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Potent and specific action of the mGlu1 antagonists
YM-298198 and JNJ16259685 on synaptic
transmission in rat cerebellar slices

I Fukunaga, CH Yeo and AM Batchelor

Departments of Physiology and Anatomy, University College London, Gower Street, London, UK

Background and purpose: Specific and selective inhibitors for mGlu1 receptors are presently inadequate. A new generation
of non-competitive mGlu1 antagonists with low nanomolar potencies is emerging. We evaluated two new compounds,
YM-298198 and JNJ16259685, for effectiveness, potency and specificity for the first time in a brain slice preparation.
Experimental approach: Patch-clamp recording of Purkinje neurones in cerebellar slices were obtained. The slow mGlu1-
mediated EPSP was used to establish a concentration-response curve. Fast excitatory synaptic inputs were tested for non-
specific effects.

Key results: YM-298198 and JNJ16259685 inhibited the synaptic activation of mGlu1 in a concentration-dependent manner
(ICsp values of 24 nM and 19 nM, respectively). The antagonists were slow to inhibit and to reverse on washout, probably due
to their lipophilic nature. There were no non-specific effects on fast AMPA receptor-mediated synaptic transmission in the
cerebellum.

Conclusions and implications: These compounds are more than a thousand-fold more potent than previously available
compounds. Their selectivity and specificity will be very useful for studying the role of mGlu1 receptors both in vitro and in vivo.
British Journal of Pharmacology (2007) 151, 870-876; doi:10.1038/sj.bjp.0707286; published online 14 May 2007
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Abbreviations: aCSF, artificial cerebrospinal fluid; AP5, D-(—)-2-amino-5-phosphonopentanoic acid; CGP55845, (25)-3-[[(15)-
1-(3,4-dichlorophenyl)ethyl]Jamino-2-hydroxypropyl](phenylmethyl)phosphinic acid; CPCCOEt, 7-(hydroxy
imino)cyclopropa[b]chromen-1a-carboxylate ~ ethyl  ester; DHPG,  (§)-3,5-dihydroxyphenylglycine;
INJ16259685, (3,4-dihydro-2H-pyrano[2,3-b]quinolin-7-yl)-(cis-4-methoxycyclohexyl)-methanone; MCPG,
(8)-o-methyl-4-carboxyphenylglycine; NBQX, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sul-
phonamide; PC, Purkinje cell, PTD, post-tetanic depression; YM-298198, 6-amino-N-cyclohexyl-N,
3-dimethylthiazolo[3,2-a]benzimidazole-2-carboxamide hydrochloride

Introduction

The excitatory amino acid neurotransmitter glutamate is
known to act via three types of ionotropic (AMPA, NMDA
and kainate) and eight types of metabotropic (mGlul-8)
receptor (for a review see Kew and Kemp, 2005). The
heterogeneous distribution (Martin et al., 1992; Shigemoto
et al., 1992; Baude et al.,, 1993) throughout the nervous
system of mGlul, the first mGlu receptor to be cloned
(Houamed et al., 1991; Masu et al., 1991), already suggested
its role in multiple brain functions. Functional evidence for
the involvement of mGlul receptors has been obtained
using two techniques: targeted disruption of the gene (Aiba
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et al., 1994; Conquet et al., 1994; Ichise et al., 2000) and
pharmacological manipulation of the receptor (Conn and
Pin, 1997). Both techniques have advantages and disadvan-
tages but for the pharmacological approach, availability of
subtype selective ligands, in particular antagonists, with
minimal side effects is paramount. The first antagonists with
action at mGlul receptors were all competitive, conforma-
tionally constrained glutamate analogues based around
4-carboxyphenylglycine. However, it has proved difficult to
develop such compounds with satisfactory selectivity and
potency. In addition, these amino acids are unlikely to have
good central bioavailability when administered systemically,
thereby limiting their therapeutic usefulness. Recently, non-
competitive mGlul antagonists have been developed
and they are promising. The first discovered was 7-(hydroxy-
imino)cyclopropa[b]Jchromen-1la-carboxylate ethyl ester
(CPCCOEt; Annoura et al., 1996; Hermans et al., 1998), but
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Figure 1 (a) Structures of YM-298198 and |NJ16259685.

