al., 2000), can be
completely blocked by low nanomolar concentrations of
LY341495 (LY341495 is >400 selective for mGlu8 over
mGlu4, see Howson & Jane, 2002; 2003) strongly suggesting
that mGlu8 but not mGlu4 receptors are mediating the
depressant effects of ACPT-1. The mGlu6 receptor is unlikely
to be present in the spinal cord, as it is thought to be located
solely in the retina (Nakajima et al., 1993). In addition, there is
pharmacological evidence to suggest that mGlu6 receptor
activation does not mediate depression of the fDR-VRP,
as it has been shown that 100 um (S)-2-amino-4-(3-hydroxy-
S-methylisoxazol-4-yl)butyric acid (HomoAMPA), a selective
mGlu6 receptor agonist (Ahmadian et al,, 1997), does
not depress the fDR-VRP (Miller and Jane, unpublished
observation).

Table 1 Apparent Kp, values for antagonism by MPPG, CPPG, UBP1110, UBP1111, UBP1112, UBP1130 and UBP1113
of group II or group III mGlu receptor-mediated depression of the fDR-VRP

Compound Group 11 Group 11 Group 111 Selectivity
(18,3S)-ACPD (2R4R)-APDC (S)-AP4 Grp I vs Grp 11

UBPI110 737+121 (3) — 7.44+2.3(3) 100

UBPI111 — 51.34+0.5 (3)* 5.440.6 (6) ~185

UBP1112 — 488+90 (4) 5.1+0.3 (3) 96

UBPI1130 — — 179+48 (3)

UBPI113 — — NE (3)°

MPPG 113413 (3)° — 9.24+0.3 (9)° 12

CPPG 53 1.7 31

Values represent mean apparent Kp’s in uMm +s.e.m. (number of determinations given in parentheses) unless otherwise stated. *%
antagonism of (2R,4R)-APDC at 3 um. See text for details. "NE =no effect at 50 um. “Reference compound values taken from Jane et al.

(1995).
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The above observations suggest that it is likely that in
this study the activity of the new phenylglycines derivatives
on group III mGlu receptors has been determined predomi-
nantly on a native mGlu8 receptor-mediated effect.
However, Schild’s analysis of the antagonism of (S)-AP4
induced depression of the fDR-VRP by UBPI1112 gave
a slope of less than 1. It is likely that the reason for this
is that at the highest concentration of the antagonist
tested (30 um), high concentrations of (S)-AP4 had to be used
in order to overcome the antagonist. At these higher
concentrations, (S)-AP4 may be activating mGlu7 as
well as mGlu8 and differential effects of the antagonist
UBP1112 on these two receptors may explain the Schild
slope of less than unity. We have previously observed
a similar effect on Schild’s analysis of antagonism of
(S)-AP4 by the known competitive antagonist LY341495
(Howson & Jane, 2003).

Structural features required for selective antagonism of
group III mGlu receptors

From the results we have presented here, we are able to
propose a number of structural features that are required for
optimal antagonist activity at group III mGlu receptors
present on neonatal rat primary afferent terminals:

A terminal phosphono group confers selective activity
for native group III over group I mGlu receptors In
previous studies, MPPG and CPPG (Jane et al., 1995; 1996)
were reported to possess little or no antagonist action
at group I mGlu receptors. In this study, UBP1110 and
UBP1112 have been shown to have little or no antagonist
action at group I mGlu receptors expressed on neonatal rat
motoneurones.

Substitution at the 3-position of the phenyl ring of
MPPG favours antagonist activity at native group III
mGlu receptors Group III mGlu receptor antagonist
activity is independent of the electronic effects of the
substituent, as apparent Kp values for the 3-chloro-
(UBP1110) (electron withdrawing) and the 3-methyl-
(UBP1112) (electron donating) substituted phenylglycines
were similar.