(b) Recording arrangement. Whole-cell recordings were made from
cerebellar Purkinje cells (PC). Stimulating electrodes were placed in
the molecular layer to stimulate parallel fibres (pf stim) or in the
granule cell layer in the vicinity of recorded PC to stimulate
the climbing fibres (broken line; cf stim). Pressure application of
DHPG was made through a glass pipette positioned in proximity to
the PC dendrites. Arrows indicate normal direction of action
potential travel.

a lack of potency and recent doubts about its specificity
(Fukunaga et al., 2007) make this compound less attractive.
Fortunately, a new generation of more potent mGlul-
selective non-competitive antagonists is emerging. From
those that are commercially available, we chose to evaluate
6-amino-N-cyclohexyl-N,3-dimethylthiazolo[3,2-«]benzimi-

dazole-2-carboxamide hydrochloride (YM-298198; Kohara
et al., 2005) and (3,4-dihydro-2H-pyrano(2,3-b]quinolin-7-
y)-(cis-4-methoxycyclohexyl)-methanone (JNJ16259685;
Lavreysen et al., 2004; see Figure la for structures). There
were two linked aims to this study. The first was to test, for
the first time, the effectiveness of the antagonists in a brain
slice preparation using a well-characterized mGlul-mediated
synaptic response. The second aim was to test supra-maximal
concentrations for non-specific effects on fast glutamatergic
transmission.

Methods

Slice preparation

Parasagittal slices (250 um thick) were cut from the mid-
vermal cerebellum of 21-30-day-old Sprague-Dawley rats,
which had been killed in accordance with the Animals
(Scientific Procedures) Act, 1986. The slicing was performed
using a Vibroslice (TPI 1000 +, Intracel, Royston, UK) in cold
(4-8°C) artificial cerebrospinal fluid (aCSF) containing (in
mM): NaCl 120; KC1 2; CaCl, 2; NaHCO3 26; MgSO4 1.19;
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KH,PO4 1.18; D-glucose 11 (pH 7.4-when equilibrated with
5% CO, in O,). The slices were placed in a recovery chamber
for about 1h at 35°C and then allowed to cool to room
temperature (~21°C).

Electrophysiological recording
A slice was held down in a recording chamber (volume
~300 ul) with a slice weight and perfused at 1.5mlmin~"
with warmed aCSF (29-31°C). Purkinje cells were identified
visually and by their characteristic electrophysiological
properties. Current-clamp (Axoclamp 2A, Molecular Devices,
Sunnyvale CA, USA) and voltage-clamp (Axopatch 200B)
recordings were performed using whole-cell patch electrodes
at a membrane potential of -70mV. Electrodes had resis-
tances of 2-4 MQ when filled with the following solution
(in mM): KCH3SO3 135; NaCl 4; KCI 10; ethylene glycol bis
(p-aminoethylether)-N,N,N’,N’,-tetraacetic acid 1; 4-(2-hydroxy-
ethyl)-1-piperazineethanesulphonic acid 10; NaGTP 0.4 and
MgATP 4 (290 mosMkg™'; pH 7.3 adjusted with KOH).
Parallel and climbing fibres were stimulated via glass
microelectrodes (~1MQ when filled with aCSF) with rectan-
gular voltage pulses (100 us wide and 5-70V amplitude; DS2,
Digitimer, Welwyn Garden City, UK). For parallel fibre
stimulation, the electrode was positioned in the molecular
layer at approximately 100 um from the surface of the slice
(Figure 1b). For climbing fibre stimulation, the electrode was
positioned in the granule cell layer close to the recorded
Purkinje cell (Figure 1b). The position was optimised such that
at threshold stimulation amplitude, the failures produced no
inadvertent effects in the recorded Purkinje cell. Pharmacolo-
gically, isolated mGlu-EPSPs were evoked with brief trains of
stimuli (8-10 stimuli at 50 Hz) applied to the parallel fibres and
repeated every 60 s. These experiments were performed in aCSF
containing (in pM) bicuculline (30), 2,3-dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo[f|quinoxaline-7-sulphonamide (NBQX) (10),
D-(—)-2-amino-5-phosphonopentanoic acid (APS5) (30) and
(28)-3-[[(15)-1-(3,4-dichlorophenyl)ethyl]amino-2-hydroxypro-
pyll(phenylmethyl)phosphinic acid (CGP55845) (10) to block
GABA,, AMPA, NMDA and GABAjg receptors, respectively.
(5)-3,5-Dihydroxyphenylglycine (DHPG)-induced inward cur-
rents were recorded in the presence of TTX (1 uM; to block
voltage-gated Na channels), CsCl (2mM; to block I,), bicucul-
line (30 M) and NBQX (10 uM). DHPG (200 uM) was applied
from a glass pipette onto the dendritic region by a short
(50-500ms; 20kPa) pressure pulse. Post-tetanic depression
(PTD) was induced by a brief tetanic stimulation of the parallel
fibres (10 pulses at 100Hz) in the presence of bicuculline
(30 M), APS (30 uM) and CGP55845 (10 uMm). The response to a
single parallel fibre stimulation, 4s after the tetanus, was
compared with the response to a control stimulus, 2s before
the tetanus. The PTD protocol was repeated every 60s.

Data analysis

Data were analysed using Clampfit 9.2 (Molecular Devices)
and Origin 6 (OriginLab, Northampton MA, USA). The peak
of the slow, pharmacologically isolated mGlu-EPSP, which
occurred around 300-500ms, was measured relative to the
extrapolated pre-stimulus baseline. The potential, owing to
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Figure 2 YM-298198 and JNJ16259685 inhibit synaptic activation of mGlu1 in cerebellar slices. (a) Brief tetanic stimulation of the parallel
fibres (indicated by arrowheads) evoked a delayed, slow EPSP in Purkinje cells which peaks around 330 ms. Control mGlu EPSP amplitudes
(thick traces) were (i) 10.5mV, (i) 2.8 mV, (ii)) 3.5mV and (iv) 4.1 mV. Application of YM-298198 (i & ii) or JNJ16259685 (iii & iv), at the
concentrations indicated, for 8-10 min, inhibited the mGlu EPSP (thin traces). (b) Concentration-response relationship for YM-298198 (n=3)
and JNJ16259685 (n=3). For comparison, MCPG and CPCCOEt are also shown (data from Batchelor et al., 1997). Data points are means+s.e.
fitted with sigmoid curves fixed with a higher asymptote of 100%. (c) Comparison of the time course of inhibition by concentrations of
YM-298198 and MCPG around their ICsq values. Application of MCPG (100 uM; 6 min; hollow bar) caused rapid inhibition (to 62% of control)
which recovered completely within ~6 min of washout. In contrast, the inhibition due to application of YM-298198 (20 nm; 10 min; filled bar;
maximum inhibition =48% of control) was much slower, taking 10 min to reach equilibrium and recovering to only 68% of the control

amplitude with 42 min washing.

raised extracellular K*, which rises during the burst stimula-
tion of the parallel fibres and decays over 200-300ms,
sometimes overlapped with the peak of the mGlu-EPSP. In a
few cells, this led to an error in the peak measurement of less
than 20% and was ignored (see Figure 2a for example). DHPG-
induced inward currents were measured by zeroing the
baseline and integrating the current over 6s. Climbing fibre
responses were quantified by integrating the initial 100ms of
the response (Carta et al., 2006). For PTD, the ratio of the
initial slope (10-60%) of the post- and the pre-tetanus EPSPs
was calculated. Data were normalized against the mean value
for the control period (10 min).

Where appropriate, mean and s.e.m. of the data were
obtained and P-values calculated by two-tailed f-tests.

Materials

All compounds were added to the superfusing aCSF except
DHPG. APS5, CGP55845, DHPG, JNJ16259685, (S)-a-methyl-
4-carboxyphenylglycine (MCPG) and NBQX were purchased
from Tocris Bioscience (Bristol, UK). Tetrodotoxin and
YM-298198 hydrochloride were from Latoxan (Valence, France)
and Ascent Scientific (Weston-Super-Mare, UK), respectively.