Native group III mGlu receptor-binding site can accom-
modate substituents at least as large as methoxy at the 3-
position of the phenyl ring of MPPG  This is illustrated by
the potent antagonist activity of UBP1111 on group III mGlu
receptors on primary afferent terminals.

Substitution at the 3-position of the phenyl ring of MPPG
reduces antagonist activity at group II mGlu recep-
tors We have found that UBP1111 (with a methoxy group
at the 3-position) UBP1110 (with a chloro group at the 3-
position) and UBP1112 (with a methyl group at the 3-position)
are approximately 100-fold selective for group III over group
II mGlu receptors. However, MPPG, which has no substitu-
tion at the 3-position of the phenyl ring is only approximately
10-fold selective for group III over group II mGlu receptors
(Jane et al., 1995). This effect is most likely to be due to the
steric bulk of the substituent at the 3-position of MPPG being

well tolerated by group III but not by group II mGlu
receptors.

Substitution at the 2-position of the phenyl ring of MPPG
reduces the antagonist potency at native group III1 mGlu
receptors UBPI1130 is approximately 20-fold less potent
than MPPG. The only structural difference between the two
compounds is a methyl substitution at the 2-position of the
phenyl ring. A possible reason why substitution at the 2-
position is not tolerated is that a change in the preferred
conformation of the compound occurs as a result of
interaction between the substituents on the alanine side chain
and the 2-methyl group on the phenyl ring (see Conway et al.,
2001).

It is likely that only the S enantiomers of the above
compounds have activity at mGlu receptors, as the S
enantiomer of MCPG was a group I, IT and III mGlu receptor
antagonist, while the R isomer was inactive (Kemp et al.,
1994; Schoepp et al., 1999). Thus, once the S enantiomers
of UBP1110, UBPI1111 and UBP1112 have been synthesised
and tested they are likely to be twice as potent as the
racemates.

A surprising result was the lack of activity of the o-
cyclopropyl analogue, UBP1113. One explanation for this is
that CPPG and MPPG have different preferred orientations of
the glycine unit relative to the phenyl ring. Therefore, the 3-
methoxy substituent in UBP1113 may probe excluded space in
the receptor-binding site. When energy minimised conforma-
tions of UBP1111 and UBP1113 were overlaid, it could clearly
be seen that the two phenyl rings of the compounds are
perpendicular to each other supporting the above theory
(Conway et al., 2001).

None of the novel phenylglycines had any effect on the
fDR-VRP when applied in the absence of the group II or
group III mGlu receptor agonists (for an example, see
Figure 2a and b). This is likely due to the supramaximal
stimulation protocol being used in these experiments,
which obscures any enhancement of the EPSP generated
as a result of blocking presynaptic mGluRs and thereby
enhancing glutamate release. Indeed, when recordings of
whole-cell synaptic responses elicited by electrical stimula-
tion of dorsal roots were made from motoneurones, it
was observed that excitatory postsynaptic currents were
enhanced in the presence of (S)-a-methyl-AP4 (MAP4), a
selective group III mGlu receptor antagonist (Jane et al., 1994;
Cao et al, 1997). This observation is consistent with the
proposal that activation of group III mGlu receptors on
primary afferent terminals depresses synaptic transmission
(Cao et al., 1997).

Conclusion

We have discussed pharmacological and immunohisto-
chemical evidence suggesting that mGlu8 receptors are
likely to be the main group III mGlu receptor subtype
responsible for the (S)-AP4-induced depression of the
fDR-VRP. UBPI110, UBPI1111 and UBP1112 have been
shown to be approximately 100-fold selective for native group
III over group II mGlu receptors with little or no activity on
mGlul, mGlu5 or iGlu receptors expressed on neonatal rat
motoneurones. While CPPG is ~3—4-fold more potent than
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UBP1110, UBP1111 and UBPI1112, it is less selective (see
Table 1) making it difficult to use to block group III receptors
in tissues selectively, where both group II and III mGlu
receptors are expressed. Thus, the novel compounds described
in this study are useful replacements for CPPG in studies

References

AGHAJANIAN, G.K. & MAREK, G.J. (2000). Serotonin model of
schizophrenia: emerging role of glutamate mechanisms. Brain Res.
Rev., 31, 302-312.