Results

Potency of YM-298198 and JNJ16259685 in a brain slice
preparation

mGlul Receptor-mediated EPSPs recorded from Purkinje
cells in cerebellar slices were used to assess the actions of
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YM-298198 and JNJ16259685. Brief trains of parallel fibre
stimulation, in the presence of appropriate antagonists,
elicits isolated slow mGlu-EPSPs peaking at 300-400 ms
(Batchelor et al., 1994). An earlier depolarising component
that develops during the stimulation and peaks at ~150ms
is most likely due to raised extracellular K* (Batchelor and
Garthwaite, 1993). After 10min of baseline recording, a
range of concentrations of the two compounds was applied
for 10min causing a concentration-dependent reduction in
the size of mGlu-EPSP (Figure 2a and b). Each concentration
was applied to three separate slices generating ICs, values
of 24 and 19nM and Hill coefficients of 2.0 and 1.6 for
YM-298198 and JNJ16259685, respectively (Figure 2b). To
aid comparison, the data are plotted alongside previously
published data (Batchelor et al., 1997) for the commonly
used mGlul non-competitive antagonist CPCCOEt
(ICso=37 uMm; Hill coefficient=3.3), and the competitive
and non-selective mGlu antagonist MCPG (ICso= 130 uM;
Hill coefficient =1.3).

YM-298198 and JNJ16259685 are slow to act

Relative to other compounds that have been tested in our
system, YM-298198 and JNJ16259685 acted slowly to inhibit
the mGlu-EPSP. We compared the kinetics of YM-298198
with MCPG at concentrations close to their ICso values.
The non-selective mGlu antagonist, MCPG, was chosen
because of its known rapid onset and washout in slices
(Batchelor et al., 1994). The inhibition of the mGlu-EPSP by
MCPG (100 uM; n=2) reached equilibrium within ~3min,
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Figure 3 Washout of YM-298198 and |NJ16259685 studied with
agonist application. (a) Brief pressure application of DHPG (200 um;
at arrowheads) induced robust inward currents (peak control
currents were: top, 1.41nA; middle, 0.61nA and bottom,
0.40 nA). Application of mGlu antagonists, for 6 min, each abolished
the response to DHPG application. The effect of YM-298198 (1 um)
reversed slowly on washout (11% of control peak current at 18 min;
21% at 30min; 65% at 75min). The inhibition induced by
JNJ16259685 (500 nM) did not show any sign of recovery whereas
the inhibition by MCPG (1 mm) had fully recovered by 18 min of
washing. (b) Summary of the timecourse of recovery of the DHPG-
induced current (normalised area under the curve). Mean+s.e.m.
data for YM-298198 and |NJ16259685, (n= 3 each) are shown.

whereas, in contrast,
~10min (Figure 2c).

YM-298198 (20nM; n=3) took

YM-298198 and JNJ16259685 are poorly reversible on washout
On return to control solution, the inhibition of the mGlu-
EPSP by YM-298198 and JNJ16259685 either did not recover,
or only recovered very slowly, during the remainder of the
recording (Figure 2c). The mGlu-EPSP is not amenable to
stable, long-term recordings, which may, in part, be due to
plastic changes induced by the trains of synaptic stimuli.
Instead, to study the reversibility of the antagonists, we
recorded the inward currents induced by brief pressure
application of the mGlul agonist DHPG (200 uM; Figure 3).
These currents proved to be more stable. Addition of MCPG
(1mM; n=2), YM-298198 (1uM; n=3) or JNJ16259685
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(500nM; n=3), abolished the response to DHPG (Figure 3a
and b). On washing, the DHPG response recovered with
a half-time of about 9min and 74min for MCPG and
YM-298198, respectively, whereas JNJ16259685 showed
no recovery (—0.1+0.2% at 80 min wash; Figure 3a and b).

Specificity of YM-298198 and JNJ16259685

Once the potency for blocking a mGlul-mediated response
was established, we investigated the specificity of the
antagonists in our preparation. The glutamatergic parallel
fibre and climbing fibre inputs onto Purkinje cells were
tested for actions of the antagonists. It has been reported
recently that CPCCOEt affects the response to climbing fibre
activation (Fukunaga et al., 2007). Since YM-298198 and
JNJ16259685 appear to share a binding site on mGlul
receptors with CPCCOEt, we paid particular attention to
their effects on the climbing fibre response.

High concentrations (~500 times ICso) of YM-298198
(10 M) or JNJ16259685 (10 uM) were applied for 10min
while alternating between parallel fibre and climbing fibre
stimulation. The fast, AMPA receptor-mediated, parallel fibre
EPSP was unaffected by YM-298198 (Figure 4a; 111+10% of
control; P=0.32; n=4) or JNJ16259685 (Figure 5a; 107 +4%
of control; P=0.25; n=3). Likewise, the complex climbing
fibre response, with its underlying AMPA receptor EPSP, was
uninfluenced by YM-298198 (Figure 4b; 102+ 5% of control;
P=0.83; n=3) or JNJ16259685 (Figure Sb: 99+1% of
control; P=0.69; n=3). In a single example, we recorded
the climbing fibre response in the presence of JNJ16259685
(10 uM) and applied CPCCOEt (100 uMm). CPCCOEt caused an
enhancement of the late part of the complex response
recruiting an additional spike (Figure Sc), as it has been
shown to do when applied in the absence of JNJ16259685
(Fukunaga et al., 2007). The presence of the antagonists was
verified by inducing the mGlul-dependent post-tetanic
depression (Neale et al., 2001) of the parallel fibre EPSP. All
cells exhibited PTD (as measured by the ratio of the post-
over the pre-tetanic EPSP) at the start of the recording which
was inhibited by YM-298198 (Figure 4c) and JNJ16259685
(Figure 5d), as measured at the end of antagonist application.

Discussion

YM-298198 and JNJ16259685 inhibit the synaptic activation
of mGlul on Purkinje cells in slices with ICso values of 24
and 19nM, respectively. The wvalue for YM-298198 is
consistent with those obtained in single cells and membrane
preparations (16-20nM; Kohara et al., 2005). The slight
discrepancy between the published data for JNJ16259685
(1.2-3.2nM; Lavreysen et al., 2004) and our higher value
(19 nM) could be explained by difficulty in judging when full
equilibrium had been attained in the slices. This was
particularly problematic with the low antagonist concentra-
tions. The relatively slow onset and persistent action of these
compounds is probably explained by the reluctance of these
lipophilic compounds to penetrate into the slice to reach
their target. The persistent nature of the antagonist action
may, or may not, be advantageous depending on the
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Figure 4 Specificity of YM-298198 tested against fast parallel fibre and climbing fibre responses. (a) Normalised initial slopes (10-60%) of fast
AMPA receptor-mediated parallel fibre EPSPs were unaffected by application of YM-298198 (filled bar; 10 um; 10 min; n=4). Inset shows
superimposed parallel fibre EPSPs from a single example cell before (thick trace) and during (thin trace) the application of YM-2981980 (scale
bars: 2mV and 25 ms). (b) Normalised integral of climbing fibre response was unaffected by application of YM-298198 (filled bar; 10 um;
10 min; n=3). Inset shows superimposed climbing fibre responses from a single example cell before (thick trace) and during (thin trace) the
application of YM-298198 (scale bars: 2mV and 25 ms). (c) (i) Under control conditions, the parallel fibre EPSP evoked 4 s after (‘post’) a brief
tetanus (‘tet’; 8 stimuli at 100 Hz) was smaller than a control EPSP elicited 2 s before (‘pre’) the tetanus — post-tetanic depression. (ii) The single
EPSPs are shown enlarged and aligned. (iii) The post-tetanic depression protocol was repeated after the experiments shown in panels (a) and
(b) and in the continued presence of YM-298198 (10 uM for 12 min). The pre- and post-tetanic EPSPs were of similar amplitudes and are shown
enlarged and aligned in (iv). Filled arrowheads represent stimuli to the parallel fibres. (v) All cells (n=4) showed post-tetanic depression of
about 50% in control conditions (left column). In the presence of YM-298198 (10 um) the depression was absent (right column).

experimental circumstances. Nonetheless, the potency of
these compounds to block the mGlul EPSP is more than a
thousand times greater than that of the previously char-
acterised mGlul-selective antagonists 4-carboxyphenylgly-
cine and CPCCOEt (ICs5o=35 and 40uM, respectively;
Batchelor et al., 1997) or 1-aminoindan-1,5-dicarboxylic acid
(AIDA; IC50 =200 uM; Tempia et al., 1998).