AHMADIAN, H.,, NEILSEN, B., BRAUNER-OSBORNE, H.,
JOHANSEN, T.N., STENSBOL, T.B., SLOK, F.A., SEKIYAMA, N.,
NAKANISHI, S., KROGSGAARD-LARSEN, P. & MADSEN, U.
(1997). (S)-Homo-AMPA, a specific agonist at the mGlu6 subtype
of metabotropic glutamic acid receptors. J. Med. Chem., 40,
3700—-3705.

AYMAN, G., BORTOLOTTO, Z.A., CONWAY, S.J., JANE, D.E. &
COLLINGRIDGE, G.L. (2001). mGlu8 receptor mediated modula-
tion of synaptic transmission in the lateral perforant path. Br.
Neurosci. Assoc. Abstr., 15, P 62.

AZKUE, JJ., MURGA, M., CAPETILLO, O.F., MATEO, J.M.,,
ELEZGARAI, 1., BENITEZ, R., OSORIO, A., DIEZ, J., PUENTE,
N., BILBAO, A., BIDAURRAZAGA, A., KUHN, R. & GRANDES, P.
(2001). Immunoreactivity for the group III metabotropic glutamate
receptor subtype mGluR4a in the superficial laminae of the rat
spinal dorsal horn. J. Comp. Neurol., 430, 448 -457.

BAGUST, J. (1993). The spinal cord as an in vitro preparation.
In: Electrophysiology: a Practical Approach ed. Wallis, D.I
pp 189-213. Oxford, U.K.: Oxford University Press.

CAO, C.Q., TSE, H-W., JANE, D.E., EVANS, R.H. & HEADLEY, P.M.
(1997). Metabotropic glutamate receptor antagonists, like
GABAjg antagonists potentiate dorsal root-evoked excitatory
synaptic transmission at neonatal rat spinal motoneurones in vitro.
Neuroscience, 78, 243—250.

CARTMELL, J. & SCHOEPP, D.D. (2000). Regulation of neurotrans-
mitter release by metabotropic glutamate receptors. J. Neurochem.,
75, 889-907.

CHAPMAN, A.G., NANAN, K., YIP, P. & MELDRUM, B.S. (1999).
Anticonvulsant activity of a metabotropic glutamate receptor 8
preferential agonist, (RS)-4-phosphonophenylglycine. Eur. J. Phar-
macol., 383, 23-27.

CONN, PJ. & PIN, J.P. (1997). Pharmacology and functions of
metabotropic glutamate receptors. Annu. Rev. Pharmacol. Toxicol.,
37, 205-237.

CONWAY, S.J., MILLER, J.C., HOWSON, P.A., CLARK, B.P. & JANE,
D.E. (2001). Synthesis of phenylglycine derivatives as potent and
selective antagonists of group III metabotropic glutamate receptors.
Bioorg. Med. Chem. Lett., 11, 777—780.

DE COLLE, C., BESSIS, A-S., BOCKAERT, J., ACHER, F. & PIN, J-P.
(2000). Pharmacological characterization of the rat metabo-
tropic glutamate receptor type 8a revealed strong similarities and
slight differences with the type 4a receptor. Eur. J. Pharmacol., 394,
17-26.

EVANS, R.H., FRANCIS, A.A., JONES, A.W., SMITH, D.AS. &
WATKINS, J.C. (1982). The effects of a series of ¢-phosphonic
o-carboxylic amino acids on electrically evoked and amino
acid induced responses in isolated spinal cord preparations. Br.
J. Pharmacol., 75, 65-75.

GASPARINI, F., BRUNO, V., BATTAGLIA, G., LUKIC, S,
LEONHARDT, T., INDERBITZIN, W., LAURIE, D., SOMMER, B.,
VARNEY, M.A., HESS, S.D., JOHNSON, E.C., KUHN, R,
URWYLER, S., SAUER, D., PORTET, C., SCHMUTZ, M.,
NICOLETTI, F. & FLOR, P.J. (1999). (RS)-4-phosphonophenylgly-
cinc a potent and selective group III metabotropic glutamate
receptor agonist is anticonvulsant and neuroprotective in vivo.
J. Pharmacol. Exp. Ther., 289, 1678—1687.

HOWSON, P.A. & JANE, D.E. (2002). A comparison of group III
metabotropic glutamate receptor agonists and the ability of
LY341495 to antagonise their responses on neonatal rat primary
afferents. Br. J. Pharmacol. Proc. Suppl., 135, 92P.

where selective blockade of group III mGlu receptors is
required.

We are grateful for the financial support of the MRC, the BBSRC and
Eli Lilly Research Center.

HOWSON, P.A. & JANE, D.E. (2003). The actions of LY341495 on
metabotropic glutamate receptor-mediated responses in the neona-
tal rat spinal cord. Br. J. Pharmacol., 139, 147—155.

JANE, D.E., JONES, P.L.ST.J., POOK, P.C-K., TSE, H-W. & WATKINS,
J.C. (1994). Actions of two new antagonists showing selectivity for
different sub-types of metabotropic glutamate receptor in the
neonatal rat spinal cord. Br. J. Pharmacol., 112, 809-816.

JANE, D.E., PITTAWAY, K., SUNTER, D.C., THOMAS, NK. &
WATKINS, J.C. (1995). New phenylglycine derivatives with
potent and selective antagonist activity at presynaptic glutamate
receptors in neonatal rat spinal cord. Neuropharmacology, 34,
851-856.

JANE, D.E., THOMAS, N.K., TSE, H-W. & WATKINS, J.C. (1996).
Potent antagonists at the L-AP4 and (1S,3S)-ACPD-sensitive
presynaptic metabotropic glutamate receptors in the neonatal rat
spinal cord. Neuropharmacology, 35, 1029—1035.

KEMP, M.C., ROBERTS, P.J., POOK, P.C-K., JANE, D.E., JONES, A.W.,
JONES, P.L.ST.J., SUNTER, D.C., UDVARHELYI, P.M. & WAT-
KINS, J.C. (1994). Antagonism of presynaptically mediated depres-
sant responses and cyclic AMP-coupled metabotropic glutamate
receptors. Eur. J. Pharmacol. Mol. Pharmacol., 266, 187—192.

MILLER, J.C., CONWAY, S.J., CLARK, B.P. & JANE, D.E. (2000).
Novel phenylglycine analogues as potent and selective antagonists
of group III metabotropic glutamate receptors on primary afferent
terminals. Br. J. Pharmacol., 131, 202P.

MILLER, J.C., O'NEILL, M.J. & JANE, D.E. (2001). Immunocytochem-
ical localisation of glutamate receptor subtypes in the lumbar region
of the spinal cord. Br. J. Pharmacol., 133, 190P.

MILLS, C.D., JOHNSON, K.M. & HULSEBOSCH, C.E. (2002). Role of
group II and group III metabotropic glutamate receptors in spinal
cord injury. Exp. Neurol., 173, 153-167.

MOLDRICH, R.X., BEART, B.M., JANE, D.E., CHAPMAN, A.G. &
MELDRUM, B.S. (2001). Anticonvulsant activity of 3,4-dicarbox-
yphenylglycine in DBA/2 mice. Neuropharmacology, 40, 732—735.