JNJ16259685 also acts at mGluS receptors, but with a
much lower affinity (ICso rat mGlu5=1.3 uM and human
mGluS =28 uM; Lavreysen et al., 2004). At 500nM, our data
suggest that there is a complete inhibition of mGlul
receptors (Figures 2 and 3). At this concentration, there
should be insignificant binding to mGlu5 receptors
(Lavreysen et al., 2004). Therefore, under conditions where
the concentration can be adequately regulated, JNJ16259685
could be used to test for mGlul involvement.

The absence of an effect of YM-298198 and JNJ16259685
on fast parallel fibre EPSPs and climbing fibre responses is
consistent with the reported lack of binding to AMPA
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receptors (Lavreysen et al., 2004; Kohara et al., 2005). It also
suggests that these compounds have no significant effects
on the many molecules located at pre- and postsynaptic
sites that contribute to, or regulate, normal excitatory
synaptic transmission, even at the high concentration
used (10 uMm).

We reported previously that the non-competitive mGlul
antagonist CPCCOEt enhances the climbing fibre response.
This effect was not mediated by mGlu receptors, as judged by
the inability of competitive mGlul antagonists to mimic or
occlude the effect (Fukunaga et al., 2007). Here we show that
YM-298198 and JNJ16259685, although sharing a binding
site with CPCCOEt on mGlul receptors, do not enhance
the climbing fibre response. This strengthens further the
conclusion that this effect of CPCCOEt is independent of
mGlu receptors and is likely to be a non-specific action of
this antagonist.

Lower concentrations of YM-298198 and JNJ16259685 are
required, compared to previously available mGlul antago-
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Figure 5 Specificity of JNJ16259685 tested against fast parallel fibre and climbing fibre responses. (a) Normalised initial slopes (10-60%) of
fast AMPA receptor-mediated parallel fibre EPSPs were unaffected by application of INJ16259685 (filled bar; 10 uM; 10 min; n=4). Inset shows
superimposed parallel fibre EPSPs from a single example cell before (thick trace) and during (thin trace) the application of [NJ16259685 (scale
bars: 2mV and 25 ms). (b) Normalised integral of climbing fibre response was unaffected by application of JNJ16259685 (filled bar; 10 um;
10 min; n=3). Inset shows superimposed climbing fibre responses from a single example cell before (thick trace) and during (thin trace) the
application of [NJ16259685 (scale bars: 20 mV and 25 ms). (c) Application of CPCCOEt (100 uM; for 4.5 min) in the presence of JNJ16259685
(10 um for 13 min) enhanced a late component of the spiking phase (thick trace) causing an additional spike to be fired compared to control
(thin trace; JNJ16259685 applied for 4 min). (d) (i) Under control conditions, the parallel fibre EPSP evoked 4 s after (‘post’) a brief tetanus
(‘tet’; 8 stimuli at 100 Hz) was smaller than a control EPSP elicited 2 s before (‘pre’) the tetanus — post-tetanic depression. (ii) The single EPSPs
are shown enlarged and aligned (scale bars: 2mV and 20 ms). (iii) The post-tetanic depression protocol was repeated after the experiments
shown in panels (a) and (b) and in the continued presence of JNJ16259685 (10 uM for 14 min). The pre- and post-tetanic EPSPs were of similar
amplitudes and are shown enlarged and aligned in (iv). Filled arrowheads represent stimuli to the parallel fibres. (v) All cells (n=4) showed
post-tetanic depression of about 50% in control conditions (left column). In the presence of |NJ16259685 (10 um) the depression was much
reduced (right column).

nists, to inhibit mGlu receptor activation. This, by itself,
reduces the likelihood of non-specific effects since, in
general, the lower the concentration of compound used,
the lower the probability of significant off-target effects. The
chance of a non-specific action of the drug generating a false
result could be decreased still further by using both
compounds in parallel.

In conclusion, YM-298198 and JNJ16259685 are likely to
be very useful as specific and potent inhibitors of mGlul
in vitro and in vivo.
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