NAKAJIMA, Y., INAKABE, H., AKAZAWA, C., NAWA, H., SHIGE-
MOTO, R., MIZUNO, R. & NAKANISHI, S. (1993). Molecular
characterisation of a novel retinal metabotropic glutamate receptor
mGluR6 with a high agonist selectivity for L-AP4. J. Biol. Chem.,
268, 11868 —11873.

OHISHI, H., NOMURA, S., DING, Y., SHIGEMOTO, R., WADA, E.,
KINOSHITA, A., LI, J., NEKI, A., NAKANISHI, S. & MIZUNO, N.
(1995). Presynaptic localisation of a metabotropic glutamate
receptor, mGIluR7 in the primary afferent neurons: an immunohis-
tochemical study in the rat. Neurosci. Lett., 202, 85—88.

POOK, P.K., BIRSE, E.F., JANE, D.E., JONES, A.W., JONES,
P.L.St.J., MEWETT, K.N.,, SUNTER, D.C., UDVARHELYI, P.M.,
WHARTON, B. & WATKINS, J.C. (1993). Differential actions of the
metabotropic glutamate receptor antagonists 4Cphenylglycine and
M4C-PG at L-AP4 like receptors in neonatal rat spinal cord. Br. J.
Pharmacol. Proc. Suppl., 108, 87P.

SCHOEPP, D.D. (2001). Unveiling the functions of presynaptic
metabotropic glutamate receptors in the central nervous system.
J. Pharmacol. Exp. Ther., 299, 12-20.

SCHOEPP, D.D., JANE, D.E. & MONN, J.A. (1999). Pharmacological
agents acting at subtypes of metabotropic glutamate receptors.
Neuropharmacology, 38, 1431—-1476.

STEGENGA, S.L. & KALB, R.G. (2001). Developmental regulation of
N-methyl-p-aspartate- and kainate-type glutamate receptor expres-
sion in the rat spinal cord. Neuroscience, 105, 499—507.

THOMAS, N.K., JANE, D.E., TSE, H-W. & WATKINS, J.C. (1996). -
Methyl derivatives of serine-O-phosphate as novel selective
competitive metabotropic glutamate receptor antagonists. Neuro-
pharmacology, 35, 637—642.

British Journal of Pharmacology vol 139 (8)



J.C. Miller et al Selective group 11l mGIuR antagonists 1531

THOMAS, N.K., WRIGHT, R.A., HOWSON, P.A., KINGSTON, A.E., WATKINS, J.C. & EVANS, R.H. (1981). Excitatory amino acid
SCHOEPP, D.D. & JANE, D.E. (2001). (S)-3,4-DCPG a potent and transmitters. Ann. Rev. Pharmacol., 21, 165—204.
selective mGlu8a receptor agonist activates metabotropic glutamate WRIGHT, R.A., ARNOLD, M.B., WHEELER, W.J., ORNSTEIN, P.L. &
receptors on primary afferent terminals in the neonatal rat spinal SCHOEPP, D.D. (2000). Binding of [*H]-(2S,1'S,2’S)-2-(9-xanthyl-
cord. Neuropharmacology, 40, 311-318. methyl)-2-(2’-carboxycyclopropyl)glycine (PH]-LY341495) to cell

TOLLE, T.R., BERTHELE, A., ZIEGLGANSBERGER, W., SEEBURG, membranes expressing recombinant human group III metabotropic
P.H. & WISDEN, W. (1993). The differential expression of 16 glutamate receptor subtypes. Naunyn-Schmiedebergs Arch. Pharma-
NMDA and non-NMDA receptor subunits in the rat spinal cord col., 362, 546—554.
and in periaqueductal gray. J. Neurosci., 13, 5009—5028.

WATKINS, J.C. & COLLINGRIDGE, G.L. (1994). Phenylglycine ( Received March 21, 2003
derivatives as antagonists of metabotropic glutamate receptors. Revised May 6, 2003
Trends Pharmacol. Sci., 15, 333—-342. Accepted May 12, 2003)

British Journal of Pharmacology vol 139 (8)



